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Abstract Magic-angle spinning solid-state NMR has

been applied to study CBM3b–Cbh9A (CBM3b), a cellu-

lose binding module protein belonging to family 3b. It is a

146-residue protein having a unique nine-stranded b-

sandwich fold, in which 35 % of the structure is in a b-

sheet conformation and the remainder of the protein is

composed of loops and unstructured regions. Yet, the

protein can be crystalized and it forms elongated needles.

Close to complete chemical shift assignment of the protein

was obtained by combining two- and three-dimensional

experiments using a fully labeled sample and a glycerol-

labeled sample. The use of an optimized protocol for

glycerol-based sparse labeling reduces sample preparation

costs and facilitates the assignment of the large number of

aromatic signals in this protein. Conformational analysis

shows good correlation between the NMR-predicted sec-

ondary structure and the reported X-ray crystal structure, in

particular in the structured regions. Residues which show

high B-factor values are situated mainly in unstructured

regions, and are missing in our spectra indicating confor-

mational flexibility rather than heterogeneity. Interestingly,

long-range contacts, which could be clearly detected for

tyrosine residues, could not be observed for aromatic

phenylalanine residues pointing into the hydrophobic core,

suggesting possible high ring mobility. These studies will

allow us to further investigate the cellulose-bound form of

CBM proteins.
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Introduction

Cellulose, the main structural component of plant cells and

the most abundant carbohydrate polymer in nature, cannot

be easily degraded. Anaerobic microorganisms have

evolved a wide variety of enzymes, which enable the

degradation of plants cell wall polysaccharides (Bayer

et al. 2004). These enzymes can be found in the free state

or in a large extracellular enzyme complex called cellulo-

some. The cellulosome is composed of two main protein

groups: catalytic modules of glycoside hydrolases (GHs),

which catalyze the hydrolysis of the glycosidic linkage

between carbohydrate units, and different non-catalytic

modules that serve many different roles (Bayer et al. 2004).

Carbohydrate-binding module (CBM) is a large family of

non-catalytic proteins that serve as scaffoldin-borne of the

cellulosome multi-enzyme. The role of CBM is to recog-

nize and bind specifically to carbohydrates and in that

manner concentrate the enzymes onto the substrate for

efficient hydrolysis of polysaccharides in general and cel-

lulose in particular. In recent years there is increasing

interest related to the mechanism of cellulosome degrada-

tion of biomass, since simple sugars suitable for fermen-

tation to biofuels are released in this process (Demain et al.

2005). As CBM plays an important role in locating the

crystalline surface of cellulose and therefore being one of

the rate-limiting factors in the degradation process, various

spectroscopic methods have been used for biological and

structural studies of CBM proteins. Examples are Defo-

cused Orientation and Position Imaging (DOPI) (Dagel

Electronic supplementary material The online version of this
article (doi:10.1007/s10858-014-9838-y) contains supplementary
material, which is available to authorized users.

H. Ivanir � A. Goldbourt (&)

Raymond and Beverly Sackler Faculty of Exact Sciences, School

of Chemistry, Ramat Aviv, 69978 Tel Aviv, Israel

e-mail: amirgo@post.tau.ac.il

123

J Biomol NMR (2014) 59:185–197

DOI 10.1007/s10858-014-9838-y

http://dx.doi.org/10.1007/s10858-014-9838-y


et al. 2011), quantum dots fluorescence (Liu et al. 2009),

X-ray crystallography (Szabo et al. 2001; Lammerts van

Bueren and Boraston 2004; Boraston et al. 2006) and

solution NMR (Simpson et al. 2002; Santos et al. 2012).

X-ray and solution NMR provided 3D structures of various

CBM proteins, some of them in complex with polysac-

charides of several sugar rings or sugar derivatives.

To date there are 66 known families of CBM proteins,

which are classified according to amino-acid sequence

homology. The family 3 of CBM proteins have a typical

fold of nine-stranded b-sandwich with jelly-roll topology

(Yaniv et al. 2011). Those proteins possess a planar array

of aromatic amino-acids on their surface that form stacking

interactions with the glucose rings of crystalline cellulose

chains resulting in strong van-der Waals interactions, thus

stabilizing the structure. In addition, the side chains of

polar amino acid residues may form hydrogen bonds with

the sugar ligand, helping to stabilize the interaction. Since

the cellulose complex cannot be crystallized or dissolved,

magic-angle spinning (MAS) NMR could be utilized in

order to obtain detailed structural characterization of such

systems.

Magic-angle spinning solid-state NMR has proved its

great potential as a structural elucidation technique, as a tool

for probing protein dynamics and for characterizing specific

interactions between biomolecules (Böckmann 2006; Reif

2012; Weingarth and Baldus 2013). Initially, structures of a

few small (\80 a.a) microcrystalline proteins such as SH3

(Castellani et al. 2002), GB1 (Zhou et al. 2007), kaliotoxin

(Lange et al. 2005) and ubiquitin (Zech et al. 2005) were

determined by MAS NMR. Further developments in sample

preparation, sparse labeling schemes, multidimensional

pulse-sequences, proton detection techniques (Huber et al.

2011; Ward et al. 2011; Asami and Reif 2013) and the uti-

lization of paramagnetic reagents (Bertini et al. 2010b;

Jaroniec 2012; Sengupta et al. 2012) enabled progress

towards structure determination of microcrystalline proteins

with higher molecular weight (Bertini et al. 2010a) or com-

plexity (Yan et al. 2013), protein aggregates and amyloids

(Schütz et al. 2011), membrane proteins (Sharma et al. 2010;

Verardi et al. 2011; Ahuja et al. 2013) and macromolecular

complexes (Loquet et al. 2012). Also, site-specific resonance

assignments of an increasing amount of proteins with over

100 amino-acids were deposited in the Biological Magnetic

Resonance Bank (BMRB) (Ulrich et al. 2008), although

70 % of all MAS NMR based assigned proteins are shorter

than 100 amino acids (Fig. S1 in the Supplementary Mate-

rial). Nonetheless, the number of structures of large proteins

is relatively small (Balayssac and Bertini 2008; Jehle et al.

2010; Shahid et al. 2012; Knight et al. 2012; Park et al. 2012;

Yan et al. 2013), and this number is even smaller for MAS

NMR-based structures that can be compared to existing

crystallographic structures.

The assignment of small proteins can be safely obtained

from uniformly labeled samples using a set of comple-

mentary multi-dimensional experiments such as NCACX/

NCOCX/CONCX. For larger proteins, extensive assign-

ments become difficult as a result of spectral congestion

and resonance overlap. It has been shown before that

several selective 13C labeling techniques can facilitate the

assignment of solid proteins since they reduce spectral

congestion and eliminate scalar couplings thus narrowing

the spectral lines. Examples are the use of [2-13C]-glycerol

and [1,3-13C]-glycerol (LeMaster and Kushlan 1996) to

obtain ‘checkboard’ labeling; [1-13C] glucose and [2-13C]

glucose (Hong 1999; Lundström et al. 2007) that provide

mainly the assignments of methyl, Ca, and Cb carbons;

obtaining a carbonyl-methyl labeling pattern using either

pyruvate (Tugarinov and Kay 2005); induction of the

Entner Doudoroff (ED) pathway in E. coli (Refaeli and

Goldbourt 2012) or acetate labeling of pseudomonas (Eddy

et al. 2013). Such bacteria use the ED pathway for glucose

catabolism (Entner and Doudoroff 1952; Goldbourt et al.

2007). The commonly reported method for 13C sparse

labeling with glycerol is based on the protocol published by

Lemaster et al., in which protein overexpression is applied

in a minimal medium containing the partially labeled

glycerol precursors.

In this manuscript we present an extensive assignment

of the 146 amino-acids protein CBM3b from cellobiohy-

drolase 9A (Cbh9A) by means of MAS solid-state NMR by

utilizing common multi-dimensional experiments applied

on fully enriched samples, and on a sparse labeled sample,

which was produced using an optimized glycerol-based

preparation protocol. This protocol combines the approach

of LeMaster for glycerol-based enrichment with that of

Marley et al. (2001) for the production of high yields of

sparsely labeled proteins using minimal amounts of selec-

tively labeled precursors. The structure of the protein has

lately been determined by means of X-ray crystallography

(Yaniv et al. 2012) and shows a particularly high content of

unstructured regions (*65 % of the sequence), which is

quite unique among microcrystalline proteins that have

been studied thus far by MAS NMR.

Materials and methods

Protein expression, purification, and sample preparation

A pET-28a(?) plasmid bearing the wild-type CBM3b

protein, containing resistance to kanamycin antibiotics and

an N-terminal purification His-tag, was obtained from the

group of Prof. Frolow in Tel Aviv University. Protein

expression, purification and crystallization were based on

known procedures (Yaniv et al. 2011, 2012) modified to

186 J Biomol NMR (2014) 59:185–197

123



suite the solid-state NMR sample preparation requirements.

The plasmid was transformed into Escherichia coli

BL21(DE3) competent cells (Novagene). The cultures

were grown in 1 liter of LB rich media containing 50 lg/ml

kanamycin until the optical cell density at 600 nm

(OD600) reached *0.8, and then harvested by centrifu-

gation. 13C/15N uniformly labeled samples were obtained

by suspending the pelleted cells in 250 ml of fully labeled

minimal media (M9 stock solution (Marley et al. 2001),

BME vitamins (sigma), metal trace (Cai et al. 1998), 2 mM

MgSO4, 50 lg/ml kanamycin, 4 g/l 13C6 D-glucose and

1 g/l 15NH4Cl). Consequently, the pellets were four-fold

concentrated with regard to the LB rich-media. 13C sparse

labeling was obtained by suspending the pellets in 167 ml

minimal media (six-fold concentration) containing 8 g/l

[2-13C]-glycerol and 8 g/l NaH13CO3. This particular pro-

cedure for glycerol growth optimization is further dis-

cussed in the text. After incubation at 37 �C for 1 h at

225 rpm, 1 mM isopropyl-b-D-thiogalactopyranoside

(IPTG) was added and the protein was induced. After 13h,

the cells were harvested and lysed using a microfluidizer

(MicrofluidicsTM, M-110L).

CBM3b was first isolated by metal affinity chroma-

tography using TALONTM resin charged with cobalt ions

(Clonthech) according to the manufacturer’s instructions

and then purified by fast protein liquid chromatography

(FPLC) using Superdex 75 16/60 column (GE Healthcare)

operating on an ÄKTA prime system (GE Healthcare).

The purified protein was concentrated to a final concen-

tration of 27–35 mg/ml using a Millipore centrifugal filter

(3,000 MWCO). Crystallization by the sitting drop

method was performed using Crystal PEG/ION screen

condition 48 (20 % PEG 3350, 0.2 M diammonium

hydrogen citrate) from Hampton Research screens as was

reported to be the preferred crystallization condition for

obtaining single-crystals (Yaniv et al. 2012). Needle

crystals grew in 96 sitting drop wells containing 10 ll

protein and 10 ll crystallization buffer (condition #48).

After 3 days at constant temperature of 18 �C, primary

long needle crystals were observed using an optical

microscope. Maximal amount of crystals was obtained

after 2 weeks. The crystals were collected from the sitting

drops by a pipette. The BCA assay of the supernatant

revealed that *50 % of the protein was crystallized. The

needle-like crystals were transferred into a 4 mm ZrO2

rotor by series of centrifugations.

NMR data was acquired using three samples; two fully

labeled samples, belonging to two different preparation

batches with yields of 40 mg (sample 1) and 50 mg

(sample 2) per liter of starting culture, respectively, which

provided consistent chemical shifts, and a sparsely labeled

sample, obtained with a yield of *40 mg per liter of

starting culture.

MAS SSNMR spectroscopy

Experiments were carried out on a Bruker Avance-III spec-

trometer operating at a magnetic field of 14.09 T (1H Larmor

frequency of 600.0 MHz) equipped with a Bruker BioSpin’s

triple-resonance 4 mm E-free probe operating at 1H, 13C and
15N frequencies. The experiments were conducted on a

*20 mg protein sample at a temperature of 10–15 �C

depending on the particular spinning rate (calibrated by
207PbNO3). 1H–13C/15N magnetization transfer was obtained

using a linear 10 % 1H-ramped cross-polarization (CP)

(Schaefer and Stejskal 1976; Metz et al. 1994). During

evolution and acquisition times swept-frequency two-pulse

phase modulation (swf-TPPM) (Chandran et al. 2008) 1H

decoupling of*80 kHz was applied. A homonuclear proton

driven spin diffusion (PDSD) (Szeverenyi et al. 1982) two-

dimensional (2D) 15N–15N correlation experiment was car-

ried out using a mixing time of 2 s. Three data sets of
13C–13C correlation spectra were acquired for the uniformly

labeled sample using dipolar-assisted rotational resonance

(RAD/DARR) (Takegoshi et al. 2001; Morcombe et al.

2004) with mixing times of 15, 100 and 250 ms. Additional

data sets were acquired on a [2-13C] glycerol sample using

mixing times of 15 ms and 200 ms. Heteronuclear 2D N-CX

spectra were obtained using double cross-polarization (DCP)

(Baldus et al. 1998) and 3D NCACX/NCOCX spectra were

acquired by using DCP followed by DARR mixing. Power

levels (m1) of *50 kHz were used for the 13C and 15N

channels during CP and hard pulses. During DCP the con-

ditions were mN
1 ¼ 2:5mR; mC

1 ¼ 1:5mR or mN
1 ¼ 3:5mR; mC

1 ¼
2:5mR. The difference in transfer efficiency is further dis-

cussed in the text. The spinning rate during the acquisition of

DARR spectra was set to 13.5 kHz and for all other experi-

ments 11 kHz, which gave better 13C–15N magnetization

transfer. Full tabulated experimental parameters can be

found in the Supplementary Material. The data were pro-

cessed using Topspin versions 2.0 and 3.2 (Bruker, Kar-

lsruhe, Germany) and NMRPipe (Delaglio et al. 1995)

software and analyzed using Sparky (T. D. Goddard and D.

G. Kneller, University of California, San Francisco).

Results and discussion

Site-specific sequential assignment

The majority of 13C and 15N site-specific assignments were

carried out on a 13C, 15N-uniformly labeled sample using

2D homonuclear 13C–13C and 15N–15N correlations, 2D
13C–15N correlations, and 3D heteronuclear NCACX/

NCOCX (Pauli et al. 2001) correlation experiments. Three-

dimensional experiments were imperative for the assign-

ment since CBM3b is a large protein (146
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residues ? additional 20 residues belonging to a histidine

purification tag), and 2D spectra had a large degree of

spectral congestion, in particular in the backbone region.

Consequently, 3D experiments provided sequential-walks

through adjacent residues, short mixing time DARR

experiments were used mainly for the assignment of side-

chains, and long-mixing time DARR experiments validated

and completed many of these assignments. Spectral con-

gestion and ambiguities, still existent in these experiments

due to the size of the protein, were then resolved using a

sparsely labeled sample grown using 2-13C glycerol.

Sequential-walk assignment starting points are residues

such as Ser, Ala, Thr, Gly and Pro, which have unique and

well-isolated 13C chemical-shifts (their 2D 13C peak posi-

tions in CBM3b are shown in Fig. 1) and are known as

‘anchors’. In addition, residues that appear in small num-

bers in the amino-acid sequence (in this case, Trp, Cys,

Met) can also be identified uniquely. As shown in Table

S2, CBM3b contains only three alanine residues (Ala89,

Ala103, Ala122), hence their identification was straight-

forward, and enabled the sequential walk assignment of the

consecutive residues using the NCACX/NCOCX spectra.

Figure 2 shows as an example a strip plot connecting A89-

E95, which contains also the anchor residues glycine and

threonine (another stretch starting with Ala103 appears in

Fig. S3 of the Supplementary Material). Similarly, other

stretches of amino acids were identified using Ser, Thr, Pro

and Gly as starting points. Due to the unique ring structure

of the proline residue, in many cases it is very hard to

detect in 3D experiments; however, with some modifica-

tion of experimental parameters we managed to observe

site-specifically all six prolines in CBM3b, as discussed

below.

CBM3b contains only a single tryptophan residue

(W139), hence its chemical shifts could be easily obtained

from the 2D DARR spectrum through its unique Cc shift

(111.9 ppm) and its cross peaks with other ring carbon

signals such as Cd2 (129.4 ppm), Cf3 (123.2 ppm), etc.,

which are well isolated from all other aromatic residues.

The assignment of Cys8, one of two assigned cysteine

residues in CBM3b, is shown in the K3-E9 strip plot

appearing in the Fig. S3, and the single Met is undetected

since it is located in a highly mobile region in the N-ter-

minal part, adjacent to the purification tag.

For large proteins such as CBM3b, the probability of

backbone peak overlap is high also in 3D spectra. Therefore,

in many cases sidechain cross-peaks in 3D spectra must be

used in order to resolve overlapping N–Ca–Cb signals. In

order to observe such longer-range signals, polarization

transfers during the experiments must be optimized

Fig. 1 a A 13C–13C DARR15

(15 ms mixing time) spectrum

exhibits the well resolved Ala,

Thr, Ser and Pro amino-acids

(circled in the main spectrum).

b Expansion of the Ca–Cb
region of Thr, Ala and Ser in the

DARR spectrum and their site-

specific assignment. As shown

in Table S2 of the

Supplementary Material, all

threonines and alanines in the

sequence are unambiguously

assigned, as well as eight out of

nine serines (S72 is not

observed in any one of the

spectra probably due to high

mobility)
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(optimized N–C transfer conditions are discussed below).

Figure 3 demonstrates a case, in which the N–Ca–Cb cross-

peaks of I18 and I37 overlap; however, site resolution was

obtained due to the presence of Cc1 and Cd1 cross-peaks in

the 3D spectrum, which have well resolved chemical shift

values. Since those sidechain shifts were resolved in

NCOCX spectra as well, they could unambiguously report

on the correct assignment. A similar strategy was used in

order to resolve several pairs of amino-acids, for which the

Ca and Cb chemical shifts are in the same range, e.g., Glu

and Gln, Tyr and Phe, and Asp and Asn as illustrated in Fig.

S4 of the Supplementary Material.

Additional validation of the site-specific assignments

relied on the acquisition of DARR spectra with longer

mixing times (100 and 250 ms) and on 15Ni–
15Ni?1

correlations of adjacent residues using PDSD with a mixing

time of 2 s. Examples for Cai–Cai?1 correlations are

shown in Fig. 4, and NN correlations, appearing in Fig. S5

in the Supplementary Material (D113-I120 is indicated

explicitly), show many additional sequential walks, which

were further validated in many instances by the detection

of 15Ni–
15Ni?2 correlations.

Observation and assignment of proline residues

As mentioned above, site-specific assignment of prolines is

important for the sequential-walk as they constitute one of

Fig. 2 Strip plots from

NCACX (red) and NCOCX

(blue) 3D correlation

experiments showing the

sequential-walk along residues

89–95. The Ca and C0 shifts

from NCACX and NCOCX

strips, respectively, are

indicated on the left and 15N

shifts are shown on the right of

each strip. The dashed

horizontal lines link peaks

within the strip while the

vertical solid lines link the C0i–
Ni, Cai–Ni, CXi–Ni correlation

peaks in NCACX spectrum with

C0i–Ni?1, Cai–Ni?1, CXi–Ni?1

in NCOCX spectrum,

respectively

Fig. 3 An NCACX strip cut at a particular Ca value (61.6 ppm),

showing the sidechain-based assignment of I18 and I37 in the 3D

spectrum. In this example both isoleucines have identical N, Ca and

Cb chemical shifts and the carbonyl region exhibits large degree of

congestion. Only due to the presence of the Cc1 and Cd1 cross-peaks,

which exhibit different chemical shift values for those two residues,

the assignment could be carried out. The site-specific assignment of

Cd1 of those Isoleucines was obtained using the NCOCX experiment

(not shown) Fig. 4 Validation of site-specific assignment of V138-P143 is shown

on a DARR100 spectrum. The dashed line links the Ca carbons of

those residues. In addition, contacts between the sidechains of those

residues further reinforce the assignment
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the anchor amino-acids due to their unique 15N chemical-

shift (*140 ppm), which is well isolated from the rest of

the backbone 15N resonances (*105–125 ppm). None-

theless, prolines are difficult to observe as a result of three

main reasons; (1) the proline amide group lacks a directly

bonded proton due to its ring structure making the 1H–15N

magnetization transfer less efficient (Shahid et al. 2012);

(2) polarization is transferred to two directly-bonded car-

bons, Ca and Cd; (3) in 3D NCC experiments, during DCP,

the 15N channel is typically irradiated with low RF power

at a frequency of 120 ppm. This allows efficient selective

polarization transfer to neighboring carbons from the

majority of the backbone nitrogens; however, the off-res-

onance shifts of prolines at *140 ppm (and to some extent

that of glycines *100–105 ppm) reduce their transfer

efficiency. We found that the sensitivity of proline exci-

tation in the NCA spectrum (and of other residues as well)

is improved (by a factor of *1.5) when the power is

increased without compromising the selectivity towards the

aliphatic region. Indeed, more sidechain carbons are exci-

ted (Cb, Cc etc.), an effect which produces some peak

aliasing in a 3D experiment; however, no carbonyl signals

are generated and peak aliasing can be directed to desired

regions (Goldbourt et al. 2007). In our hands, the use of a

Hartman-Hahn matching condition with mN
1 ¼ 3:5mR; mC

1 ¼
2:5mR was superior to mN

1 ¼ 2:5mR; mC
1 ¼ 1:5mR not only for

NCO transfer (Shi and Ladizhansky 2012; Loening et al.

2012) but also for NCA transfer. This improvement in

sensitivity is demonstrated in Fig. 5a, where an overlay of

two NCA spectra, acquired at identical sample and offset

conditions, is shown; a sensitive spectrum with mN
1 ¼

3:5mR; mC
1 ¼ 2:5mR (black) and a less efficient spectrum with

2:5mR; mC
1 ¼ 1:5mR (red). Combining the data obtained from

the improved 2D NCA (Fig. 5a) spectrum with DARR

(Fig. 5b) and 3D NCACX/NCOCX enabled the site spe-

cific assignment of all six prolines, as shown in Fig. 5b.

The improved sensitivity in a 3D NCOCX experiment is

also clearly demonstrated in Fig. 5c, where the assignment

of the three amino acids A122–F123–Q124 is obtained in a

single strip of the improved DCP condition due to the

existence of both Ni?1–C0i–CXi?1 and Ni?1–C0i–CXi-1

correlations in addition to the common Ni?1–Ci–CXi.

Assignments and constraints with an optimized

glycerol-based sample preparation

The commonly used method for 13C sparse labeling is

based on the protocol published by Bracken and co.

(Marley et al. 2001) for high yields of uniform labeled

proteins using glucose as the sole 13C precursor. According

to this procedure, cell mass is produced using unlabeled

rich media followed by exchange into a minimal media

with a four-fold reduction in its volume. When we applied

this procedure to CBM3b, the protein yield was four-fold

smaller with glycerol than the yield obtained with glucose.

Following a series of optimizations, we found that 8 g/L

glycerol instead of the commonly used concentration of

2 g/L improved the yield significantly; however, this pro-

cedure requires significant amounts of expensive glycerol.

In order to increase the yield while using minimal amounts

of labeled glycerol, optimizations of cell density in natural

abundance minimal media were carried out and then

applied to the labeled material.

Transformed competent BL21/DE3 E. coli cells were

grown in 1 l of LB rich medium until the optical density

reached *0.8. Four different volumes from the same cul-

ture (100, 200, 300 and 400 ml culture) were pelleted by

centrifugation, washed, and resuspended in a final volume

of 50 ml unlabeled minimal glycerol media. Consequently,

the pellets were two-fold, four-fold, six-fold and eight-fold

concentrated respectively with regard to the LB rich-

media. After an incubation period of 1 h with rapid shaking

(220 rpm, 37 �C) the protein was induced (1 mM IPTG)

overnight at similar conditions. The cell cultures contain-

ing the expressed protein were pelleted by centrifugation

and then lysed. Protein yields, determined by the BCA

method from cell lysates of the natural abundance glycerol

minimal media growths are shown in Fig. 6. The highest

normalized total yield was obtained for a six-fold con-

centrated media.

We prepared from a 1 l rich culture, a [2-13C] glycerol

(and 15N) labeled sample using the optimized protocol

(total minimal media 167 ml, 1.3 g [2-13C] glycerol, a

similar amount of 13C-labeled sodium bicarbonate), and

obtained a yield of 40 mg of clean CBM3b protein, similar

to the yield normally obtained with glucose. Using this

sample, we performed 2D and NCC 3D experiments, and

obtained improved resolution and sensitivity following the

elimination of half of the signals, of the J-couplings and of

most of the strong homonuclear dipolar couplings. In par-

ticular, improved signals were obtained for the aromatic

residues (eleven tyrosines and nine phenylalanines in

CBM3b), which have reduced sensitivity due to strong

homonuclear and scalar couplings in the fully labeled

sample. For example, in the 3D spectra of the fully labeled

sample very few aromatic peaks were detected (one of the

exceptions, F123, is shown in Fig. 5c), and since the res-

idues have very close Ca and Cb chemical shift values,

specific assignments of these amino acids were difficult to

obtain. However, as shown in Fig. 7, the sparse sample

produced many highly-resolved aromatic signals in both

2D and 3D spectra, allowing their unequivocal assignment.

At DARR experiments acquired with long mixing times,

as shown in Fig. 8, aromatic residues exhibit broad fea-

tureless lines for the fully labeled sample, but highly
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resolved signals in the sparse sample, allowing assignment

validation, and the acquisition of long-range contacts and

distance restraints.

Long-range correlations

It is well established that sparse labeling provides samples

that are highly efficient for obtaining long-range contacts due

to the reduction in the number of labeled carbons. In the case

of CBM3b, long-range aromatic cross-peaks, which are

otherwise missing from the uniformly labeled sample, were

readily obtained. For example, the cross-peak at

47.8–131.4 ppm, which appears only in the DARR200

spectrum from the sparse sample shown in Fig. 8, implies on

an inter-residue correlation between the Cd of Pro143 and a

tyrosine. From sequential assignment, this tyrosine must be

assigned to Tyr42. Looking at the X-ray structure, Cc of

Tyr42 and Cd of Pro143 have an inter-nuclear distance of

3.57 Å, in agreement with our assignment. Another contact

with the Ce carbon of Tyr42 validates this observation.

Interestingly, the long-range correlation experiment

shown in Fig. 8 indicates that while the tyrosine amino acids

Fig. 5 a An overlay of the prolines region of two NCX spectra

obtained with different matching conditions but similar irradiation

offsets, d(15N) = 120 ppm, d(13C) = 50 ppm. The black spectrum

obtained using mN
1 ¼ 3:5mR; mC

1 ¼ 2:5mR exhibits an improved sensi-

tivity in general and particularly in the prolines region (by a factor of

1.5), in comparison with the red spectrum, which was obtained with

mN
1 ¼ 2:5mR; mC

1 ¼ 1:5mR. The spectra are plotted using 15 contour

levels with the lowest contour drawn at a signal-to-noise ratio of 5.3.

b The amino acid patterns of all six prolines, indicated by colored

dashed lines, are shown by combining 13C–13C DARR (left) and NCX

(right) spectra. c Strip plots from 3D NCOCX correlation experiments

obtained using an N–CO polarization transfer condition of

mN
1 ¼ 3:5mR; mC

1 ¼ 2:5mR. This condition enables to obtain not only

the regular two-residue walk Ni?1–C0 i–CXi but also Ni?1–C0i–CXi?1

and the three-residue-walk Ni?1–C0 i–CXi-1. Due to the strong

polarization transfer, two additional peaks are observed in the

aromatic region, which is otherwise only observed in a sparsely

labeled sample, as discussed below
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show a significant number of long-range contacts, phenyl-

alanines (with the exception of F123) lack such long-range

cross-peaks. We find a similar behavior, and even more

pronounced, in the DARR250 spectrum of the fully labeled

sample where the entire region between 20 and 30 ppm

shows a broad signal. This region clearly indicates many

inter-residue cross-peaks between Tyr and other residues.

Yet, no such signals exist for phenylalanine Cc signals.

According to the X-ray structure, shown in Fig. 8c, most of

the phenylalanines point into the hydrophobic core of the

protein and only F107 and F123 are exposed to the solvent. It

is likely that tyrosine amino acids are more rigid due to the

creation of hydrogen bonds through their hydroxyl group,

thus experiencing strong homonuclear dipolar couplings,

Fig. 6 Protein yields as a function of cell concentrations. a Total

yields obtained for the 100, 200, 300 and 400 ml rich media cell

culture concentrated by X2, X4, X6 and X8 respectively to 50 ml

minimal glycerol media. b Normalized yield, per 1 l of initial culture.

The best yield in both total and normalized quantities was obtained

with the X6 concentration

Fig. 7 Experimental spectra from a sparsely enriched CBM3b. Top a
the assignment of 7/9 Phe and 9/11 Tyr residues shown through Ca-

Cc cross-peaks observed in DARR15. Bottom a 2D 13C-13C

projection obtained from the 3D NCACX exhibits many of the Phe

and Tyr cross-peaks shown in the DARR15 spectrum allowing their

site-specific assignment. Two ambiguous Phe residues, unlabeled in

the spectra above, belong to F22 and F82 and are not site-specifically

assigned. One ambiguous weak Tyr signal with Ca-Cc correlation

peak at 56.4–129.0 ppm and one undetected signal belong to Y32 and

Y77, which reside in or on the edge of highly mobile regions (Fig. 9

below). b Assignment of F53 aided by the acquisition of 3D NCACX

data on a sparse labeled sample. The overlay of NCACX spectra from

a fully labeled sample (red) and a 2-glycerol sample (purple) shows

the existence of aromatic signals (left) in the sparse sample that are

missing in the fully labeled sample
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while phenylalanines form weak hydrophobic interactions

and are more dynamic on this time scale. These observations

will further be investigated and may point to some functional

role of these residues.

X-ray B-factor values and protein assignments

X-ray B-factor values are related to dynamics or small

heterogeneities (Halle 2002). Therefore, increased

magnitudes of B-factor values are related to reduced signal

intensities in the NMR spectra (Habenstein et al. 2011).

Consequently, many weak or missing signals in the spectra

of CBM3b, as shown in Fig. 9a, are associated also with

large B-factor values. An interesting exception are the

glycine residues; we observed all 15 glycine signals in the

2D NCA spectrum as shown in Fig. S6, including G73,

G144 and G145, which are reported to have high mobility

according to the X-ray B-factor values. Perhaps the lack of

Fig. 8 a An overlay of the aromatic region extracted from long-

mixing-time DARR spectra of a uniformly labeled sample (250 ms,

green) and a [2-13C] glycerol sample (200 ms, blue). The improved

resolution in the sparsely labeled spectrum enables the assignment of

the aromatic residues. For clarity, only Y42 and Y114 are indicated

out of nine site-specifically assigned tyrosine residues. Several Pro-

Tyr long-range cross-peaks, which could be detected only in the

sparsely labeled sample, are indicated. b The proximity of P143 and

Y42 is shown within the X-ray structure of CBM3b. The distance

reported between P143Cd and Y42Cc is 3.6 Å, and between P143Cd
and to Y42Ce1 is 3.5 Å. c The nine phenylalanines are shown in the

X-ray structure of CBM3b. With the exception of F107 and F123,

which are exposed to the solvent, all seven phenylanines face into the

hydrophobic core. The only long-range cross-peak involving Phe,

shown in (a), is between F123Cc and L7Cd

Fig. 9 X-ray B-factors and NMR assignments of CBM3b. a The

amino-acids sequence of the protein (without the his-tag) and its

secondary structure according to PDB model 2YLK (left) and the

folded protein model (right), drawn using PyMOL (www.pymol.org),

are colored according to the reported B-factor values. Highly dynamic

regions are colored in red and rigid regions are colored in blue.

Assigned residues are highlighted in black. b An example for the use

of B-factor values in the assignment. The NCOCX strip (top, blue)

exhibits the assignment of N48 and P67, both of which precede serine

residues. Although both serines have a similar 15N shift, the more

intense signal is associated with the lower B-factor reported for S68
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sidechain atoms reduces to some extent the loss of signal

due to spin diffusion, and the two methylene protons fur-

ther aid in polarization transfer between an amide nitrogen

and its attached alpha-carbon (the so-called PAIN-CP

effect (Lewandowski et al. 2007)).

In some cases the use of B-factor values can be helpful

in the assignment procedure. Figure 9b shows assignment

strip plots for residues P67-S68. In the NCACX strip cor-

responding to an 15N shift of 114.8 ppm, there are two

optional assignments for Ser68; however, only one of them

has an intense Cb peak, which implies that one of these

serines is more mobile than the other. Since the B-factor

value of Ser68 is relatively low it is assigned as shown

while the weak signal is assigned to Ser49, which has a

larger B-factor in the X-ray structure.

All chemical shifts were deposited in the BMRB under

accession number 19831, and are shown in Table S3 of the

Supplementary material.

Fig. 10 Secondary chemical shifts of CBM3b. The secondary

structure elements according to the crystal structure are shown on

top with ssNMR-assigned regions colored in red. Horizontal gray

bars indicated unassigned or undetected regions. Negative Dd(Ca) -

Dd(Cb) values, which imply on b-sheet regions, are in excellent

agreement with the X-ray data. Comparison of the secondary

chemical shifts with the crystal structure shows an agreement of

91 % in the b-sheet regions

Fig. 11 A comparison of w and

/ predicted by TALOS? (gray)

and PREDITOR (pink) and

calculated from X-ray (blue) of

101 of the NMR-assigned

residues. b-sheet regions are

indicated by the yellow-shaded

areas
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The secondary structure of CBM3B

The conformation of CBM3b was obtained by calculating

the chemical shift differences between the deviations of Ca
and Cb from random-coil values (Wang and Jardetzky

2002), and by backbone torsion-angles prediction using both

TALOS? (Shen et al. 2009) and PREDITOR (Berjanskii

et al. 2006). The plot of DDab = Dd(Ca) - Dd(Cb)

(Bousset et al. 2001) in Fig. 10 shows good agreement

between the negative DDab values and the b-sheet structure

regions, while other regions have alternating positive and

negative values and indicate loops or unstructured residues.

As shown in Fig. 11, of the 146 amino acids in the sequence

(excluding the flexible N-terminal His-tag), 101 torsion

angle //w pairs were predicted by TALOS? and PREDI-

TOR. For TALOS?, 80 residues have good classification

and for PREDITOR 90 residues were considered, which

have confidence values C0.6. When compared to the pub-

lished X-ray crystal structure, 87.5 %/70 % of the

TALOS?/PREDITOR-predicted angles are in good agree-

ment (|/predicted - /X-ray| B 50�) with the structure. When

considering only the structured regions (shaded regions in

Fig. 10), which are normally better predicted by these soft-

ware tools, these numbers are increased to 95 and 90 % for

TALOS? and PREDITOR, respectively. These results

indicate, that while torsion angles predicted by NMR shifts

are very reliable for the determination of secondary structure

elements, unstructured regions should be considered with

care. Moreover, structure calculation should rely mostly on

the acquisition of distance constraints, in particular in

unstructured regions.

Conclusion

We presented the extensive site-specific assignment of the

crystalline form of the 146 amino-acids globular protein

CBM3b, obtained from data acquired on fully labeled

samples and a sparsely glycerol-based sample, which was

obtained under an optimized growth protocol. Utilizing the

two complementary 3D NCACX/NCOCX spectra assisted

by 2D homo- and heteronuclear correlation experiments,

we obtain site-specifically 80 % of the backbone atoms (N,

C0, Ca), 78 % of Cb carbons and 43 % of all other side

chain resonances (carbon- and nitrogen side-chains).

Overall, for 117 amino acids at least one assignment was

obtained site-specifically, and additional nine amino acids

were completely identified in a residue-specific manner as

described in table S2 of the supplementary material. The

completion of the assignment was mostly limited by

regions that undergo motional averaging on the NMR time-

scale, and are associated with weak or missing signals,

which are highly correlated to regions with high reported

B-factor values. Exceptions are glycine residues that can

easily be detected in all regions.

Structurally, we find that the torsion-angles predicted

from our assignments are in good agreement with the

reported crystal structure, in particular in the b-sheet

regions. Interestingly, many long-range contacts can be

observed for aromatic tyrosine residues, but not for phen-

ylalanines located in the interior of the protein, suggesting

possible flexibility of their rings. Our extensive assignment

of this protein will facilitate investigation of its structural

properties and of similar proteins containing only a small

percentage of common secondary structural elements. In

particular, it will allow us to study the cellulose binding

properties of such carbohydrate binding proteins.
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