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Abstract An improved pulse sequence, intraresidual
i(HCA)CO(CA)NH, is described for establishing solely B,
5N(@), "HN(i) connectivities in uniformly 'SN/'3C-labeled
proteins. In comparison to the “out-and-back” style intra-
HN(CA)CO experiment, the new pulse sequence offers at least
two-fold higher experimental resolution in the *C’ dimension
and on average 1.6 times higher sensitivity especially for res-
idues in a-helices. Performance of the new experiment was
tested on a small globular protein ubiquitin and an intrinsically
unfolded 110-residue cancer/testis antigen CT16/PAGES. Use
of intraresidual i(HCA)CO(CA)NH experiment in combina-
tion with the established HNCO experiment was crucial for the
assignment of highly disordered CT16.

Keywords Assignment - CT16 - HN(CA)CO -
(HCA)CO(CA)NH - Proteins - Ubiquitin

Introduction

Assignment of protein main-chain resonances is a critical step
in structural and functional studies of proteins by solution state
NMR spectroscopy. Hence, considerable effort has been
invested in developing and improving both resolution and
sensitivity of the employed experiments for the main-chain
assignment (For review see e.g. Sattler et al. 1999; Permi and
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Annila 2004). Although main-chain assignment of '°N, '*C
labeled proteins less than ca. 20 kDa can routinely be
obtained using a conventional set of triple resonance
experiments e.g. HNCA, HN(CO)CA, HNCACB, CBCA
(CO)NH, it has been recently shown that intraresidual
experiments, exhibiting solely intraresidual cross peaks per
'HY/N pair (Brutscher 2002; Nietlispach et al. 2002; Permi
2002), can efficiently be utilized for assignment of both small
BN R 13C labeled and larger SN s 13C, ’H enriched globular
proteins as well as intrinsically unfolded proteins (Nietlisp-
ach et al. 2002; Bersch et al. 2003; Alho et al. 2007).
Moreover, a set of unidirectional triple resonance experi-
ments e.g. iIHNCA/HN(CO)CA, iHN(CA)CB/CBCA(CO)
NH, intra-HCCNH/HC(CO)NH (Jiang et al. 2005) are ideal
for projection reconstruction applications (Jiang et al. 2005),
extensive spectral compression approach (Lescop et al.
2007) or hyper-dimensional spectroscopy with targeted
acquisition and automated assignment (Jaravine et al. 2008).
All these approaches greatly benefit from minimal cross peak
overlap in the spectra, facilitating peak picking especially on
sparsely sampled data (Jaravine et al. 2008). Although not
very broadly utilized, the chemical shift of '*C’ spin provides
invaluable support for the sequential assignment, resolving
ambiguities arising from '*Co/'>Cp shift degeneracy (Clubb
et al. 1992; Grzesiek and Bax 1992). This is of key impor-
tance especially in the case of intrinsically unfolded proteins
as '°C’ chemical shift is less dependent on residue type,
rendering chemical shift dispersion in '>C’ region far more
superior to '*C*” dimension in unfolded proteins (Yao et al.
1997; Dyson and Wright 2001). Therefore, additional
sequential connectivities can be established through
13C’ chemical shifts using HN(CA)CO/HNCO experiment
pair. The former experiment establishes connectivity from
amide proton to both intraresidual and sequential carbonyl
carbon, which may transmute the assignment unambiguous
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especially in unfolded systems. Recently, Nietlispach
developed an intra-HN(CA)CO-TROSY experiment (Niet-
lispach 2004), which create solely intraresidual connectivi-
ties in a manner conceptually similar to the intraresidual
HNCA experiment. The sensitivity of the experiment is,
however, very susceptible to transverse relaxation of '>C*
spin as "HN()-"3C’(i) connectivities are established through
the unidirectional coherence transfer utilizing the multiple-
quantum (MQ) coherence between two adjacent B3¢ spins,
which is known to relax notoriously fast even on small
proteins (Nietlispach 2004). Consequently, use of intra-
HN(CA)CO greatly benefits from highly deuterated '*C*
sites together with the TROSY implementation (Nietlispach
2004).

In this work, we describe a modified intraresidual pulse
scheme that is more suitable for '>N/**C labeled proteins
than a non-TROSY analog of intra-HN(CA)CO employing
a constant-time MQ implementation (Nietlispach 2004).
The experiment presented in this work provides at least
two-fold enhancement in experimental resolution along
By dimension, more uniform coherence transfer, and
increased sensitivity for small- to medium-sized proteins.
We also show that the editing of intraresidual cross peaks
can be obtained with high selectivity resulting in a spec-
trum with purely intraresidual correlations.

Theory
Description of the pulse sequence

The proposed intraresidual i(HCA)CO(CA)NH experiment
for establishing correlations between '*C’; and “N;/'HN
spins is shown in Fig. 1a, whereas the inset displays a sche-
matic presentation of magnetization transfer during the
experiment. The i(HCA)CO(CA)NH scheme is mostly simi-
lar to the (HCA)CO(CA)NH experiment, originally intro-
duced by Lohr and Riiterjans (1995) and Bazzo and coworkers
(1996), and improved more recently by Tessari et al. (1997)
and Folmer and Otting (2000). It also utilizes non-linearity of
the N(§)~Ca(i)~C'(i)-N(i + 1) spin system to obtain intrare-
sidual filtering (Permi 2002; Jiang et al. 2005).

The flow of initial '"H” steady state magnetization during
the i(HCA)CO(CA)NH experiment (Fig. 1) can be descri-
bed in the following way

1
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BC(2Ta — 113 Vo Ve *Jean)

1 2 1
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—

1
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Active couplings, which are employed for the
magnetization transfer are indicated above the arrows and
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in parentheses during the constant time acquisition periods, ¢;
(i = 1-3) refer to the acquisition time for the corresponding
spin.

The experiment starts with the INEPT transfer from "H¥(i)
to "*C*(i). At the time point a (see Fig. la, b), the density
operator is given by

o(a) = H7()CL(0)-

During the ensuing delay T and 90°('*C’) pulse, the
magnetization is transferred to directly bound *C’(i) spin
while antiphase coherence with respect to "H*(i) spin is
refocused. Hence, the density operator at time point b is

o(b) = C(i)Cy(i) sin(mJcse (Tc)).-

Chemical shift of '>C’(i) spin is labeled during the
constant time period 27, which is matched to QJon) !
~ 33 ms in order to create antiphase coherence with respect
to the '°N spin of residue i 4+ 1. Therefore, the density
operator describing the spin system at time point c is

o(c) = CX(i)CL(i)N, (i 4+ 1) cos(wcty) sin(m ey (Tc))
X sin(2nJon(Ta))-

After labeling the 3C/(i) chemical shift, the
magnetization will be converted back to '*C*(i) single
quantum (SQ) antiphase coherence by the 90°(**C’) pulse
(time point c). The coupling between '>C*(i) and '*C’ (i) spins
will be refocused during the latter delay 7¢ yielding density
operator at time point d

a(d) = C;f(i)Nz(i + 1) cos(wety) sin > (nd ey (Tc))
X sin(2nJon(Ta)).

The homonuclear one-bond coupling between '*Co and
3CPB spins remains active between time points a and d
resulting in an additional modulation by cos(27r1]C1c,;
(TA + TC + ch)), 2(TA + TC + TCC) ~57 ms. The
selection of solely intraresidual pathway is accomplished
by enabling 1JCmN and 2JCO€N coupling modulation through-
out the 2(Tx + Tc) period and by choosing the sin
Q' Jen(Ta + To)) x sin2n?Jen(Ta + Tc)) modulated
signal via appropriate phase setting. Hence, density
operators describing the desired intraresidual and unde-
sired sequential coherence transfer routes, selected with the
90°('3C*) pulse at time point e, are

o(e) = (N()CH )T 2(Te + Ty))
+ C?(i)Nz(i + I)FS(Z(TC + TA))}
x cos(wety) sin(2nJenTa) sin *(nJe,o Tc)
x c08(2ncacp(Ta + Tc + Tec)),

in which I';(a) and I';(b) are transfer functions leading to
intraresidual and sequential correlations, respectively:
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Fig. 1 a Intraresidual i(HCA)CO(CA)NH experiment and a’ spin-
lock version of the i(HCA)CO(CA)NH for the assignment of HN, BN
and 'C’ resonances in '’N/'*C labeled proteins. The inset shows a
schematic presentation of magnetization transfer pathway during the
intraresidual i(HCA)CO(CA)NH experiment. One-letter codes above
the arrows indicate time points in the pulse sequence. Narrow and
wide bars correspond to 90° and 180° flip angles, respectively,
applied with phase x unless otherwise indicated. The 'H, '°N, and '*C’
carrier positions are 4.7 (water), 118 (center of 5N spectral region),
and 175 ppm (center of '*C’ spectral region). The '*C carrier is set
initially to the middle of "*Cu« region (57 ppm), shifted to 175 ppm
just after the first 90° '*C pulse (time point a), and shifted back to
175 ppm after time point c¢. All rectangular 90° pulses for '*Cu
(57 ppm) and 180° pulses for '*C’ (175 ppm) were applied with
durations of 54 ps (90°) and 48.7 ps (180°) at 600 MHz, respectively
in order to provide null mutual excitation (Kay et al. 1990). The first
180° pulse for 13C is an adiabatic, band-selective '*Co inversion pulse
with a sech/tanh profile and duration of 1 ms (Silver et al. 1984;
Bendall 1995). Two selective 90° pulses for 'C’ have the shape of
center lobe of a sinc function and duration of 89.2 ps. Phase
modulated 180° pulses, applied off-resonance for 13Cu have the shape
of one-lobe the sinc profile and duration of 80.8 ps. The DIPSI-2

[i(2(Ta + T¢)) = sin(2n'Joun(Te + Ta))
X Sin(ZTCZJC“N(TC + TA)),

[, (2(Ta + Tc)) = cos(2n'Jeun(Tc + Ta))
X cos(2n2JC“N(TC +Th)).

The first term leads to the intraresidual cross peak and the
latter term on the right hand side corresponds to magneti-
zation leading to the undesired sequential correlations.
Because in i(HCA)CO(CA)NH scheme the chemical shift of
intraresidual carbonyl carbon is of interest, we use a some-
what different implementation of the intraresidual filtering
proposed by Zhou and coworkers (2005). The chemical shift
of the '*C’ spin is labeled during the #; evolution period,
which is implemented into the constant time delay 274
(~33 ms). However, owing to a nested #; incrementation

(€N Gy

sequence (Shaka et al. 1988) with a strength of 4.8 kHz is employed
to decouple 'H spins during 2(Tc + Ta + Tcc) — 12 and 2(Ty — A)
periods. The adiabatic WURST field (Kupce and Wagner 1995) was
used to decouple '°N during acquisition. Delay durations: 7 = 1/
AJye) ~1.7ms; 17,=24 or 44 ms; A= 1/(4Jyn) ~2.7 ms;
& = duration of Gy + field recovery ~0.4 ms; Tc = 1/(2Jcocr)
~95ms; Th = 1/@AJon) ~16.6ms; T'c=Tc + Tee; Tee =1/
(Jclc/;) — U@Jon) — U(Q2Jcoc) ~0 — 2.5 ms; 11, max <rc. Fre-
quency discrimination in '*C’ dimension is obtained using the States-
TPPI protocol (Marion et al. 1989) applied to ¢,, whereas quadrature
detection in '°N dimension is obtained using the sensitivity-enhanced
gradient selection (Kay et al. 1992). The echo and antiecho signals in
5N dimension are collected separately by inverting the sign of the Gy
gradient pulse together with the inversion of V, respectively. Phase
cycling: ¢y =y, —y; ¢ = 2(x), 2(—x), ¢3 = x; Y = x; rec. = x,
2(—x), x. Because a selective 180° pulse for 13Cy in the middle of
delay 2T, induces a Bloch-Siegert shift to By magnetization, a
careful adjustment of phase (bsp) of the last *C’ 90°(phase y) pulse is
necessary. Gradient strengths and durations: Gy = 13 k G/cm
(2 ms), Gy = 13 k G/cm (0.2 ms). The pulse sequence code and
parameter file for Varian Inova system are available in supplementary
material

within the intraresidue filter, the refocusing of '*Ca chemical
shift and one- and two-bond Jnc coupling evolution during
t1, constrains the #| max t0 2(Tc + Tcc) ~18-24 ms. The
coherence transfer efficiency for intraresidual (sequential)
correlations is maximized (minimized) by setting 2(7¢ +
Tn) ~50-52 ms (Permi 2002). Therefore, modulation of
can and 2Jo,n is taking place during 2(7T¢ + T4), and
IJCaCﬂ modulation is effective for 2(Tc + Ta + Tcc). This
also enables setting of 27 to the optimal value of ~33 ms
(= 1/2Jcon). Although the suppression of the sequential
pathway is not perfect, it can be diminished at least by a
factor of 10-20 (Permi 2002; Jiang et al. 2005) by a judicious
choice of the 2(T¢ + T4) delay. In case of our test protein,
ubiquitin, containing all the secondary structure elements
and providing with very high signal-to-noise ratio, no
sequential peaks were observed, and hence we can safely
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neglect the term leading to a sequential correlation from this
point onward.

Figure 1a’ depicts the so-called spin-locked MQ version
of the i(HCA)CO(CA)NH experiment. Albeit not experi-
mentally tested here, the MQ coherence created between
"Ho and "*Co spins quenches their mutual dipolar inter-
action (Griffey and Redfield 1987), potentially leading to
further sensitivity enhancement for non-glycine residues
owing to extended transverse relaxation times with respect
to the *Ca SQ coherence (Tessari et al. 1997; Folmer and
Otting 2000).

Onward from the point e, the i(HCA)CO(CA)NH pulse
sequence is identical to the sensitivity enhanced HNCA
experiment. Thus, magnetization is transferred to the ’N(i)
spin and the one-bond *C*(i)-'>N(i) coupling is refocused
simultaneously with '°N chemical shift labeling during the
ensuing 27 delay. Standard gradient enhanced coherence
order selective coherence transfer is employed for the
N - 'HN transfer. Therefore, after the Fourier transform,
a three-dimensional spectrum is obtained showing cross
peaks at wc (i), wn(@), wun(?) i.e. explicitly intraresidual
THN-N—-13C’ correlations are observed per amino acid
residue.

Results and discussion

It is interesting to compare attainable sensitivities of the
non-TROSY implementation of the intra-HN(CA)CO and
the proposed i(HCA)CO(CA)NH experiment. Theoretical
coherence transfer efficiencies for i(HCA)CO(CA)NH and
intra-HN(CA)CO schemes are

Lincajcocann ~ sin(2r' Jean(Te + Ta))

x sin(27* (272 Jeon (T + Ta)) sin® 2ndeuo Te)
(21 JonTa) cos(2n' Jeocp(Te + Ta + Tec))
X sin(27t1JCo(NTN) cos(27r2JC“NTN)

x exp(—2(Tc + Ta + Tcc)/Tacx)
x exp(—(2Ta)/Tocr) exp(—(2Ta)/ T2 N)

and

X sin

Tintra—HN(CA)CO = sin® (47! Iy Tea) sin® (4% Iy Tnea)
x sin?(2nJcucTe) cos(2nJeycp(Tc + Tec))
x exp(—2(Tc + Tee)/Tamq.cx) exp(—(4Tnea) / TaN)
x exp(—(2Tcc)/To ),

respectively. The coherence transfer efficiency, neglecting
relaxation, for residues in o-helical (f-strand) conformation
in i((HCA)CO(CA)NH and intra-HN(CA)CO experiments
are ~0.54 (0.58) and 0.75 (0.91), respectively. Therefore,
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any theoretical or experimental improvement in sensitivity
with respect to the intra-HN(CA)CO must stem from the
diminished relaxation of magnetization during the course
of i(HCA)CO(CA)NH. Indeed, the overall duration of the
proposed i(HCA)CO(CA)NH scheme is ~50 ms shorter
than the intra-HN(CA)CO. Although i(HCA)CO(CA)NH
includes a coherence transfer step during which the '*Cu
spin is susceptible to transverse relaxation for a period
extending up to 57 ms, the "*Ca—'"*Ca MQ coherence
created in the intra-HN(CA)CO scheme is relaxing extre-
mely fast in non-deuterated samples during the constant-
time period of 27 (~28 ms) (Nietlispach 2004).

Figure 2 shows calculated coherence transfer efficien-
cies for globular small and medium sized proteins, having
rotational correlation times of 5 and 8 ns. For instance,
considering a small globular protein with transverse
relaxation times for '°N, 'C* and '>C’ spins of 100, 40,
100 ms at 600 MHz, respectively, the transfer efficiencies
for residues in a-helical (f-strand) conformation are 29%
(8%) higher in i(HCA)CO(CA)NH with respect to the
intra-HN(CA)CO experiment. In the above calculations,
the relaxation rate of '*C*~'>C* multiple-quantum coher-
ence is assumed to be twice the relaxation rate of '*C”
single-quantum coherence i.e. R, [*C2(i) =" C(i — 1)] =
Ry [BCL(i)] + R [PCY(i — 1)] = 2 x Ry [*C(i)]. For sim-
plicity, the cross-correlation effect between two '*C*~'"H*
dipole—dipole relaxation mechanisms in adjacent residues
has been neglected. Hence, in case of smaller proteins
where (per)deuteration is not a prerequisite, the proposed
i(HCA)CO(CA)NH experiment provides superior sensi-
tivity with respect to the out-and-back style intra-
HN(CA)CO scheme especially for residues in o-helical
conformation for which the intraresidual coherence transfer
is inherently less efficient.

The calculations also indicate that coherence transfer
efficiency is more uniform in the case of the i(HCA)CO
(CA)NH experiment i.e. similar transfer efficiencies are
obtained irrespective of polypeptide conformation. In the
case of unfolded polypeptide chain e.g. natively disordered
protein with R, values for 15N as low as 3-5 s_l, the transfer
efficiencies for iHCA)CO(CA)NH and intra-HN(CA)CO
are ~0.24 and 0.29, respectively, assuming 'J and *J cou-
plings between Ca and N to be 10.6 and 7.5 Hz (Delaglio
et al. 1991). Although the absolute transfer efficiency in the
case of unfolded polypeptide with extremely long relaxation
times is higher for the intra-HN(CA)CO, the transfer effi-
ciency for the emerging or transient «-helical conformation
is almost equal between i(HCA)CO(CA)NH and intra-
HN(CA)CO. These regions, having tendency for nascent
secondary structure, exhibit shorter transfer relaxation times
reminiscent of those observed for globular proteins.

In order to verify the experimental sensitivity of the new
experiment, we acquired the proposed i(HCA)CO(CA)NH
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Fig. 2 Theoretical coherence 0.08 +
transfer efficiencies for

i(HCA)CO(CA)NH and intra- 5 0.07 7
HN(CA)CO experiments in case S, 0.06 1
of extended, o-helical, and Y
random coil conformations. 5 0.05
Calculations have been carried ©

for two proteins having overall 5 0.04 1
rotational correlation times 7. of 5 0.03 -
5 and 8 ns. Black and dark gray %

(light gray and white) color % 0.02 +
coding correspond to transfer = 0.01 -
efficiencies for ’
i(HCA)CO(CA)NH (intra- 0

HN(CA)CO) on proteins with ..
5 and 8 ns, respectively

o-helix

B-strand coil

W i(HCA)CO(CA)NH (tc ~ 5 ns) OiHN(CA)CO (tc ~ 5 ns)
B i(HCA)CO(CA)NH (tc ~ 8 ns) OiHN(CA)CO (tc ~ 8 ns)

experiment and the intra-HN(CA)CO scheme with MQ
implementation on human ubiquitin, a 8.6 kDa (76 resi-
dues) globular protein with the overall rotational correla-
tion time (t.) of 4.5ns at 296 K. Figure 3 shows
two-dimensional '3C’—"HN correlation maps from uni-
formly 'N/'>C labeled ubiquitin, recorded with the pro-
posed i(HCA)CO(CA)NH pulse sequence (panel a) and the
non-TROSY implementation of the intra-HN(CA)CO
scheme (panel b) using identical #; ,.x of 9.5 ms Com-
parison of attainable signal intensities for non-overlapping
cross peaks between these two experiments, plotted as a
function of amino acid residue in Fig. 4, reveals that a vast
majority of the 'HN(i)—'3C'(i) cross peaks are more
intense in the i(HCA)CO(CA)NH spectrum in comparison
to the intra-HN(CA)CO spectrum. This holds true most
prominently for cross-peaks stemming from residues in the
o-helical and f-turn/hairpin conformations, or more pre-
cisely for residues having “Jyc, coupling <7 Hz, indicative
of polypeptide torsion psi () spanning from —50° to 50°
(Puttonen et al. 2006). In those cases, sensitivity
improvement by a factor of 1.5-3 can be realized (Fig. 4),
whereas in the case of f-strand conformation, sensitivity
improvement is smaller, 10-50%. Only in few exceptions,
the sensitivity of intra-HN(CA)CO was slightly better than
the proposed experiment. One possible explanation for this
discrepancy is the presence of long-range carbon—carbon
couplings (Hu and Bax 1996, 1997, 1998 Hennig et al.
1997, 2000), which modulate the detected signal amplitude
by additional cos(2nJTs) or cosRnJ(Ta + Tc + Tcc))
term(s). In ubiquitin, this can be attributed at least to three
glutamate residues, namely E16, E18 and E64 in which a
three-bond coupling between Co and carboxyl C' modu-
lates the signal during the long Co — N transfer period
between time point a and d. On the other hand, we realized
that i(HCA)CO(CA)NH is also less prone to chemical
exchange with solvent, yielding a clearly higher S/N for
solvent exposed amides (e.g. T9 and A46 in ubiquitin) in

comparison to the “out-and-back” type intra-HN(CA)CO
experiment. In summary, on average a sensitivity gain of
1.65 was obtained in ubiquitin when using the i(HCA)-
CO(CA)NH experiment for establishing the intraresidual
H-N-C’ correlations (Fig. 4).

In addition to increased sensitivity, the proposed
i(HCA)CO(CA)NH experiment offers significantly higher
resolution in the '*C/(#;) dimension in comparison to the
intra-HN(CA)CO scheme. The latter limits the attainable
resolution to ~9-10 ms owing to significant time required
for out- and back *C* - '3C’ — '>C* transfer in relation
to the overall duration of the constant-time period
(CT ~ 28 ms). Acquisition time of 9-10 ms in the ¢,
domain is too short for certain applications, especially for
the backbone assignment of intrinsically disordered pro-
teins, resulting in sparse resolution in the '*C’ dimension
albeit accidental cross peak overlap is diminished owing to
pure intraresidual transfer. Nevertheless, effective experi-
mental resolution in the '*C’ dimension of the i(HCA)-
CO(CA)NH spectrum can at least be doubled with respect
to the intra-HN(CA)CO utilizing the MQ implementation.

Enhanced resolution obtained using the i(HCA)CO
(CA)NH scheme is most appropriately illustrated in
Fig. 3c, showing a two-dimensional '"HN(i)—'*C'(i) cor-
relation map of ubiquitin recorded with the i(HCA)CO(-
CA)NH experiment using a fy,,x of 19 ms. It can be
readily appreciated by comparing the attainable resolution
between spectra in Fig. 3a—c that the proposed intraresidual
i(HCA)CO(CA)NH sequence offers a significant resolution
enhancement along the '>C’ domain in comparison to the
intra-HN(CA)CO scheme.

Final point of interest concerns phase properties of
emerging cross peaks in the i(HCA)CO(CA)NH spectrum.
Glycines are in opposite phase with respect to those of the
other amino acids in the original (HCA)CO(CA)NH
experiment (Lohr and Riiterjans 1995). As magnetization
transfer from Ca to N takes places during the period of
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~1/(2Jcocp) (~57 ms), the sign information regarding
Gly residues is lost. This can be compensated for by setting
delay 7, to 4.4 ms instead of traditional 2.4 ms. As a result,
the transfer factor sin(mJ/cyp,72)c08(M/cynqrn) for glycines
will be negative, reintroducing sign properties of the ori-
ginal (HCA)CO(CA)NH scheme. A closer inspection of
i(HCA)CO(CA)NH spectra in Fig. 3a, c reveals that the
cross peak stemming from the C-terminal residue shows
phase distortion with respect to other signals. This 90°
phase difference originates from the N(i)-Co(i)—~C'(i) spin
system at the carboxyl terminus. There is no '°N spin at the
(i + 1) position i.e. the pulse phase setting selects
the sin(wct;) modulated signal after the #; period, whereas
the cos(wct) modulated signal is selected for remainder of
residues.

Application to the assignment of intrinsically unfolded
protein CT16

Intrinsically unfolded proteins are notoriously difficult to
assign due to poorly dispersed chemical shifts of protons as
well as aliphatic carbons, rendering the traditional assign-
ment protocols based on Co and Cf chemical shifts ineffi-
cient (Yao et al. 1997). On the contrary, the carbonyl carbon
chemical shift, containing contributions from the succeeding
residue also, is a very useful aid for the assignment of
unstructured regions in proteins (Dyson and Wright 2001;
Sayers and Torchia 2001). As a real benchmark, we applied

Fig. 4 Comparison of
attainable crosspeak heights
between i(HCA)CO(CA)NH

Fig. 5 The i(HCA)CO(CA)NH/HNCO experiment pair was used to p

resolve ambiguities in the sequential assignment of CT16. a The
HN(CO)CACB strip shows the o/ff shifts of the residue previous to
D83. Chemical shift degeneracy results in three possible solutions for
E82 in the iHNCACB spectrum. b Only the second i(HCA)CONH
strip has a C’ chemical shift matching to that of E82 shown in the
HNCO, the two others corresponding to those of E35 and ESS.
¢ ‘Sequential walk’ by employing i(HCA)CO(CA)NH/HNCO exper-
iments for the assignment of residues V64-T67 of CT16

the i(HCA)CO(CA)NH experiment for the assignment of the
112-residue cancer/testis antigen PAGES also called CT16.
According to NMR data, CT16 is highly disordered as
manifested by poor 'H chemical shift dispersion. Indeed,
sequential assignment of CT16, based on '*Co and "*Cp
chemical shift failed despite using unidirectional iHNCACB
and HN(CO)CACB experiments, which minimize the
emergence of accidental resonance overlap. This is most
distinctly illustrated in Fig. 5a, showing highly degenerate
3Cu and '*Cp chemical shifts for three glutamates in the
iHNCACB experiment. However, using the i(HCA)
CO(CA)NH and HNCO experiment pair, the multitude of
solutions encountered in the iHNCACB/HN(CO)CACB
spectra was readily unraveled as demonstrated in Fig. 4b.
Excerpts of highly resolved two-dimensional planes of
i(HCA)CONH and HNCO are shown in Fig. 4c, exemplify-
ing the ‘sequential walk’ obtained by employing unidirec-
tional i(HCA)CO (CA)NH/HNCO experiments to the
assignment of CT16. Using this approach, we obtained a
nearly complete (>91%) sequence-specific assignment of
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(blue bars) and intra- 14 T T ' T : .
HN(CA)CO (red bars) spectra I (HCA)CO(CANH
plotted as a function of it a-HN(CA)CO
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HN, N, C’, Ca and Cpf resonances for non-proline residues
(102) in CT16, missing assignment originating from few N-
terminal residues (G1-H6 and S10-S13) with rapidly
exchanging amide protons, whose signal were not detectable
in ">’N-HSQC spectrum either.

Conclusions

Sequential assignment strategy based on '*C’ chemical shift
is invaluable especially in the case of intrinsically unfolded
proteins, where degeneracy of '*Co/'*Cf shifts severely
impedes both automated and manual assignment of main-
chain resonances. We have introduced a new unidirectional
i(HCA)CO(CA)NH scheme for N/!3C labeled proteins,
which improves both sensitivity and resolution of intrare-
sidual H(i)-N(i)-C' (i) correlations in comparison to the out-
and-back type intra-HN(CA)CO experiment. Sensitivity of
the i(HCA)CO(CA)NH experiment was found to be on
average ~ 1.65 higher than the non-TROSY version of the
MQ intra-HN(CA)CO on a small globular protein. More-
over, experimental resolution can be extended from 10 to
24 milliseconds in the '>C’ dimension, which is highly
desired especially in the case of natively unfolded proteins.
Experiments utilizing '*C’ chemical shift for establishing
sequential connectivities are of key importance for the
assignment of intrinsically unfolded proteins such as CT16
which was used as an example in this work. A nearly com-
plete main-chain assignment of the 112-residue, natively
unfolded protein was obtained together with the conven-
tional HNCO experiment demonstrating that the i(HCA)
CO(CA)NH experiment is very powerful method for
resolving ambiguities in the assignment of 'N/**C labeled
proteins. We therefore have every reason to believe that the
proposed unidirectional itHCA)CO(CA)NH experiment can
be put into good use in the assignment of '*N/'*C-labeled
proteins.

Materials and methods

The proposed i(HCA)CO(CA)NH experiment and a non-
TROSY version of the intra-HN(CA)CO with a constant
time MQ implementation (Nietlispach 2004) were recorded
on 1.9 mM uniformly 15 N, 13C labeled human ubiquitin
having a molecular mass of 8.6 kDa (76 residues), dissolved
in 95/5% H,0/D,0, 10 mM potassium phosphate buffer (pH
5.8) in a sealed Wilmad 535PP NMR tube at 20°C. Spectra
shown in Fig. 3a were recorded on a Varian Unity INOVA
600 NMR spectrometer, equipped with a '>N/'*C/'H triple-
resonance probehead and an actively shielded z-axis gradient
system. For sensitivity and resolution comparison purposes
with respect to the intra-HN(CA)CO experiment on human

ubiquitin, both three-dimensional i(HCA)CO(CA)NH and
intra-HN(CA)CO experiments were run as two-dimensional
BC/_'H correlation experiments. Intraresidual i(HCA)-
CO(CA)NH spectra shown in Fig. 3a, ¢ were acquired using
32/16 transients per FID with 19/38 and 1,024 complex
points, corresponding to acquisition times of 9.5/19 and
85 ms in #; and 73, respectively. Intraresidual HN(CA)CO
spectrum in Fig. 3b was collected with parameters identical
to those used for itHCA) COCA)NH spectrum in Fig. 3a.
Total acquisition time for each experiment was 24 min.
Spectra were processed and analyzed using the standard
VNMRIJ 2.1 revision B software package (Varian associates
2006). Prior to zero-filling to 1,024 x 4,096 data matrix,
followed by the Fourier transform, the data were weighted
with a shifted squared sine-bell functions applied to both
dimensions.

For the assignment of 0.8 mM uniformly '>N/'*C CT16
(110 residues), dissolved in 93/7% H,O/D,0, 10 mM Tris—
HCL (pH 7.5), 50 mM NaCl in a Shigemi microcell at 25°C,
the proposed i(HCA)CO(CA)NH scheme together with
iHNCACB (Tossavainen and Permi 2004), HN(CO)CACB
(Yamazaki et al. 1994) and HNCO experiments (Muhandi-
ram and Kay 1994) was employed. The measurements were
carried out on a Varian Unity INOVA 800 NMR spectrom-
eter, equipped with a conventional 'N/"*C/'H triple-reso-
nance probehead and an actively shielded xyz-axis gradient
system. For i(HCA)CO(CA)NH 52, 52 and 682 complex
points in #, t,, and t; were collected, respectively. These
correspond to acquisition times of 17.3, 23.6, and 85.2 ms in
3¢/, N and 'H dimensions, respectively. Two transients per
FID were used for signal accumulation, resulting in a total
experimental time of 7.3 h.
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