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An experiment, iHADAMAC, is presented that yields information on the amino-acid type of individual res-
idues in a protein by editing the 1H–15N correlations into seven different 2D spectra, each corresponding
to a different class of amino-acid types. Amino-acid type discrimination is realized via a Hadamard
encoding scheme based on four different spin manipulations as recently introduced in the context of
the sequential HADAMAC experiment. Both sequential and intra-residue HADAMAC experiments yield
highly complementary information that greatly facilitate resonance assignment of proteins with high fre-
quency degeneracy, as demonstrated here for a 188-residue intrinsically disordered protein fragment of
the hepatitis C virus protein NS5A.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Sequence-specific resonance assignmentof 13C, 15N-labeled proteins,
a prerequisite for further NMR investigations, relies on heteronuclear
correlation experiments that allow building chains of sequentially
linked spin systems (peptide segments). This sequential correlation data
needs to be complemented by site-specific amino-acid-type informa-
tion in order to match these segments to a particular position in the
amino-acid sequence of the protein. The importance of additional ami-
no-acid type information increases for polypeptides with highly degen-
erate NMR frequencies that makes the assembly of long fragments of
connected spin systems difficult. This problem is particularly pro-
nounced for intrinsically disordered proteins (IDPs) as the lack of persis-
tent tertiary structure results in similar chemical environments along
the polypeptide chain, and thus reduced chemical shift dispersion.
Despite the absence of a global fold such IDPs carry out important cellu-
lar functions such as signal transduction, transcription regulation, and
other regulatory processes by interacting with a variety of binding part-
ners, often via transiently structured peptide segments called molecular
recognition elements [1]. Multidimensional NMR spectroscopy is cur-
rently the only available technique that provides atomic-resolution
ll rights reserved.
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information on the conformational dynamics of IDPs, and on the mode
of interaction with their binding partners. Therefore it is of interest
to develop new NMR tools that facilitate sequence-specific reso-
nance assignment of polypeptide chains with highly degenerate
NMR frequencies.

Amino-acid type information can be obtained from NMR data (i)
by the selective incorporation of labeled (or unlabeled) amino acids
in an otherwise unlabeled (or labeled) protein [2–4], (ii) from 13Ca

and 13Cb chemical shift data [5], and (iii) from specifically tailored
correlation experiments that exploit the particular spin coupling
topologies of the different amino-acid side chains [6–12]. While
the first approach provides the most direct amino-acid-type infor-
mation, it requires the preparation of several differently labeled
protein samples that can be a severe practical drawback. The use
of 13C chemical shifts, the most prominent approach today, only
provides unambiguous amino-acid type identification for a few
amino-acid types, namely G, A, and the S/T pair. For all other amino
acids, only probability scores can be computed as they have over-
lapping 13C chemical shift ranges. The third approach has the
advantage that a single uniformly 13C, 15N labeled sample is suffi-
cient and that, in principle, each amino-acid type can be unambig-
uously identified by a correlation experiment designed to select a
coherence transfer pathway that is specific to the spin topology
of this particular amino-acid. Although this approach has been
applied successfully in the past, it has several disadvantages: many
different spectra need to be recorded making the approach time
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consuming, while the multiple transfer steps required for the more
complicated pulse sequences result in low experimental
sensitivity.

In order to overcome some of these drawbacks, we have re-
cently introduced the HADAMAC experiment [13,14] that has been
setup for a high level of amino-acid-type discrimination in a single
experiment, and thus in minimal experimental time. HADAMAC is
a pseudo-3D experiment using Hadamard encoding [15] in the
third dimension to separate the 1H–15N correlation peaks into
seven 2D subspectra according to the amino-acid type classes:
(1) Val-Ile-Ala (2) Gly, (3) Ser, (4) Thr, (5) Asn-Asp, (6) Arom (Phe,
His, Trp, Tyr)-Cys, and (7) Arg, Glu, Lys, Pro, Gln, Met, Leu. Hadamard
encoding ensures highest possible sensitivity as in each experi-
ment signals from all amino-acid types are detected, and only their
sign (180� phase shift) is changed in between successive experi-
ments according to a given Hadamard matrix [16]. The HADAMAC
experiment is based on a sequential HBCBCACONH coherence
transfer pathway [17,18] thus providing information on the ami-
no-acid type of the residue preceding the detected amide 1H–15N
frequency pair. This approach has later on been extended to bi-
directional coherence transfer [19] where two correlation peaks
are detected per residue in the subspectra corresponding to the
amino-acid type of the preceding and the detected residue. Here
we introduce iHADAMAC, an experiment that yields a single corre-
lation peak per residue (amide 1H, 15N pair) providing direct intra-
residue amino-acid-type information. The performance of this new
experiment is demonstrated for native and acid-denatured ubiqui-
tin, as well as for a 188-residue IDP, a highly disordered fragment
of the NS5A protein from hepatitis C virus.
2. The iHADAMAC experiment

The pulse sequence for the intra-residue iHADAMAC experi-
ment is shown in Fig. 1a. The sequence performs the following in-
tra-residue coherence transfer pathway: HB(i) ? CB(i) ? CA(i) ?
N(i) ? HN(i). In the past, pulse sequence building blocks have been
proposed [20–23] that allow N–CA and CA–N coherence transfer
solely within a given residue yielding pure intra-residue correlation
experiments. The pulse sequence element used here for the intra-
residue CA(i) ? N(i) transfer is highlighted in gray in Fig. 1a. This
sequence block is similar to the one previously introduced and de-
scribed in the context of an intra-residue HN(CA)CO-type experi-
ment, i(HCA)CO(CA)NH [24]. Therefore, in the following, only the
principal features will be briefly reviewed. Three spin couplings
1JCAN, 2JCAN, and 1JCACB are active during the whole transfer element
of duration 2(g + c) � 45 ms. In addition, 1JCOCA and 1JCON couplings
are active during the delays c and g, respectively. Chemical shift
evolution during these transfer delays is refocused by means of
180� pulses. As a result, this building block performs an intra-
residue coherence transfer 2CAyCBz ? 2CAxNz with a transfer
amplitude (efficiency) given by the following expression:

Iðc;gÞ ¼ sinðp1JNCA2ðcþ gÞÞ sinðp2JNCA2ðcþ gÞÞ

� sin2ðp1JCOCAcÞ � sinðp1JNCO2gÞ sinðp1JCACB2ðc

þ gÞÞ expf�2ðcþ gÞ=Teff
2 g ð1Þ

In Fig. 1b, the transfer efficiency has been computed as a function of
the delay g in the absence of spin relaxation, and assuming different
effective transverse relaxation times Teff

2 ranging from 30 to 90 ms.
For the calculation, the spin coupling constants were fixed to
1JCAN = 12 Hz, 2JCAN = 7 Hz, 1JCACO = 55 Hz, 1JCACB = 35 Hz, and
1JNCO = 15 Hz, and the transfer delay c was set to 8.5 ms. Neglecting
relaxation-induced signal loss, a maximal transfer amplitude of
�0.8 is obtained for g = 14 ms, while the transfer efficiency drops
to �0.2 for Teff

2 ¼ 30 ms. The calculations also show that for
increasing relaxation rates (shorter Teff
2 ) the g delay should be

slightly reduced to achieve optimal sensitivity. Note that no cross
peak is expected in the iHADAMAC spectrum for the C-terminal res-
idue of the peptide chain that lacks a 2JCAN coupling.

The amino-acid type encoding is based on four spin manipula-
tions (see Table 1) exploiting different properties of the amino acid
side chains to selectively invert the signals from certain amino-
acid types: (i) changing the flip angle h of the DEPT sequence
affects residues with a CH or CH3 group at the CB carbon position;
(ii) changing the delay j from 0 to 1/JCH inverts NMR signals of res-
idues with a CH at CA carbon position; (iii) the presence/absence of
a CO attached to CB is exploited by shifting CO refocusing pulses
from position 1 to 2, and (iv) Ser and Thr resonances are inverted
by a selective inversion pulse taking advantage of the particular
13CB chemical shift range of these amino acids. The 8-step Hadam-
ard encoding used for iHADAMAC, shown in Table 1, is identical to
the one described recently for the HADAMAC-2 experiment [13].
This encoding results in eight different 2D 1H–15N correlation spec-
tra (Table 2); six of them containing the desired amino-acid-type
information, while the two remaining ones are used to separate
signals from the undesired HA(i) ? CA(i) ? N(i) ? HN(i) coherence
transfer pathway that may also be detected in the iHADAMAC
experiment. Note that the amino-acid type classes (6) Arom (Phe,
His, Trp, Tyr)-Cys, and (7) Arg, Glu, Lys, Pro, Gln, Met, Leu are detected
in the same Hadamard subspectrum, but with opposite signs.

In addition, we have implemented semi-CT 15N editing in the
iHADAMAC sequence of Fig. 1a in order to allow for high spectral
resolution in the 15N dimension as required for NMR studies of
IDPs in order to distinguish most of the individual 1H–15N correla-
tion peaks in the 2D map.
3. Results and discussion

As an application of the iHADAMAC experiment to small globular
proteins, the spectrum obtained for a 2 mM sample of the 76-resi-
due protein ubiquitin is shown in Fig. 1c. The seven 1H–15N subspec-
tra corresponding to the seven amino-acid type classes are color
coded, and superposed on the same graph. This iHADAMAC spec-
trum has been recorded at 25 �C in 1 h on a 600 MHz spectrometer
equipped with a cryogenic probe, illustrating the high spectral qual-
ity that can be obtained in short overall time for small fast tumbling
proteins. Of course, as shown in Fig. 1b the experimental sensitivity
will drop significantly for proteins with slower molecular tumbling,
thus limiting the application to globular proteins in the <15 kDa
range for which high quality spectra can be recorded in a reasonable
amount of acquisition time (<�48 h).

In the following we will focus on applications to highly disor-
dered proteins. The dynamic behavior of such molecular systems
is generally characterized by fast effective local rotational correla-
tion times, resulting in favorable spin relaxation properties that
make the iHADAMAC experiment amenable to the study of larger
protein systems. As a first example we show the results obtained
for a small amount (<150 lg) of urea-denatured ubiquitin (8 M
urea, pH 2.5) as a model system for a protein with high intrinsic
disorder and almost no residual transient structure. The protein
was dissolved in 150 lL buffer solution, resulting in a final protein
concentration of 90 lM, and placed in a 3 mm NMR tube. The pro-
tein containing tube was then put into a standard 5 mm NMR tube
filled with D2O amenable to NMR investigation in a standard 5 mm
triple-resonance cryogenic probe. The iHADAMAC spectrum,
shown in Fig. 2, was recorded in 24 h using an 800 MHz spectrom-
eter. Despite the small amount of protein sample used for record-
ing this spectrum, all expected 1H–15N correlations could be
detected and unambiguously assigned to one of the seven amino-
acid type classes.



Fig. 1. (a) Pulse sequence for the intra-residue Hadamard-encoded amino-acid-type-editing (iHADAMAC) experiment. All radio-frequency (rf) pulses are applied along the x-
axis unless indicated. 90� and 180� rf pulses are represented by filled and open pulse symbols, respectively. The dashed 1H pulse corresponds to the DEPT pulse with variable
flip angle h and phase /. The 1H pulse labeled ‘‘BIP’’ is a broadband inversion pulse with a BIP-720–50-20 phase modulation [28]. The 13C shaped pulses indicated by (A) and
(A*) have an isnob5 shape [29] covering band widths of 46 ± 40 ppm (Caliph, A), 70 ± 15 ppm (Caliph, A*), and 196 ± 40 ppm (CO). All other Caliph and Ca pulses are applied with a
rectangular shape and field strengths of D=

ffiffiffiffiffiffi

15
p

(90�) and D=
ffiffiffi

3
p

(180�), where D is the separation in Hz between the centers of the Ca (56 ppm) or Caliph (46 ppm) and CO
(175 ppm) chemical shift regions, while the other CO pulses have the shape of the center lobe of a sin x/x function. The transfer delays are adjusted to D = 3.7 ms, T = 20 ms,
e = 2.5 ms, c = 8.5 ms, c1 = c + d2, c2 = c � d1, g = 12.5 � 14 ms, g1 = g � d2, j = (see Table 1), TN = 12 ms, s = 2.7 ms, ta = TN � t1/2 + tb, and tb = 0. The delay tb is incremented
together with t1 for semi-CT 15N editing using the following time increment: Dtb ¼ ðTmax

1 =2� TNÞ=N1 with N1 the number of total increments in the t1 dimension. The phase
D/(�70�) accounts for Bloch–Siegert phase shift and needs to be optimized experimentally for maximal sensitivity. Pulsed field gradients G1–G8 are applied along the z-axis
(PFGz) with a gradient strength of approximately 20 G/cm and lengths ranging from 100 to 2000 ls. The relative durations of G5 and G6 are given by the gyromagnetic ratios
of 1H and 15N as G5/G6 = cH/cN. A four-step phase cycle is used with / = y, y,�y,�y; /2 = x,�x, and the receiver phase /rec = x,�x, (�x, x). Quadrature detection in t1 is achieved
according to the echo-antiecho scheme by inverting the sign of gradient G5 and phase /3. In addition, phase /3 is inverted for every second t1 increment. Eight repetitions of
the experiments are recorded for Hadamard-based amino-acid-type encoding with the parameter settings given in Table 1. The HADAMAC pulse sequence in Varian language,
and processing protocols for NMRPipe software [30] are available from the authors upon request. (b) Calculation of transfer efficiency of the pulse sequence block highlighted
in gray as a function of the delay g assuming different relaxation times. (c) iHADAMAC spectrum of native ubiquitin recorded at 25 �C and 600 MHz 1H frequency. The seven
subspectra corresponding to the different amino-acid type classes are color-coded and superposed on the same graph. The color-coding used throughout this manuscript is
the following: Val-Ile-Ala (magenta), Gly (green), Ser (red), Thr (black), Asn-Asp (yellow), Phe, His, Trp, Tyr, Cys (blue), and Arg, Glu, Lys, Pro, Gln, Met, Leu (cyan). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Experimental settings used for iHADAMAC (Fig. 1a) in order to realize 8-step Hadamard amino-acid type encoding.

CO inversion pulses A at position (1 or 2) Caliph inversion pulse A* applied (yes/no) Flip angle h Delay j

Exp 1 1 no 120� 0
Exp 2 2 no 120� 0
Exp 3 1 yes 120� 7ms
Exp 4 2 yes 120� 7ms
Exp 5 1 no 60� 0
Exp 6 2 no 60� 0
Exp 7 1 yes 60� 7ms
Exp 8 2 yes 60� 7ms
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Finally, we have applied the iHADAMAC experiment to a real
IDP system, a 188-residue fragment of the hepatitis C virus protein
NS5A [25]. This fragment comprises the entire domain two as well
as elongations in both, C- and N-terminal directions that contain
crucial binding motifs necessary for interaction with other viral
and host proteins [26]. This NS5A fragment presents a challenge
for NMR studies, not only because of its length and high NMR fre-
quency degeneracy, but also because of the heterogeneous spin
relaxation behavior observed for this protein, translating to signif-
icant intensity variations even in a simple 1H–15N correlation
experiment. The measured 15N transverse relaxation rates cover
a range of almost one order of magnitude (data not shown). This
peculiar behavior is explained by the structural model emerging
from our NMR data pointing toward the presence of three
transiently populated a-helical segments that are connected by
flexible linkers [27]. The iHADAMAC spectrum recorded on a



Table 2
Hadamard matrix resulting from the spin manipulation of Table 1, used for encoding and decoding in iHADAMAC.

Gly AVI Ser Thr Asx Cys-Arom/REST CA pathway I (<55 ppm)a CA pathway II (55–85 ppm)a

Exp 1 + + + + + + + +
Exp 2 � + + + � + � �
Exp 3 � + � � + + + �
Exp 4 + + � � � + � +
Exp 5 � + � + � � + +
Exp 6 + + � + + � � �
Exp 7 + + + � � � + �
Exp 8 � + + � + � � +

a The CA pathways I and II correspond to the Ha
i � Ca

i � COi �Ni � HNi transfer. The Ser/Thr Cb inversion pulse also affects sign encoding for residues with Ca chemical shift
values in the 55–85 ppm range leading to the creation of the ‘‘CA pathway’’ groups I and II.

Fig. 2. iHADAMAC spectrum recorded on a 90 lM sample of acid-denatured
ubiquitin (20 mM Glycine, pH2.5, 8 M Urea) at 25 �C and 800 MHz 1H frequency.
150 lL of sample was placed in a 3 mm NMR tube sitting inside a standard 5 mm
tube filled with D2O [31]. 100 complex points were recorded in the t1 (15N)
dimension for a spectral width of 2000 Hz using semi-CT editing. The total
acquisition time was 24 h. The seven subspectra corresponding to the different
amino-acid type classes are color-coded and superposed on the same graph. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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90 lM sample (500 ll solution in standard 5 mm NMR tube) is
shown in Fig. 3a (left spectrum). The different 2D planes are col-
or-coded and superposed on the same graph. In addition, a
plane-by-plane representation with peak assignments is provided
as Supporting Information. This iHADAMAC data set has been re-
corded at 20 �C on a 800 MHz machine equipped with a cryogenic
probe in a total experimental time of 12 h. About 90% of the corre-
lation peaks that are observed in a 1H–15N correlation spectrum are
also detected in this iHADAMAC spectrum, although some of them
with very low intensity. The missing peaks correspond to residues
within transiently structured segments of the IDP that are charac-
terized by slower effective rotational correlation times, and thus
more efficient transverse relaxation of the nuclear spins.

The intra-residue amino-acid type information nicely comple-
ments the sequential amino-acid type information obtained from
a standard HADAMAC experiment (from here on called sHADAMAC).
The sHADAMAC spectrum recorded in 2 h on the same NS5A sample
under identical experimental conditions is shown in Fig. 3a (right
spectrum). The different experimental times chosen for the iHADA-
MAC (12 h) and sHADAMAC (2 h) reflect the relative sensitivity of
the respective pulse sequences for this protein. The combined ami-
no-acid type information extracted from the two HADAMAC spectra
(iHADAMAC and sHADAMAC) drastically reduces the assignment
possibilities of a given 1H–15N frequency pair (residue) to a specific
position in the primary sequence of the protein that is now con-
strained by the amino-acid type of two neighboring residues
(Fig. 3b). For the 188-residue NS5A fragment, this combined HADA-
MAC information reduces the assignment ambiguities for 60% of the
1H–15N correlation peaks to less than eight positions in the peptide
sequence, and allows unambiguous sequence-specific assignment
of eight 1H–15N frequencies without any additional correlation
information. As a consequence, it is no longer necessary to build
up long fragments of sequentially correlated residues (NMR fre-
quencies) from the usual 3D (or 4D) H–N–C type correlation exper-
iments in order to achieve complete sequential assignment of the
IDP. This overcomes most of the problems related to missing
1H–15N correlations due to Pro residues or exchange broadened
amide protons that are not observable in the amide 1H detected
experiments, and therefore present break points in the sequential
assignment walk. In addition, the assignment procedure becomes
more robust with respect to errors in the connected residue frag-
ments due to missing correlation peaks, frequency degeneracy,
and other spectral imperfections. Moreover, the combination of
iHADAMAC and sHADAMAC provides a convenient tool for re-
assigning proteins for which an NMR assignment is already avail-
able, but in different experimental sample conditions (T, pH,
buffer, . . .), of a homologous protein containing a few point muta-
tions, or any other situation inducing small, often localized peak
shifts in the NMR spectrum. As long as spectral resolution is suffi-
cient, these peak shifts can be conveniently identified from simple
inspection of the set of 2D HADAMAC planes, instead of a more cum-
bersome analysis of 3D HNC correlation maps.

In summary, we have introduced iHADAMAC, a new pulse se-
quence that yields intra-residue amino-acid-type information
complementary to its sequential counterpart sHADAMAC. Together
these HADAMAC data drastically decrease the sequential assign-
ment ambiguities of individual amide groups as demonstrated here
for a 188-residue IDP. We believe that this experiment will prove
especially useful for NMR studies of proteins with a high degree
of frequency degeneracy and/or proteins with many missing



Fig. 3. (a) iHADAMAC (left) and sHADAMAC (right) spectra recorded on a 90 lM sample of the 188-residue NS5A fragment at 20 �C and 800 MHz 1H frequency. For both
spectra, 100 complex points were recorded in the t1 (15N) dimension for a spectral width of 2000 Hz using semi-CT editing. The total acquisition times were set to 12 h
(iHADAMAC) and 2 h (sHADAMAC). The seven subspectra corresponding to the different amino-acid type classes are color-coded and superposed on the same graph. (b)
Graphical representation of the information content contained in the two HADAMAC spectra. A pair of colored boxes represents the amino-acid type information at each
residue position, illustrated for a small part of the NS5A sequence. The assignment ambiguity is given by the number of times a particular pair of sequential amino-acid types
(pair of two colors) is found in the primary sequence of the protein, as indicated here for four representative examples of color pairs. A statistical analysis of the remaining
assignment ambiguity for the 188-residue NS5A fragment is shown at the bottom. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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1H–15N correlation peaks, either due to Pro residues or to unfavor-
able local dynamics.
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