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������=����È(,?G-%B%,�JN3QR3S�5NTaM�O����������	��	���	���b���	���������c����	���		����������������
��	�	���		���U<WX<�JZd�;M��U5WX5�JYNYM���e�W:�I������������Q���
���������O��	��	��	��		��UVWXV��	����������	�������c��������	���
�������	�����O����_<�J��
���5�9M�J��2���	����������K4<KM���=�9���=����È('F'#'@*'.#.&,�JN3QR3S�<f�TM�����������
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��;�������V���������
�����
��?������;������������
�;�W��;������������
���
����0���������
�����	����������b����
��������
���
���������0������
;	��'( *��,(-."/��0
����c3�	���c�25��c�2��70���;��>V�F����G��>����������
��
���������;����?���
��	���������������������������
�������
���;�����	����	�;�������������� !"#$%�dee%�(f�+"/-.$%% )"$e�/��0
����c3�	��4�c6c5���70���;��>V��F����G�:���
������
�����
�;��
�����;��;���
����
�
����������
�
���;������
���
�;��
�������������;��������;�����������������'( e�/-(*$%�� !"#$%g�0
���13�	���2�6�221��7������K83�@�0��
�
�hI��i����
�
�����I
��
�W�@��	����j�J���3����������	��H����
���Ih3�>;��
��=E3�X�����Kh3�:
������7E3�E
������@3�k������>I3�7�����C3�<Bl��0���Eh3�<
�������H=3�Y���
��973�>�0����8K3�8�������JK��F�55�G�m��������������
����0������������������������
���?�������
����
;���;����������'( *��,(-."/��0
���423�	��55��5�2��H�D������n3�C����B����E3�J
�D��H3�E��;�����H��F�55�G�opq\]̂ ÛrMSaqU\̂apOPM��	���
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GH5-CBM3 cellulase from Bacil/us subtilis 168 
Camila R. SANTOS'1, Joice H. PAIVA' 1, Maurício L. SFORÇA ', Jorge L. NEVES', Rodrigo Z. NAVARRO', Júnio COTAt, 
Patrícia K. AKAO', Zaira B. HOFFMAMt, Andréia N. MEZA', Juliana H. SMETANA', Maria L. NOGUEIRA', lgor POLIKARPOVt, 
José XAVIER-NETO', Fábio M. SQUINAt, Richard J. WARD§, Roberto RULLERt, Ana C. ZERI' and Mário T. MURAKAMI ' 2 

l aboratório Nacional de Biociências, Centro Nacional de Pesquisa em Energia e Materiais, Campinas SP, Brazil, tlaboratório Nacional de Ciência e Tecnologia do Bioelanol, Centro 
Nacional de Pesquisa em Energia e Materiais, Campinas SP, Brazil, t lnstituto de Física de São Carlos, Universidade de São Paulo, São Carlos, Brazil, and §Departamento de Química, 
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Cellulases panicipate in a numbcr or biological events, such as 
plant cell wall remodelling. nematode parasitism and microbial 
carbon uptake. Their abi lity to depolymerize crystal li ne cellulose 
is of great biotechnological interest for environmentally 
compatible production or fuels from lignocellulosic biomass. 
However. industrial use of cellulases is somewhat limited by both 
their low catalytic efficiency and stability. ln the presem study, we 
conducted a detailed functional and structural characterization of 
the thermostable BsCel5A (Bacil/us subrilis cellulase 5A), which 
consists or a GH5 (glycoside hydrolase 5) catalytic domain 
fused to a CBM3 (family 3 carbohydrate-binding module). NMR 
structural analysis revealed that the Bacillrrs CBM3 represents 
a new subfamily, which lacks the classical calcium-binding 

INTRODUCTION 

The production of ethanol from lignocellulosic biomass is we ll
placed among other possibilities to produce energy. owing 
to its potential sustainability and agro-economic benefits [I j . 
Different chernical and enzymatic strategies have been proposed 
for the saccharification of lignocellulosic biomass [2.3]. The 
latter has been implemented at di iTerent organization leveis. from 
point mutarions of cellulalytic enzymes to the engineering of 
whole metabolic pathways in micro-organisms [4]. Furthermore. 
these two approaches have been employed synergistically to 
increase the yields or fermentable sugars from lignocellulosic 
biomass. Although enzyrnatic hydrolysis has been successfully 
implemented as a biomass-to-bioenergy technology. it is widely 
regarded as an expensive and wasteful link in the whole 
chain of bioethanol production. mainly because of the large 
amounts of enzymes required to compensate for their low 
catalytic efficiency and stability [5.6]. Driven by this need. a 
number of enzymes with biological and commercial value have 
been systematically modified through structure-based rational 
approaches. or by intelligcnt use of serendipity [7-9]. ln spite 
of these efforts. the molecular basis of protein stability and 
its intricate correlation with catalysis is still elusive, putting 
a premium on studies that address structure-function-stability 

motif. and variations in NMR frequencies in the presence of 
cellopentaose showed the imponance of polar residues in the 
carbohydrate interaction. Together wi th the catalytic domain, 
the CBM3 forms a large planar surface for cell ulose recognition. 
which conducts the substrate in a proper conformation to 
the active site and increases enzymatic efficiency. Notably, the 
manganese ion was demonstrated to have a hyper-stabilizing 
effect on BsCel5A. and by using deletion constructs and X-ray 
crystallography wedetermined that thiseffect maps toa negatively 
charged motif located at the opposite face of the catalytic si te. 

Key words: accessory dornain, cellulase 5A, carbohydrate-bind
ing module. kinetics. wucture. thennal stability. 

relationships and the discovery of new alternative pathways to 
improve thermal stability of the enzymes. 
En d o-~- I ,4-glucanases (EC 3.2.1.4), also referred to as 

endoglucanases. are the major enzymes responsible for the 
breakdown of internal glycosidic bonds of cellulose chains. 
Severa! endoglucanases from different Bacillus subri/is strains 
(BsEgls) have been cloned and characterized. aiming at 
their potential applications in the biofuels industry fI 0-17]. 
BsEgls encompass a catalytic domain bclonging to family 5A, 
containing a CBM3 (family 3 carbohydrate-binding module) 
appended to their C-terminus. BsEgls show maximum activity 
at approximately pH 6 and 60' C [10,141 and are capable or 
hydrolysing CMC (carboxymethylcellulose) and lichenan, but 
not xylan, chitosan or laminarin [10. 18]. Typically. BsEgls are 
thermostable enzymes. retaining 90 % of activity after incubation 
for 2 h at 65 ' C, 70% after 30 min at 75 ' C. and 12% after tO min 
at 80' C [11 ,13,14]. 

lt has bccn proposed that the non-cata lyt ic domain of BsEgls is 
important to bind insoluble substrates [13], increasing thecatalytic 
efliciency by a mechanisrn that involves the disruption of the 
compact cellulose srructure and delivering of the substrate to 
the CC (catalytic core) in a favoured conliguration for catalysis 
[19-2 1]. As it is often the case with GHs (glycosidc hydrolases), 
deletion of the accessory domain decreases the thennal stability 

Abbreviations used: BsCetSA, Bacillus subtilis cellutase SA; CBM, carbohydrate-binding module; BsEgl, Bacillus subrilis endogtucanase; CC. catatytic 
core: CMC, carboxymethylcetlutose: CtCipACBM. C/osrridium thermocelfum CBM3; GH. gtycoside hydrotase; HSQC, heteronuclear single-quantum 
coherence: NOE, nuclear Overhauser effect; NOESY, nuclear Overhauser enhancement spectroscopy; PEG, poly(ethylene gtycol); SAXS, small-angle 
X-ray scattering; Tm. melting temperatura; TmCeiSA. Thermotoga marítima CeiSA: wr. witd-type. 

1 These authors contributed equally to this work. 
2 To whom correspondence should be addressed (email mario.murakami@tnbio.org.br). 
Structurallactors and atomic co-ordinates of the Bacillus subtilis cellutase SA catalytic core have been deposited in the Protein Data Bank under 

accession cedes 3PZV (Form I), 3PZU (Form li) and 3PZT (Form 11'). NMR data ol the Bacillus subtilis cel utase SA CBM3 were deposited in lhe Biological 
Magnetic Resonance Bank and Protein Data Bank under cedes 17399 and 2L8A respectivety. 
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of the catalytic domain [22-30]; however, in BsEgls it has a 
contrary effect. by increasing enzyme stabili ry_ [13]. Interestingly. 
the thermal stability conferred by a CBM to Il parental protem 
is not transferred when it is recombinantly fused to a new CC. 
suggesting a complex molecular modulation and co-evolution 
of both modules [25,31- 34]. ln addition. experimental and 111 

silico studies regarding the influence of the linker region [35] 
and domain--<lomain interactions [26,29] in the thermal stability 
of GHs are inadequate. Thus. in spite of extensive functional 
and structural studies of CBMs, the consequences of the fusion 
of a given CBM to a specific GH are as yet unpredictable 
[22,24.36,37]. 

ln the presem study we have described in detail the role 
exened by the accessory domain in the operation and stability 
of BsEols. Funhermore, by studying the specific nature of BsEgl 
thennal stability. we uncovered a nove! stabilization mechanism 
based on metal ion co-ordination. This in-depth understanding 
of the modulation of the function and stability of BsEgls at a 
molecular levei is a required step towards its optimization and use 
in biotechnological processes. 

MATERIALS ANO METHDDS 

Cloning, expression and purification 

Three constructions of BsCei5A (B. subtil is cellulase SA) were 
amplified by PCR using B. subtil is 168 genomic DNA and spec ifi ~ 

olioonucleotides [5' -GCTAGCGCAGCAGGGACAAAAACG-3 
and 5' -GGATCCTTAGGTGCCGAGAATGTITICTC-3' for CC; 
5'-GCTAGCATTTCTGTACAGTACAGAGCA-3' and 5'-GGA
TCCCTAATTTGGTTCTGTTCCC-3' for CBM3: and 5'-GCT
AGCGCAGCAGGGACAAAAACG-3' and 5'-GGATCCCTAA
TTTGGTTCTGTTCCC-3' for the WT (wild-type) protein]. The 
amplified sequences were cloned into pGEM-T Easy vector 
(Promega) and funher subcloned imo the pET28a express10n 
vector usino the restriction sites presem in the ohgonucleotides 
(underlined" sequences). The proteins were expressed in 
BL21(DE3)s/yD- cells at 3rC for 4 h after induction with 
0.5 mM IPTG (isopropyl ,8-D-thiogalactopyranoside) in Luria
Benani broth. For NMR experiments, the BL21 (DE3)s/yD

cells transformed with pET28a-CBM3 plasmid were grown in 
M9 minimal medi um supplememed with 2 g/1 ["C]glucose and 
1 g/1 (151\']ammonium chloride [38] using the same conditions 
described above. The harvested cells were resuspended 1n lysiS 
buffer (50 mM sodium phosphate. pH 7.2. 100 mM NaCI, I mM 
PMSF and 5 mM benzamidine) and disrupted by lysozyme 
treatment (80 J.Lg/ml, 30 min. on ice), followed by sonication 
(10 pulses of 10 s onice using a Vibracell VCX 500, Somes 
& Materiais). The solutions were centrifuged at IOOOOg for 
30 min and the supernatants were loaded on to nickel-charged 
5 mi HiTrap Chelating columns (GE Healthcare) using a flow 
rate of I ml/min. The proteins were eluted using a non-linear 
o radiem of O-500 mM i midazole. For WT construction. an 
~nio n ic-exchange chromatography using a 5 mi HiTrap SP HP 
column (GE Healthcare). a flow rate of I ml/min anda non-linear 
uradienr of O-I M NaCI was used to improve sample purity. 
Ali constmctions were concentrated funher using Ultrafree
CL (Millipore) and submitted to size-exclusion chromatography 
using a Superdex 75 16/60 column (GE Healthcare) and a flow rate 
of 0.5 ml/min. Ali chromarographic steps were pe1formed usmg 
an AKTA FPLC system (GE Healthcare). Sample homogeneity 
was confirmed by SDSIPAGE under denaturing conditions [39]. 
Protein concentration was estimated by absorbance at 280 nm 
using molar extinction coefficients derived from the sequence of 
the constructs. 
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Enzymalic characterization and oplimization of 
endo-p-1 ,4-glucanase activity 

The standard enzymatic assays for evaluation of CC and 
WT constructs were perfonned in triplicate using different 
substrates at 0.25% and 100 ng of enzyme in 50 mM citrate
phosphate buffer, pH 6.0. The mixture was incubated at 60oc 
for 60 min to determine activity in a set of 12 polysacchandes 
including ,8-glucan. CMC, larch arabinogalactan. laminarin. 
galactomannan, xyloglucan. debranched arabinan, 1.4-,8-D
mannan. rye arabinoxylan. xylan from beechwood. pectm and 
lichenan (purchased from Megazyme and S i gma -Ald~i ch). The 
enzymatic activity was deterrnined by the amount of reducmg 
suoar liberated from di fferent polysaccharides using the DNS 
(35-ctinitrosalicylic acid) method [40]. One unit of endoglucanase 
activity was defined as the quantity of enzyme to release I J.LmOI 
of reducing sugars per min under standard conditions. A response 
surface methodology was perforn1ed to optimize the reacuon 
conditions for both CC and WT constructs of BsCe15A m the 
absence o r presence of manganese ion (I O mM). The variables 
analysed in the present study were lhe pH together with the 
temperature. A central composite design (k = 2) With four 
central points and a total of 12 experiments was considered for 
optimization of these variables. Details concermng the stausucal 
approaches for these experiments have been described by Myers 
and Montcromery (41]. The regression and graph1cal analySIS of 
the data ,;ere performed using the software Statistica"' version 
8.0. considering a P value of0.05 as significam. The significance 
of the reoression coefficients was given by Studem·s r test. 
The seco1~d-order model equation was determined by Fisher's 
test and the multiple coefficiem of determination (R') gave the 
variance explained by the model. Ali glucanase activity assays 
were carried out in triplicate using lO 111 of enzyme (100 ng). 
40 111 of O. I M citrate-phosphate buffer and 50 111 of ,8-glucan 
(stock 0.5 % in water). The enzymatic reaction was performed at 
different pH values in the citrate-phosphate buffer system and 
various temperatures as indicated in Supplememary Table SI 
(at http://www.BiochemJ.org/bj/441/bj441 0095add.htm). Metal 
ions chelatincr aoem (EDTA). surfactants (SDS and Triton X
too) and orga~lic "so lvent s (methanol. ethanol and DMSO) w~re 
added to the enzyme assay to test their effects on acuvlly. 
Control experiments using a citrate-free buffer were carried out, 
and the results were statistically identical with those obtained 
in the citrate buffer, indicating no chelating effect of the 
citrate over the manganese ion under the tested conditions. 
The kinetic study was performed with ,8-glucan as subsu·are at 
60°C and pH 6.0 according to the method described above. The 
kinetic parameters k,,. and Km were determined by a non-linear 
regression fit of the saturation curves using Lhe Michaelis- Menten 
equation. 

CD spectroscopy and thermal unfolding studies 

Far-UV CD spectra ( 190-260 nm) were recorded on a Jasco J-81 O 
spectropolarimeter (Jasco lnternational Co.) coupled to a Peltier 
temperature controller using a I mm quanz cuvene. Protems were 
used at a concentration of I O J.LM. Data collection parameters 
were set to scan rate of 50 nm/min, response time of 4 s. sensitivity 
of I 00 mdeg. accumulation of 10. heating rate of I oc/min and 
delay time for spectrum collection of 60s. Results were expressed 
as mean residue ellipticity (deg ·cm' · dmot·' · residue- '). Ali 
thermal unfolding experimems were monitored at 222 nm. except 
for the CBM3 construct, which was monitored at 230 nm. 
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SAXS data for CC, CBM3 and WT constructs were collected 
using a 165 mm MarCCD detector at the D02A/SAXS2 beamline 
(Brazil ian Synchrotron Light Laboratory, Campinas, Brazil). The 
radiation wavelength was set to 1.48 Â ( t Â = O. t nm) and 
the sample-to-detector distance was set to 1559.1 mm to give 
a scauering vector range from 0. 1 nm - 1 10 2.3 nm- 1 (q = 
4"rr*sini:W., where 2& is the scanering angle). The samples 
at 2, 4 or Smg/ml, in 150 mM NaCI and 20 mM Tris/HCI, 
pH 7.5. were centrifuged for I O min at 20000 g (4 °C) and then 
filtered to remove any aggregates. Measurements were carried out 
at room temperature ( ~ 23 °C}. Buffer scanering was recorded 
and subtracted from Lhe corresponding sample scanering. The 
imegration of SAXS panerns was perl'ormed using Fit2D software 
[42] and the curves were scaled by protein concentration. 
Data analysis was perfonned using the GNOM program [43]. 
Low-resolution envelopes of each construction were calculated 
from the experimental SAXS data using an ab initio procedure 
implemented in the DAMM IN program [44]. Averaged models 
were generated from I O runs using the DAMA VER package 
[45]. SAXS envelopes and NMR or XTAL structures were 
superimposed using the SUPCOMB 2.0 program [46). BUNCH 
software [47], which employs rigid body model and simulated 
anneal ing routines, was used to find the best relative positions 
of NMR and XTAL structures in relation LO Lhe SAXS envelope. 
The CRYSOL program [48) was used to calculate rhe scartering 
curve from high-resolution structures, including the WT model 
obtained from BUNCH. 

NMR spectroscopy 

NMR experiments were performed using a Varian Inova spectro
meter at the National Biosciences Laboratory (LNBio/CNPEM), 
operating at a 1 H Lannor frequency of 599.887 M Hz and 
tempenuure of 20 °C. For these experiments. Lhe spectrometer 
was equipped with a triple resonance cryogenic probe and a 
Z pulse-field gradient unit. The 15N-13C-Iabelled CBM sample 
was dissolved in 20 mM phosphate buffer, pH 7.2, containing 
50 mM NaCI and 5% (v/v) 2H20. at a final concentration 
of approximately 0.3 mM. Water suppression was achieved 
by low-power continuous wave irradiation over the relax.ation 
delay or using the WATERGATE method [49]. Ali data were 
processed using NMRPipe and NMRVIEW software [50.5 1]. 
Prior to Fourier transformation, Lhe time domain data were 
zero-fi lled in ali dimensions. When necessary, a fifth-order 
polynomial baseline correction was applied after transformation 
and phasing. To obtain distance constraints, cross-peak volumes 
were esrimated from NOESY (nuclear Overhauser enhancement 
spectroscopy). Protein backbone resonance peaks were assigned 
using 1H-1lN-HSQC (heteromrclear single-quamum coherence) 
and standard triple resonance experiments, including HNCACB, 
CBCACONH, HNCO and HNCACO !52! ofthe r.'N.uC-Iabelled 
CBM3 sample. Ali spectra for resonance assignment were 
recorded by setting upa resolution of 2048x 128x96 poims and 
spectralwindow of 8.00 kHz, 12.07 kHz and 1.95 kHz for 1 H, "C 
and 15N respectively. ln order to assign Lhe si de chain resonances. 
Lhe 'lN.uC-Iabelled CBM sample was freeze-dried and dissolved 
in 100% 1H20. followed by acquisition of HCCH-TOCSY, 
hCCH-TOCSY spectra. NOE (nuclear Overhausereffect)-derived 
distance restraints were obtained from Lhe '5N-HSQC-NOESY 
anel "C-HSQC-NOESY (separately optimized for aliphatics 
and aromatics), both collected with 80 ms mixing time. The 
CBM3 structure was calculated in a semi-automated iterative 
manner wi th the CYANA program (version 2. 1) [53], using 100 
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starting conformers. The CYANA 2.1 protocol was applied to 
calibrate and assign NOE cross-peaks. After Lhe first few rounds 
of automatic calculations, the NOESY spectra were analysed 
again to identify additional cross-peaks consistelll with the 
structuralmodel and tocorrect misidentified NOEs. The struclllres 
obtained were fur1her refined by restrained minimization and 
molecular dynamic studies using the CNS software [54]. The 
20 structures with the lowest target function were selected to 
represent the ensemble of protein structures. The qual ity of 
the struclllres was analysed with PROCHECK-NMR [55]. The 
summary of NMR data is presenteei in Supplementary Table S2 
(at http://www.BiochemJ .org/bj/44 1 /bj441 0095add.htm). 

Proton/deuterium exchange 

Proton/deuterium exchange measurements were carried out with 
the 1lN-'3C-Iabelled CBM3 sample dissolved in 100% 2H20. ln 
order to monitor the intensity loss of labi le protons. a series of 1 H
llN-HSQC spectra were collected first at 15 min (time required 
to dissolve Lhe protein and perfonn Lhe fi rst experiment) and 
subsequent ly at40 min time intervals over two days. Additionally, 
a last spectrum was collected I O days after the protein dissolution. 

X-ray crystallography 

The highly purified CC sample was concentrated to 75 mg/ml 
and its buffer was exchanged to water by ultrafiltration using 
Vivaspin6 centrifugai filters (GE Healthcare). Crystallization 
experiments were performed by the vapour ditl'usion method 
using a HoneyBee 963 robot (Genomic Solutions). Sitting drops 
were prepared by mixing 0.5J.d of Lhe protein solution with an 
equal volume of mother liquor and equilibrated against 80 Jl.l 

of Lhe reservoir solution at !8°C. Formulations based on the 
fo llowing commercial crystallization kits were tested: SaltRX. 
Crystal Screen, Crystal Screen 2 (Hampton Research), Precipitam 
Synergy, Wizard I and II (Emerald BioSystems). PACT and 
JCSG + (Qiagen/Nextal). with a total of 544 solutions. Large 
crystals grew within 45 days in Lhe fo llowing conditions: 100 mM 
Bis-Tris-propane pH 6.5. 20 % (w/v) PEG Jpoly(ethylene glycol)j 
3350 and 200 mM sodium nitrate (form I); I 00 mM SPG (succinic 
acid, sodium dihydrogen phosphate monohydrate. glycine) pH 6.0 
and 25 % (w/v) PEG 1500 (form II). Crystals were transferred 
to new drops containing Lhe mother liquor and 20 % (v/v) 
glycerol for cryoprotection and then ftash-cooled in a 100 K 
nitrogen gas stream. ln order to obtain an ion-protein complex, 
crystals belonging to form ll were soaked for 3 min in a 
cryoprotectant solution containing 50 mM of manganese chloride. 
X-ray diffraction data were collected onthe WO I B-MX2 beamline 
at the Brazilian Synchrotron Light Laboratory (Campinas. Brazil). 
The wavelength used was 1.4586 Â and the imensities were 
recorded in a Mar Mosaic 225 mm CCD (charged-coupled
device) detector. Data were indexed, integrated and scaled using 
the HKL2000 package [56]. The structure of the crystal form 
IF was solved by Lhe molecular replacement method using Lhe 
MOLREP program [57] and Lhe atomic co-ordinates of Cei5A 
from Bacillus agaradlwerens (PDB code 7 A3H), which shares 
70 % identity with Lhe catalytic domain of BsCei5A as the search 
model. lnitial cycles of refinement involved a restrained and 
overall B-factor refinement in the REFMAC5 program [58]using 
automatic weighting between X-ray and geometry terms. After 
each cycle of refinemenL, the model was inspected and manually 
adjusted into the (2F.- Fo) and (F.- f ,) electron density maps 
using the COOT program [59). Solvemmolecules were manually 
added at posit ive peaks above 3.0 (J in the difference Fourier 
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Table 1 Kinelic paramelers o! BsCei5A and its catalytic core using ,8-glucan 
as substrate 

Parameter 

CC 

O mM Mn'+ 

1437 ± 66 
14±0.2 
78.7 
56.2 

10mM Mn'+ 

92 3±59 
1.6±0.3 
50.5 
31.6 

WT 

O mM Mn'+ 

46.2±31 
032±0.2 
404 
127.8 

10mM Mn1+ 

35.7±1.8 
05±0.2 
31.2 
58.8 

maps, taking imo consideration hydrogen bonding potential. This 
structure was extensively refined and then used as the search 
modet for sotving other crystaltine forms. 

Accession numbers 

Stmcture factors and atomic co-ordinates ofthe BsCei5A CC were 
deposited in the PDB under accession codes 3PZV (Form 1). 3PZU 
(Form LI) and 3PZ'I' (Form LI*). NMR dataofthe llsCei5A CllM3 
were deposited in the Biological Magnetic Resonance Bank and 
PDB under codes 17399 and 2L8A respectively. 

RESULTS ANO DISCUSSIDN 

Accessory domain enhances catalytic efficiency 

The WT protein and its truncated domains were expressed in 
Escilericilia coli cells and purified by nickel-aflinity and size
exclusion chrornatographies (see Supplementary Figure SI at 
http://www.BiochernJ .orglbj/441/bj441 0095add.htm). Biochern
ical characterization showed that the CBM3 deletion does 
not alter the substrate specificity (see Supplementary Figure 
S2 at http://www.BiochernJ.org/bj/44 1/bj4410095add.htm) and 
optimal conditions for catalysis (see 5upplementary Figure 53 
at http://www.BiochernJ.org/bj/441/bj441 0095add.htm). Despi te 
the fact that the physiological substrate of BsCe15A is cellulose, 
we have used soluble substnnes in k.inetic studies owing to the very 
slow rate of hydrolysis of insoluble substrates. such as Avicel,g, 
(results not shown). ln addition, it has been shown that BsCei5A 
is only able to bind Avicetíl when CBM3 is appended to its 
C-tenninus [ 13]. 

The kinetics study showed that CBM3 increased BsCei5A 
affinity to the substrate owing to a reduced Km· but the enzyme 
turnover (V,.,,) is reduced (Table 1). However, the reduction 
in K" largely cornpensates for the lower V, ~ , and, as a result, 
CBM3 enhances catalytic efficiency (k"',IK, ) (Table 1). We 
determined that BsCe15A displays an extended substrate binding 
surface owing to the strategically three-dimensional arrangement 
of CBM3 in rclation to CC (scc dctails bclow), which favours 
additional protein-{;arbohydrate interactions. These additional 
interactions are reflected in a higher substrate aflinity and may 
also explain the lower turnover of the WT enzyme (V,,). 

Delelion olthe accessory domain reduces enzyme stability 

The thermal stability of the BsCei5A constructions was assessed 
by unfolding studies using CD spectroscopy (Figure I). As 
expected. CD spectra of CC and CBM3 displayed characteristic 
profi les of a/{3 and all-{3 proteins respectively (Figure IA). lt 
is worth noting that BsCei5A and its truncated forms showed a 
single structural transition in the thennal unfolding experiments 
(Figure I B). despi te the fact that BsCe15A is a two-domain protein 
and therefore two transitions corresponding to each domain were 
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expected. Perhaps the 23-residue-long linker and inter-domain 
contactS drive the therrnal denaturation to a single-transition 
process. Interestingly, unfolding studies revealed that deletion of 
the accessory domain increases the thermal stability from 64 to 
78 oc (T"'. rnehing temperature). The reduced therrnal stability of 
the WT protein is probabty influenced by the significantly lower 
stability ofCBM3 (T,.. =59 °C) in relation to the parental catalytic 
domain (T" = 78 °C). As shown by NMR structural studies, the 
lower stability of BsCei5ACBM is explained by the absence of 
a structural calei um ion. Moreover, deletion of CBM3 prornotes 
exposure of polar residues at the CC surface, which becomes 
favourably hydrated, thus increasing stability [60]. 

Both biochemical and biophysical studies clearly indicare 
the imponance of CBM3 in the regulation of overall BsCei5A 
function. in spite of its apparent negative effect on stability. 

Bacillus CBM3 is a member ola nove! calcium-independent 
sublamily 

To gain insights into the structural determinants of the stability 
of Bacil/us CBM3, we perfomted a NMR study. The 'H-"N
HSQC spectrurn of CBM3 showed high-quality signal dispersion 
(see Supplementary Figure S4 at http://www.BiochemJ .org/ 
bj/441/bj4410095add.htrn), indicating a well-folded protein. The 
most common classification. based on sequence similarities. 
defines BsCe15A CBM3 as a member of the CBM3 fami ly 
(http://www.cazy.org/Carbohydrate-Binding-Modules.html). So 
far. five mernbers of CBM3 have been solved. sharing from 
13 to 36% of identity with the BsCe15A CBM3. BsCe15A 
CBM3 folds imo a {3-sandwich. a comrnon scaffold for CBMs. 
encompassing a core formed by two {3-sheets of four and 
five {3-strands. and one sbort a-helix at the C-terminal region 
(Figure 2A). Stmctural comparisons showed that the {3-sandwich 
core is conserved among CBMs, but the surface loops are 
different in both cornposition and confonnation (Figure 28). 
Canonically, the CBM3 members with solved stmctures have a 
highly conserved calcium-binding site. which is not presem in 
the BsCel5A CBM3 structure (Figures 2B and 2C). A search for 
sequences sharing si rnilarity with BsCe15A CBM3 in GenBant<® 
resulted in a set of CBMs that do not have the structural 
requirements for calei um binding (see Supplementary Figure 55 
at http://www.BiochemJ.org/bj/441/bj441 0095add.htm). lnterest
ingly. ali of these CBMs are from Baci/lus spp .. suggesting that 
the ancestor of this bacterium genus has lost the CBM3 calcium
binding si te during evolution. 

Therefore, we propose a new classification of CBM3 imo two 
groups: the calcium-binding proteins. which include the already 
defined subfarnilies CBM3a. CBM3b. CBM3b' and CBM3c: and 
the calcium-independent proteins, termed in the presem study 
as the CBM3d subfamily, with BsCei5A CBM3 being its first 
stmcturally characterized rnember. The classification of CBM3s 
in a. b and c refers to the type of substrate that is preferentially 
recognized by the CBM [61 ]. The a and b groups bind crystalline 
cellulose; a is specific for cellulosomal-scaffolding proteins and b 
is found in soluble cellulases. Previously, it was shownthat certain 
CBM3b members bind neither crystalline nor soluble cellulose 
and hence. they were collectively designated as CBM3b' [62]. The 
c group binds single-chain cellulose and is found in cellulosomal 
cellulases. The new CBM3d subfamily is closely related to the 
CBM3a subfarnily, owing to its substrate preference: however, it 
lacks the calcium-binding si te. which seerns to play a structural 
role. lndeed. our biophysical studies showed that the Bacil/us 

CBM3 is less stable than its parental protein, which can be 
anributed to the lack of structural calei um. 
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Figure 1 Biophysical characterization of BsCei5A constructions 
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(A) Far-UV CD speclra of CC (e ), CBM (.A) and WT (• 1- (8) Therrnat denaturation in the absence (dashed tines) or presence ol rnanganese (solid fines) ol CC (a), CBM (b) and WT (c). 

Figure 2 NMR solution structure of BsCei5A CBM3 

(A) View of the ensembte ot 20 towest energy structures, with ,8-strands in cyan. a-hetices 
in magenta and loops in grey. (8) Structurat superposition of BsCet5A CBM3 structure on 
CtCipACBM (PDB code 1 NBC) with structurat diHerences coloured in blue and red respectively. 
The Cal+ ion from the CtCipACBM structure is shown as a green sphere. (C) Calcium-binding 
site ol CtCipACBM (wheat) and the corresponding region in the BsCei5A CBM3 structure (tight 
blue). (O) BsCet5A CBM3 residues invotved in carbohydrate recognition: residues conserved in 
CtCipACBM and identilied by NMR CSP (chemical shift perturbation) anatysis (carbon atoms 
in green); residues conserved but not identilied by NMR CSP (carbon atoms in yellow); and 
residues not conserved but identilied by NMR CSP (carbon atoms in cyan). 

lt is worth mentioning that there is another classification 
of CBMs taking into account both structural and functional 
similarities, which assons these modules in types A. B and C 

[ 19]. The type A binds crystalline cellulose and chitin through 
a ftat surface, type B binds a single-chain polysaccharide via 
an extended groove or cleft, and type C binds mono-. di- or 
tri-saccharides. ln this classification, the BsCei5A CBM3 is 
considered a typeA member, owing to itsability to bind crystaUine 
cellulose [13] and higher structural similarity with type A (PDB 
code I NBC) than other type B (PDB code I J84) or type C 
(PDB code I l82) CBMs. 

Polar residues play a pivotal role in oligosaccharide recognition 
by CBM3d 
The molecular surface of CBMs has been associated with the 
type of substrate that they can bind. e.g. CBM3a presents a 
very ftat surface compatible with its target. crystalline cellulose. 
Despite the fact that BsCei5A binds crystalline cellulose and 
the binding occurs only when the CBM3 is presem [13], the 
Bacillus CBM3 surface is not as ftat as those of CBM3a 
members (Figure 3). This unexpected surface topology of 
BsCei5A CBM3 can be attributed to the absence of the CBM3a 
{J4' strand (Figure 3) and to the inherent ftexibi lity of its 
surface loops, as assessed by hydrogen--deuterium exchange (see 
Supplementary Figure S6 at http://www.BiochemJ.org/bj/44 1/ 
bj4410095add.htm) and NMR relaxation experiments (results not 
shown). On the basis of these dynamics studies, we suggest 
that the BsCei5A CBM3 can undergo conforrnational changes, 
adapting its topology for cellulose recognition and binding. 
Moreover. the exact protein-carbohydrate interactions are not 
known, since sugar-complex structures of a CBM3a or even 
a type A CBM are not available. Thus, in order to map the 
residues involved in the recognition of cellulose, we analysed 
variations in NMR frequencies of BsCe15A CBM3 in the presence 
of cellopentaose. The major perturbations in chemical shifts 
occurred in Asn'63 and Arg' 55

, and minor changes were observed 
in Gln369

, Gln4l3 and Asp'07 (Figure 20 and Supplememary Figure 
S7 at http:l/www.BiochemJ.org/bj/441/bj4410095add.htm). The 
residues Arg" 5

, Gln31!l. Gln' 53 and Asp407 are conserved in 
CtCipACBM (C/ostridium tilermocellwn CBM3. PDB code 
INBC), a well-characterized type A CBM [63]. Tyr""8 is also 
conserved, but it is not affected by the presence of cellopentaose, 
perhaps owing to the short length of this oligosaccharide. 

The molecular recognition and affinity towards carbohydrates 
is typically achieved by van der Waals interactions arising from 
stacking of arornatic residues with the furanose/pyranose rings 
and by hydrogen bonds between polar groups of saccharides and 
amino acid side chains. The mapped interactions of the BsCei5A 
CBM3 with cellopentaose revealed that the carbohydrate-binding 
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Figure 3 Structural comparison of BsCei5A CB M3 (CBM3d) with CBM3a, b' and c 

The CSM3s from CipA (CSM3a, PDS code 1NSC), E4 (CSM3c, PDS code 4TF4) and Cei9V (CBM3b', PDB code 2WOS) were superposed on lhe CSM3d structure andare shown as cartoon 
representations (left-hand panei). The main diHerences atthe carbohydrate-binding face were coloured in green (CSM3d). orange (CSM3a). cyan (CSM3c) and pink (CSM3b'). The molecular 
surfaces of CSM3a, b', c and dare shown as side (middle paneis) and frontal (righl-hand paneis) views following lhe colours above. 

face is rich in charged and polar residues. such as glutamine, 
arginine, aspartate, lysine and asparagine. The only aromatic 
residue on this face is Tyr-"!8. whereas a set of aromatic residues 
is buried in the ,8-sandwich core mak ing hydrophobic contacts. 
These findings indicate that the interactions of BsCei5A CBM3 
with cellulose are mai nly by polar side chains. Moreover. 
we suggest that these polar residues may not only work on 
the carbobydrate affinity/recognition, but could specifically 
replace inter-chain hydrogen bonds, acting to disrupt the tight 
cellulose structure [63). Therefore it may result in the local 
separation of celtulose single chains to be delivered to Lhe CC, 
thus contribuling to a higher catalytic efficiency. 

Three-dimensional domain archileclure of BsCei5A reveals a fiai 
ceflulose-binding plalform 

BsCei5A and its separated domains were analysed by SAXS, 
showing that ali forms are monomeric in solution with Rg 
values of 1.75, 1.63 and 3.04 nm. and D,= values of 4.65. 4.8, 
and 9.5 nm, for the CC, CBM3 and WT protein respectively 
(Table 2 and Supplementary Figure S8 at http://www. BiochemJ. 
org/bj/44 1 /bj441 0095add.htm). Both CC and CBM3 were nicely 
fitted into the corresponding envelopes (Figure 4A). The good 
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quality of SAXS data allowed us to observe the active-si te cavity 
in the CC. The averaged low-resolution model of the WT protein 
calculated from 20 independent ab initio models gives a good 
notion of the three-dimensional arrangement of the accessory 
domain with respect to its parental catalytic domain (Figure 48). 
The molecular envelope reveals a large continuous planar surface, 
which has been considered essential for crystall ine cellulose 
binding. The atomic co-ordinates of both domains were fitted 
into the SAXS model of the WT protein, which showed that 
this planar surface is formed by the active-site interface of the 
CC in line with the cellulose recognition face of CBM3. This 
model is in fui! agreement with the substrate-recognition face 
mapped by NMR and with the crystallographic structures of 
the multidomain endoglucanase from C/ostridium cellu/olyticum 
(Cei9G) and cellulase E4 from Themwbijida fusca (Figure 4C). 

Manganese metal ion hyper-slabilizes lhe CC of BsCei5A 

Divalent ions are well-known cofactors of enzymes. either 
activaling their catalytic machinery or having a structural role. 
ln the present study we tested the effect of different divalent ions, 
including Mn'+ , Mg'+, Ca'+ . Zn'+, Ni'+ and Co'+. Nane of 
them affected the stability, except the Mn'+ ion. which drastically 
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Table 2 Summary of SAXS calculations 

CC CBM WT 

Ex per' Envelt XTALt Ex per' Envelt NMRt Exper· Envelt Assemt 

R9 (nm) 1.75 1.73 1.86 1.63 1.63 1.65 304 2.96 2.87 
D,.. (nm) 4.65 4.80 9.50 
x§ 2.13 2.89 1.89 2.75 2.37 2.01 

·catculated lrom experimental data. 
tCalculated lrom the SAXS·derived envelope. 
+Calculated lrom XTAL, NMR or assembly. 
§Comparison between experimental and theoretical curves 

Figure 4 SAXS analysis of BsCei5A construcfions 

(A) SAXS envelopes lrom CC (lelt-hand panei) and CBM3d (right-hand panei) are shown as transparent surtaces and the lilted XTAL or NMR structures are shown as cartoon representations. 
(B) Different views ol the CC and CBM3d arrangement into the SAXS envelope lrom the WT protein. (C) Overlay of the E4 slructure from T. ftJSca (light blue) on lhe BsCei5A model (grey). The 
oligosaccharide bound in the E4 catalytic domain is shown in green and the BsCei5A CBM3 residues identified by NMR CSP are shown in yellow. 

improved the thermal stability ofBsCei5A, by elevation ofthe r., 
by 23 oc, from 64 to 87 °C (Figure I B). This result indicates that 
Ce15As (family 5A cellulases) display a very specific motif for 
recognition of manganese ions. Thus. in arder to map the domains 
involved in the manganese ion interactions, truncated fonns of the 
protein were analysed. As shown in Figure I(B), the CC had its 
thermal stability irnproved by the Mn2+ ion. whereas that ofCBM 
remained unaltered, mapping thespecific interactions of the MnH 
ion with the CC. 

Structural basis for BsCei5A stabilizalion by manganese ion 

ln arder to identify the manganese-binding si te and to delineate the 
structural basis for the enhanced thermal stability of BsCei5A by 
this ion, we undenook an X-ray crystallographic study. BsCei5A 
CC crystalli zed in two different crystalline forms (form I and 
form II), which diffracted up to 2.90 Â and 2. 1 O Â respecti vely. 
However, only the crystal fom1 II was successfu lly soaked 
with manganese ions (Table 3). Crystals belonging to form l 
display a very particular crystallographic symmetry in which 
the manganese-binding site is concealed by an aspanate residue 
of the neighbouring molecule (Figure 50), which prevented ion 
incorporation by soaking methods. 

The BsCeJSA CC structure encompasses a classical (f3/a)8-

barrel fold (Figure 5A). with the active site located at the 
crevice formed by the C-terminal ends of /3-strands. The catalytic 
machinery involves two acid residues. Glu229 and Glu 169

, the 
aromatic gate keepers Trplill and Trp29r, and the polarizers His229, 

Arg92 and Thr56 (Figure 5B). From homology with other GH5 
cellulases, Glu'69 is expected to be the proton danar, which 
protonates the glycosidic bond and catalyses the bond fission. 
and the Glu257 is the nucleophile. which facilitates the reaction 
by stabilizing the resulting carbonium ion intermediate. Severa! 
studies demonstrated the key role of a histidine residue in 
the protonat ion of the acidlbase glutamate residue. which is 
controlled by a catalytic triad. similar to the serine proteases 
[64]. ln this scheme, a third element. which could be a 
serine/threonine residue. an aspartate residue ora water molecule. 
would protonate the histidine, permitting a classification of the 
glycosyl hydrolases according to this histidine proton donor [64]. 
BsCe15A contains a threonine residue in the equivalent position. 
which allows classification as type A catalytic triad. Cei5As 
from Tilermoroga maririma and C. rilermoce/lwll have a water 
molecule inthecorresponding position andare classified as type C 
enzymes (see Supplementary Figure S9 at http://www.BiochemJ. 
org/bj/441/bj441 0095add.htm). Water-dependent catalytic mach
ineries are labile at alkaline conditions. since the water molecule 

© The Authors Journal compilation © 2012 Biochemical Society 
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Tabte 3 Data collection and refinement statistics 

Values in parentheses are for lhe highest-resolulion shell. RMSD, root mean square deviation. 

Parameter 

Data collection 
Spacegroup 
Unit cell parameters (Â, 0

) 

Resotution 
Number ol unique relleclions 
Multiplicity 
Completeness (%) 
R,..,(%) 
1/a I~ 

Retinement 
Rm/R..,(%) 
Average B-lactor 
RMSD for bond lengths (Â) 
RMSD for bond angtes (0

) 

Protein chains 
Water molecutes 

Ramachandran ptot 
Favoured region (%) 
Additionally allowed region (%) 
Outlier region (%) 

PDB code 

Forml 

C2 

a= 155.36, b = 81.08, c= 114.27, iJ = 104.29 
50.D0-2.90 (3.D0-2.90) 
30407 (2607) 
3.5(2.7) 
97.1(83.7) 
8.3(43.6) 
11.3(2.0) 

23.0/29.6 
54.5 
0.006 
1.261 
4 
30 

90.63 
8.02 
1.35 
3PZV 

Figure 5 Crystal structure of lhe BsCei5A CC 

(A) Cartoon representation ol lhe protein structure, with lhe manganese ion shown as a green 
sphere (B) Zoom ol lhe active site showing lhe glutamate res idues (carbon atoms in yellow), 
other catalytically relevant residues (carbon atoms in green) and two water molocules (red 
spheres). (C) Electrostatic surtace coloured by charge, lrom red 1-) to blue 1 + ), indicaling 
lhe presence ol lhe manganese ion in an acidic groove. (O) lnteractions ol protein residues 
(grey) and water molecules (red spheres) with lhe manganese ion (green sphere). The 2.9 Â 
resolution structure (pink) has an aspartate residue ola neighbouring motecule (blue) occtuding 
lhe manganese-binding site. 

deprotonates at high pH, disrupting the hydrogen network 
required for catalysis. On the other hand, enzymes with the type A 
cataJytic triad would remain active even in basic conditions. which 
is advantageous for biotechnotogicat purposes. 

ln the manganese complex structure, the ion is located at 
the opposite face of the acti ve site, near to the lid-like /3-
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Form 11 native 

P2,2,2, 

a= 50.24. b = 110 76, c= 121.38 
50.D0-2.10 (2.18-2.10) 
39069(3393) 
6.9(6.2) 
97.2(85.9) 
11.6(31.9) 
13.5(5.0) 

171!22.1 
32.7 
0.023 
1903 
2 
330 

96.44 
3.39 
0.17 
3PZU 

Form 11' 10mM Mn1+ 

P212121 

a= 49.53 b = 110.62 c= 122.26 
50.0D-1.97 (2 04-1.97) 
47366 (4163) 
48 (43) 
97.6(87.8) 
8.4(37.3) 
14.7(3.8) 

16.4/20.6 
29.1 
0.025 
1.938 
2 
452 

97.09 
2.91 
0.00 
3PZT 

hairpin (Figure SC), and is hexa-co-ordinatect by the two 
negativety charged residues Asp'95 and Asp197, the polar Asn '98, 

the carbonyl oxygen from Glylll and two water motecules 
(Figure 50). The strategic location of the manganese-binding site 
permits simultaneous water-mediated interactions between the N
terminus and distant regions of the protein. increasing lhe overalt 
structurat rigidity and consequently a notabte gain in the protein 
stability. Comparison between forms 11 (without manganese ion) 
and II* (with manganese ion) showed that the ion only substituted 
a water motecule in the highty negativety charged ape11ure without 
affecting either the cteft architecture or the conformationat states 
of catalyticatty relevam residues. This result atso suggests that 
the region comprising the lid-like /3-hairpin, which is subsequent 
to the N-terminat end. can be a strategic motif that could be 
engineered with the aim of improving protein stability. Indeed. in 
the anatogous hyperthermostable TmCeiSA (T. ma ri rima Ce15A) 
[65]. the /3-hairpin is replaced by an a-helicat element, which 
enables additional polar contacts, supponing the fact that the 
stabilization of this region may implicate a higher overatt stability. 

The effect of lhe manganese ion on kinetics and specificity of 
BsCet5A 

Our biochemical data showed that the presence of Mnl+ ions 
protonged the lifetirne of the enzyme at high temperatures 
(90°C) (see Supptementary Figure SIO at http://www.BiochemJ. 
org/bj/44 1/bj441 0095add.htm) without inte1fering with the 
optimal conditions (pH and temperature) for activity (see Sup
plementary Figure S3). Although it was expected that the gain in 
thermal stability by Mn'+ ions could produce higher relative activ
ities at high temperatures, both univariate (Supplementary Figure 
S li at http://www.BiochemJ.org/bj/441/bj44 10095add.htm) and 
response swface (Supplementary Figure S3) experiments 
indicated no alteration in lhe temperature-dependent activity 
pro fite. This native-tike behaviour of BsCei5A coutd be retated to 
the unaltered configuration of the active si te. since the ion binds 
to a remote si te, ~ 30 Â away from the active-si te cleft. ln terms 
of protein dynamics. we suggest that. although the ion stabitizes 
the structural framework of the enzyme, the catalytic machinery 
remains susceptible to temperature-induced changes. 
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substrate preference, but it slightly reduced the total activity 
by approximately 30% (Supplementary Figure 52). This partia! 
inhibition was initially attributed to a possible secondary 
binding site involving the catalytic glutamate residues, since the 
manganese-binding site is sterically and electrostatically similar 
to the active-si te pocket, and in the crystal structure ofTmCei5A, 
a divalent (cadmium) ion was found interacting with the catalytic 
glutamate residues [66]. However, kinetic experiments showed 
that the MnH ion did not interfere with the substrate binding (K,) 

(Table 2), thus discarding the possibility of an inhibitory effect 
by a competitive mechanism. ln fact, only V,,, was decreased by 
the presence of Mnl+ ions, which reflected as a lower enzymatic 
efficiency (Table 2). l t could be a consequence of the higher overall 
molecular rigidity. which prevents the confonnational changes 
required for optimal catalysis. This hypothesis is supp011ed by 
previous studies that described the pi votai role of ligand-induced 
confonnational alterations in the cmalytic activity of family 5A 
cellulases [66]. 

As a complement to the thorough characterization of the 
binding and cffccts of thc Mn2+ ions, othcr ligands wcrc 
tested, including severa! ions (Fe"+, Cu2+, Mn2+, znH, 
Ni2+. Co2+, Mg2+ and Ca2+ ), a chelating agent (EDTA), 
surfactants (SDS and Triton X-100) and organic solvents 
(methanol, ethanol and DMSO) (see Supplementary Figure S 12 
at http://www.BiochemJ.org/bj /441/bj4410095add.htm). Briefly, 
none of the additives increased the enzymatic activity; Fel+ and 
Cul+ almost abolished the activity: methanol and ethanol did not 
reduced the enzymatic activity at concentrations up to 10%; and 
SOS caused a decrease of 30% in enzymatic activity. 

Biotechnological implicalions 

Modern biotechnology lies at the interface between basic and 
applied science. and continuously demands nove! enzymes with 
improved catalytic efficiency and stability under extreme and non
natural conditions. Cellulases have many industrial applications, 
including food processing. finishing of textiles and generation 
of cellulosic bioethanol, one of the sustainable energy sources. 
These industrial processes require cellulolyt ic activity under a 
broad range of pH, temperature and ionic strengths. ln this 
context, the understanding of enzymes ata molecular levei and the 
mechanisms to improve their stability and to modify their catalytic 
efficiency and specifici ty is essential for rational protein design 
aiming to ameliorate their use in biotechnological processes. 

ln the present study, we investigated the role of the accessory 
domain in the stabil ity and function of family 5 cellulases, 
and a nove! mechanism for thermal stabilization was proposed. 
Our results showed that Bacillus CBM3 represents a nove! 
subfamily, which lacks the calcium-binding site and its binding to 
carbohydrate is mediated by polar contacts. Moreover. Bacillus 
CBM3 decreases the overall enzyme stabil ity. which can be 
attributed to the lack of the structural calcium ion. but on the 
other hand it improves the catalytic efficiency. The discovery 
of a specific manganese-binding site that is conserved among 
5A cellulases suggests a nove! approach for thermal stability 
enhancement without enzyme enginecring. 
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Dissecting structure-function-stability relationships of a thermostable 
GH5-CBM3 cellulase from Bacillus subtilis 168 
Camila R. SANTOS*1, Joice H. PAIVA *1, Maurício L. SFORÇA *, Jorge L. NEVES*, Rodrigo Z. NAVARRO*, Júnio COTAt , 
Patrícia K. AKAO*, Zaira B. HOFFMAMt, Andréia N. MEZA*, Juliana H. SMETANA*, Maria L. NOGUEIRA*, lgor POLIKARPOV:j:, 
José XAVIER-NETO*, Fábio M. SQUINA-t. Richard J. WARD§, Roberto RULLERt , Ana C. ZERI* and Mário T. MURAKAMI *2 

"Laboratório Nacional de Biociências, Centro Nacional de Pesquisa em Energia e Materiais, Campinas SP, Brazil, tlaboratório Nacional de Ciência e Tecnologia do Bioetanol, Centro 
Nacional de Pesquisa em Energia e Materiais, Campinas SP, Brazil, t lnslitulo de Física de São Carlos. Universidade de São Paulo, São Carlos. Brazil, and §Departamento de Química, 
Universidade de São Paulo. Ribeirão Preto. Brazil 

Figure S1 SDS/PAGE analysis of the purified BsCei5A constructions 

(A) WT, (B) CC and (C) CBM3. 
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Figure S2 Relative activity of BsCei5A (WT) and the CC on different 
substrates 

Substrates used were tJ-glucan (BG), carboxymethylcellulose (CMC) and lichenan (LG). 

1 These authors contributed equally to this work. 
2 To whom correspondence should be addressed (email mario.murakami@lnbio.org.br). 
S1ructurat factors and atomic co-ordinates of lhe Bacillus subtilis cellulase SA catalytic core have been deposited in the Protein Data Bank under 

accession codes 3PZV (Form 1), 3PZU (Form 11) and 3PZT (Form 11"). NMR data of lhe Bacitlus subtilis cellulase SA CBM3 were depcsited in the Biologica 
Magnetic Resonance Bank and Protein Data Bank under codes 17399 and 2L8A respectively. 
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A B c D 

Figure 83 Response surface analysis 

Eftect ol pH and temperature on the glucanase activity ol BsCei5A (A. without Mn'+ and 8, with 10 mM Mn2+) and on the catalyticcore (C, without Mn'+ and O, with 10mM Mn2+ ). 
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Figure 84 Assigned 15N-'H·H8QC spectrum ol lhe CBM3 domain 
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Figure S5 Multiple sequence alignment of the region corresponding to the 
classical calcium·binding sile in CBMs belonging to family 3 

CBM3a (POB codes 1NBC and 1G43), CBM3b' (PDB code 2WOBI, CBM3c (POB codes 
1G87 and 4TF4) and CBM3d sequences: Bsu, 8. sublilis (GB: NP _389695.2): Bst, Bacillus 
slearolhermophilus (GB: AD02145l1): Bli, Bacillus lichenilormis (GB: AAP510201): Bpu, 
Bacillus pumilus (GB ACY72384.11: and Bam, Bacillus amyloliquelaciens (GB: AB$70711.1). 
The residues lha! interactwith lhe catcium ion by srde·chainormain·chain atoms are highlighted 
in green or cyan respectively. The residue conserved in ali CBM3 subclasses is in yellow and 
those conserved only in CBM3d members are in red. The numbers atthe top correspond to lhe 
BsCei5A numbering and lhe numbers atthe botlom correspond to lhe 1NBC numbering. 
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Figure S6 15N·' H·HSQC spectra (boltom paneis) of hydrogen-deuterium exchange experiments at different time intervals and schematic representation of 
lhe structure (top paneis) indicating more (green) or less (red) solvent-exposed residues 
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Figure S7 15N·1H·HSQC spectra of CBM3 as isofated (black) and in the 
presence of cellopentaose (overlayed in red) 

The residues perturbed by lhe ligand are labelled. The insel shows a magnilication ol a 
representative spectral region with chemical shift changes. 
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Figure SB SAXS scattering curves (top paneis) and normalized distance distribution p(r) functions {bottom paneis) 

(A) Catalytic core. (B) CBM3 and (C) luiHength protein. 

Figure S9 Schematic representation of the three possible catalytic triads 
in cellulases belonging to family 5A 

Carbon aloms are coloured in white, blue and brown lor lype A, B and C respectively. 
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Figure 810 Thermotolerance of BsCei5A at 90°C in the absence l• l or in 
the presence (D) of manganese ion 
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Figure S11 Temperature·dependent activity profile of BsCei5A in lhe 
presence (black) and in lhe absence (red) of manganese ion 

Add~ive 

Figure S12 Effect of different additives on lhe endo·1,4·,8·glucanase 
activity of BsCei5A 

Structure, function and stabitity of cellulase 5A enzymes 

Table S2 Summary of lhe NMR data for Bacillus CBMJ 

RMSD, root mean square deviation . 

Fado r 

NOES 
Total 
Sequential 
Medium-range distance 
Long·range distance 

Ramachandran plot 
Favoured region (%) 
Generously allowed region (%) 
Disallowed region (%) 

RMSD(Â) 
Backbone atoms (fuiHengtll') 
Backbone atoms (structuredt) 
Non-hydrogen atoms (fuiHength) 
Non·hydrogen atoms (structured) 

'FuiHength CBM3d comprises the amino acid segment from 351 to 499. 

Result 

1373 
672 
105 
596 

97.4 
2.6 
0.0 

0.91 
0.66 
1.66 
1.53 

tStructured regions are the segments 354-359, 373-378, 388-395, 402-408, 417-422, 
431-438, 452-457, 467- 473, 484-488 and 491-496. 

Table S1 Central composite design matrix (22) and glucanase activity alter 10 min of incubation 

Coded leveis (X1 = pH; X2 = T) 

Run number XI x, 

1 -1 -1 
2 1 -1 
3 - 1 1 
4 1 1 
5 -1.414 o 
6 1.414 o 
7 o -1.414 
8 o 1.414 
9 o o 
10 o o 
11 o o 
12 o o 

Received 16 May 2011/22 August 2011 ; accepted 1 Septernber 2011 
Published as BJ lmmediate Publication 1 September 2011, doi:10.1042/BJ20110869 

Actual leveis (X1 = pH; X1 = T) 

XI x, 

46 74.2 
7.4 74.2 
4.6 94.8 
7.4 94.8 
4.0 84.5 
8.0 84.5 
6.0 70.0 
6.0 99.0 
6.0 84.5 
6.0 84.5 
6.0 84.5 
6.0 84.5 

Glucanase activity (IU!mg protein) 

1398 
170.9 
175.2 
204.2 
68.6 

154.6 
159.7 
238.9 
234.6 
241.3 
247.8 
247.1 

© Tte AuthOrs Journal compilation © 2012 Biochemical Society 
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GHS-CBM27 endo-1 ,4-~-o-mannanase 
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Keywords: 
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Carbohydr,ue binding module 27 
Thermoroga petrophila RKU- 1 
Crystal structure 
Subsrratc recognition 

The breakdown of P-1.4-mannoside linkages in a variety of mannan-containing polysaccharides is of 
great importance in industrial processes such as kraft pulp delignification. food processing and produc
tion of second-gener<ltion biofuels, which puts a premi um on studies regarding the prospection and engi
neering of P-mannanases. ln this work. a two-domain P-mannanase from Tlrermotoga petropl1ila that 
encompasses a GHS catalytic domain with a C-terminal CBM27 accessory domain. was functionally 
and structurally characterized. Kinetic and thermal denaturation experiments showed that the CBM27 
domain provided thermo-protection to the catalytic domain. while no contribution on enzymatic activity 
was observed. The structure ofthe catalytic domain determined by SIRAS revea led a canonical (:x/p)8-bar
rel scaffold surrounded by loops and short hei ices that form the catalytic interface. Several structurally 
related ligand molecules interacting with TpMan were solved ar high-resolution and resulted in a 
wide-range representation of the subsires fonning the active-site cleft with residues Wl34, E198, 
R200, E235, H283 and W284 directly involved in glucose binding. 

1. Introduction 

Mannan endo-1 ,4 -~-o- m a nno s ida s e o r 1 .4-P-o-mannan mann
nohydrolase (EC 3.2.1.78), commonly referred as ~ -ma nn ana se , 

catalyzes the hydrolysis of P-1 ,4-mannoside linkages in various 
mannan-containing polysaccharides, such as glucomannans and 
galactomannans (Stãlbrand et ai.. 1993; de Vries and Visser. 
2001 ). Oegradation of these polysaccha rides represents a key step 
for a nu mber of industrial applications including delignification of 
kraft pulps (Tenka nen et ai., 1997; Montiel et ai., 2002), food pro
cessing (Sachslehner et ai., 2000; Ohavan and Kaur, 2007) and pro
duction of second-generation biofuels (Ohavan and Kaur, 2007). ln 
general, these biotechnological processes such as biomass 
pre-treatments, are performed under extreme environmental 

Abbreviarions: Mann.1nases: TpMan. from n1ermoroga pecropl!ila; TfMan. from 
T/Jermobifida fusca; TrMan, from Trichoderma reesci; l eMan, from Lycopcrsicon 

esculentum ; CmMan. from Cellvibio mixrus; CjMan, from Cellvibrio japonicus; BaMan, 
from Baciflus agoradlwerens: BsMan. from Bacillus subtilis; VsMan. from Vibrio sp. 
str.1in MA-138. 
* Corresponding author. Address: Labor.ltório Nacional de Bíociências (LNBio), 

Centro Nacional de Pesquisa em Energia e Materiais. Rua Giuseppe Maximo 
Sco!Faro. 10000 Campinas. 13083-970 SP. Br.1Zil. F.1x: +55 19 3512 1004. 

E-mail address: mario.murakami@lnbio.org.br (M.T. Murakami). 

1047-8477/S- see front matter «? 2011 Elsevier 1nc. All rights reserved. 
doi:IO.IOI 6/j.jsb.2011.11.021 

© 2011 Elsevier lnc. Ali rights reserved. 

conditions regarding pH, osmolarity and temperature. Thus, 
p-mannanases being stable and functional at high temperatures 
offer substantial techno-economical advantages. 

ln addition to their biotechnologica l relevance, mannan-degrad
ing enzymes also participare in a number of biological processes 
such as fru ir ripening (Pressey. 1989). seed germination (Biack, 
1996) and remodeling of plant cell walls (reviewed in Schrõder 
et ai.. 2009). These enzymes have also been used in structural 
characterization of polysaccharides hav ing p-mannosidic linkages 
and sequencing of heteropolysaccharides and carbohydrates at
tached to glycoproteins (Ohavan and Kaur, 2007). 

TIJermotoga petropiJila strain RKU-1 (T) is a hyperthermophilic 
bacterium isolated from the Kubiki oil reservoir in Niigata Uapan) 
that grows optimally at 80 •c (Takahata et ai.. 2001 ). Some hyper
thermostable enzymes produced by this microorganism have dem
onstrated great potential for industrial applications and served as 
models for investigating structure- function-stability relationships 
in multidomain glycosyl hydrolases (Santos et ai., 201 O, 2011 ; 
Squina et ai., 2010; Cota et ai., 2011 ). 

The p-mannanase from T. perropiJila RKU-1, TpMan, consists of a 
CaZy GHS catalyti c core connected to a CBM27 accessory domain 
by an 1 00-residue-long linker. To date, only six structures of GHS 
endo-P-1.4-mannanases have been solved: TIJermobijida fusca 

Please cite this article in press as: Santos, C.R.d .. et ai. Molecular insights into substrate specificity and thermal stability of a bacterial GHS-CBM27 
endo-1.4-P-o-mannanase. J. Struct. Biol. (2011 ), doi: I 0.1016/j.jsb.2011.11.021 
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KW3 (TfMan, PDB codes IBQC. 2MAN, 3MAN; Hilge et ai .. 1998), 
rriclloderma reesei (TrMAn, PDB codes 1 QNO, P, Q. R, S; Sabini 
et ai .. 2000). 8acillus sp. JAMB-602 (PDB code: 1 WKY: Aki ta et ai .. 
2004), Lycopersicon esculentum (LeMan, PDB code 1 RH9; Bourgault 
et ai .. 2005), Bacillus agamdhaerens (BaMan. PDB code 2WHJ; 
Tailford et ai .. 2009). and Bacil/us sp N 16-5 (PDB code: 3JUG; not 
published). From those, only LeMan and TrMan share some 
sequence identity ( ~ 30%) with TpMan. Both enzymes are non
thermophilic proteins and are poorly related to bacterial ~ -man
nanases because of their low sequence similarity and high degree 
of glycosylation. Severa! p-mannanases from both eukaryotic and 
prokaryotic organisms display high affinity for glucomannans 
( Pressey, 1989: Tenkanen et ai., 1997: Hilge et ai .. 1998: Tailford 
et ai .. 2009; Tanaka et ai .. 2009): however, the identification ofglu
cose binding sites and their respective mode of interaction rema in 
unknown. 

Thus, in arder to shed light on the molecular basis of thermal 
stabili ty and substrate specificity of thermostable bacterial ~- man 

nanases, we performed an extensive biochemical and structural 
characterization of a p-mannanase from the hyperthermophili c 
bacterium r. pecrophila RKU-1. Unfolding studies of deletion mu
tants demonstrated that rhe CBM27 accessory domain confers 
thenno-protection to the catalytic core. The TpMan catalytic core 
structure was solved by the SIRAS method and severalligand-pro
tein structures were obtained at high reso lution revealing the de
tails of the substrate-binding channel and the mechanism of 
glucose binding. 

2. Material and methods 

2. 1. Cloning, protein expression and purification 

The ca talytic domain of the endo-1.4-ll-o-mannanase ( residues 
32-393) from r. petrophi/a RKU- 1 (TpMan.ó.CT, GenBank Access ion 
Code: YP_001245126) was cloned, expressed and purified accord
ing to Santos et ai. (2010). Briefly. Escllerichia coli BL21(DE3).ó.SiyD 
cells harboring the TpMan.ó.CT/pET-28a vector were grown in 
selective LB medi um to an OD600nm of 0.8 and 0.5 mM IPTG was 
added to induce heterologous expression for 4 h. The harvested 
cells were lysed and TpMan isolated from the soluble fraction by 
nickel-affinity and size-exclusion chromatographies. Sam pie qual
ity was assessed by polyacrylamide gel electrophoresis under 
denaturing conditions (Laemmli, 1970) and dynamic light scatter
ing experiments. 

Prior to crystallization, the sample was dialyzed aga inst 25 mM 
Tris- HCI pH 7.5 and concentrated to 12 mg mi 1 with Amicon cen
trifugai ultrafiltration units (Millipore). 

2.2. Enzyme assays 

Mannan endo-1,4-p-mannosidase act1v1ty was determined 
using a modified 3,5-dinitrosalicylic acid (DNS) method (Mil ler, 
1959). The reaction was perfonn ed by mixing 1 O ~1L of the diluted 
enzyme with 50 ~1L of mannan or glucomannan at 5 mg/ml for 
5 min at 85 ' C. The react ion was stopped by the addit ion of 
100 ~·L DNS reagent followed by boiling the sample in a ~ 100 ' C 
water bath for 5 min. A response surface methodology was em
ployed to optimize the reaction conditions for TpMan using gluco
mannan as substrate. The variables pH and temperature were used 
to designa central composite (k = 2) w ith four central points. total
izing 12 experiments (Table 51) (Myers and Montgomery. 2001: 
Cota et ai .. 2011 ). One unit of mannan endo-1,4-p-mannosidase 
activity was defined as the amolmt of enzyme needed to release 
1 ~•mole ofmannose equivalents per minute. Ali experiments were 
dane in triplicate. and average values are reported. 

2.3. Capillary zone elewophoresis of oligosacclwrides 

The ol igosaccharide 1 .4 -~-o- m a nn ohexaose (Megazyme) was 
derivatized with 8-aminopyreno-1,3,6-trisulfonic acid (APTS) by 
reductive aminarion (Chen and Evangel ista, 1995). Capillary zone 
electrophoresis (CZE) was performed on a P/ACE MQD instrument 
(Beckman Coul!er) equipped with laser-induced fluorescence 
detection. A fused-silica capillary (TSP050375, Polymicro Technol
ogies) of internal dia meter of 50 ~1m and total length of 31 cm was 
used as separation column for oligosaccharides. Samples were in
j ected by application of 0.5 psi pressure for 0.5 s. Electrophoresis 
conditions were I 5 kV/70- 1 00 ~IA at a controlled temperature of 
20 ' C. Oligomers labeled with APTS were excited at 488 nm and 
emission was collected through a 520 nm band pass filter. 

2.4. Circular dicllroism spectroscopy 

Far-UV CD spectra of the full-length protein (TpMan) and the 
truncated catalyric domain (TpMan.ó.CT) were measured between 
190 and 260 nm in 1 O mM phosphate buffer. pH 6.0 at 25 ' C with 
a jasco J-81 O spectropolarim eter (Hachioji City, Tokyo.japan) using 
a 2-mm-path- length cuvette and a protein concentration of 
O.l mg/ml. For each experiment. a tota l of 20 spectra were col
lected. averaged and corrected by subtraction of a buffer blank 
and ell ipticity was reported as the mean residue molar elliptici ty 
( 11: deg cm2 dmol 1 

). 

ln arder to investigare the thermal stabili ty, CD spectra were 
analyzed at different temperatures ranging from 20 to 100 ' C. 
Thermal unfolding was monitored by far-UV CD at 222 nm. The 
reversibility of thermal denaturation was verified by cooling the 
denatu red sample and subsequent reheating. 

2.5. Oyscallizatioll, iodine derivatizacion and data colleccion 

Since attempts to c1ysta llize the intact TpMan were unsuccess
ful. dueto the inherent flexibility of the long linker. crystallization 
experiments were carried out w ith a truncated form (TpManóCT) 
in which the linker and CBM27 domain were removed. 

TpMan.ó.CT Clystal s were obtained by the sitting drop vapor dif
fusionmethod at 293 K by mixing 0.5 ~1 1 of protein solution with an 
equal volume of reservoir solution consisting of 0.1 M citrate pH 
5.5. I M ammonium phosphate and 0.2 M sod ium chlor ide. The na
tive structure was obtained when a single crystal was directly 
flash-cooled in a 100 K nitrogen stream without the addition of 
cryoprotenanrs. The iodine derivat ive was prepared according to 
the quick cryo-soaking method (Dauter et ai .. 2000) by soaking 
TpMan.ó.CT crystals in the cryosolut ion ( 12.5% (v/v) glycerol ) w ith 
0.5 M sodium iodide, for I min. Glucose was incorporated by soak
ing crystals in the reservai r solut ion containing 0.5 M glucose. for 
5 min. Likewise the maltose complex was obta ined by adding 
0.1 M maltose in the drop solution. The 1222 crystal form was ob
ta ined from a solution containing 0. 1 M phosphate pH 4.2, 5% (w/v) 
PEG-1000, 36% (w/v) ethanol and 10% (v/v) glycerol (Santos et ai .. 
2010). 

Diffraction intensities were measured at the tunable-energy 
MX2 beamline (Brazilian National Synchrotron Light Source, Cam
pinas, Brazil). Ali datasets were collected w ith X-ray energy set to 
8500 eV except for the derivative c1ystal whose data were col
lected at 7797 eV in arder to increase the anomalous signal. Data 
were indexed, integrated and scaled using the HKL2000 package 
(Otwinowski and Minor, 1997). 

2.6. Structure determination and refinement 

TpMan.ó.CT structure was determined by single isomorphous 
replacement anomalous scattering (SIRAS) method using the 
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native and iodide derivative datasets (Table 1 ). The positions of 
thirteen iodine atoms with occupancy over 0.4 were obtained by 
using the SHELXD program (Schneider and Sheldrick, 2002). The 
iodine substructure was further used to estimare phases using 
the SHELXE program, which also employs solvent flattening meth
od to improve the quality of phases {Sheldrick. 2002). Automated 
model building using the amino acid sequence ofTpMan (GenBank 
code YP _001245126) was performed with the ARP/wARP program 
{Langer et ai .. 2008). Around 99% of the molecule was automati
cally traced. lnitial cycles of refinement involved a restrained and 
overall B-factor refinement using the REFMAC5 program 
(Murshudov et ai., 1997). After each cycle of refinement, the model 
was inspected and manually adjusted to correspond to computed 
crA-weighted (2F0 - F, ) and (F0 - F,) electron density maps using 
the COOT program (Emsley and Cowtan, 2004). Water molecules 
were manually added at positive peaks above 3.0 cr in the differ
ence Fourier maps. taking into consideration hydrogen-bonding 
potential. Crystal structures with resolution better than 1.85 Ares
olution were subjected to restrained and anisotropic refinement in 
!ater cycles. The /222 form and complex structures were solved by 
molecular-replacement method using the refined native structure 
as template with the MOLREP program (Vagi n and Teplyakov, 
1997). Data collection and refinement statistics are summarized 
in Table 1. 

3. Accession Numbers 

Coordinates and structure factors have been deposited in the 
Protein Data Bank with the Accession Cedes 3PZG, 3PZ9. 3PZM. 
3PZN. 3PZI. 3PZO and 3PZQ 

4. Results and discussion 

4.1. Functional characterization 

TpMan was incubated with APTS-Iabeled mannohexaose and 
cleavage products resolved by capillary zone electrophoresis 
(Fig. SI ). The major cleavage product was mannotriose with detec
tion of minor amounts of mannobiose and mannotetraose, con
fi rming tha t TpMan is an endo-p-1 ,4-mannanase. 

A Central Composite Design with two variables (pH and tem
perature) was used to optimize TpMan reaction conditions (Table 
SI). Both wi ld-type (WT) and cata lytic-domain proteins estab
lished maximal activity at the acidic pH range of 4.5-6.5 
(Fig. S2). The truncated catalytic domain had optimal activity ata 
lower temperature range (79-89 ' C) when compared to the WT 
protein {81 - 93 ' C) {Figs. S2B and D). This difference may be an 
indication that the full-length WT protein is more thermotolerant 
than the truncated catalytic domain. A similar thermoprotection 
effect was also observed for Man26 from the thermophilic bacte
rium Ca/dicellulosiruptor strain Rt8B.4, which contains two tandem 
N-terminal CBM27s (Roske et ai., 2004). The deletion ofboth acces
sory domains reduced the optimal temperatu re for catalysis from 
80 to 60 ' C (Roske et ai .. 2004). 

4.2. How use fui is t/Je CBM27 accessoty domain for catalytic function? 

A kinetic study was performed with fu ll-length WT and cata
lytic-domain proteins using 1.4-P-o-mannan and konjac gluco
mannan as substrates {Table 2). Both TpMan and TpManL'.CT had 
a clear preference for konjac glucomannan, exhibiting a signifi cam 
higher catalytic efficiency (Table 2). Preference for konjac gluco
mannan has also been shown for endo-1 ,4-p-mannosidase from 
Aspergillus niger BKOI (Bien-Cuong et ai .. 2009). which shares 32% 
of amino acid sequence identity with TpMan. Moreover. the 

A. niger mannosidase contains no accessory domain indicating that 
the molecular determinants for glucomannan specificity reside 
exclusively in the catalytic domain. lndeed, deletion of the 
CBM27 domain from TpMan had no affect on enzyme specificity 
{Table 2). ln contrast. Man5C from Vibrio sp .. a GH5 mannanase 
with a CBM27 accessory domain, showed strong positive interac
tion ofthe accessmy domain with enzyme kinetics improving cat
alytic efficiency (kca~/Kml {Tanaka et ai .. 2009). On the other hand. 
Man5C was isolated from a mesophilic bacterium and shares only 
37% of amino acid sequence identity with TpMan thus suggesting 
distinctive roles for the accessory domain. 

Unconventionally, the deletion of the accessmy domain has no 
statistically relevant effect on the catalytic efficiency upon both 
mannan and konjac glucomannan (Table 2). For both substrates. 
the truncated catalytic domain showed higher Vm•x· ln addition, 
substrate-binding assays showed that TpMan was not adsorbed 
by insoluble mannan corroborating our kinetic results (results 
not shown).These data suggest that the accessoty domain in 
TpMan contributes neither to increase catalytic efficiency nor for 
substrate specificity. 

4.3. The CBM27 accessory domain is critica/ for thermal stability 

The apparent minor effect of the CBM27 accessory domain on 
TpMan enzymatic function as well as the lower temperature opti
mum of the truncated catalytic domain led us to examine a possi
ble role of CBM27 in enzyme stability. Circular dichroism of full
length WT and truncated catalytic-domain proteins showed typical 
ct/fl fold spectra (Fig. IA), which are in fu ll agreement with oystal
log raphic data. The full-length protein displayed a slighter global 
residual molar ellipticity when compared to the truncated catalytic 
domain (Fig. lA). This effect can be attributed to the built-in 
unstructured I 00-amino acid residue-long linker in the full-length 
protein (Fig. 3S). 

To evaluate the role of CBM27 on enzyme stability, thermal 
denaturation experiments were performed. As predicted, the dele
tion of the CBM27 accessmy domain reduced the melting tem per
ature from 100 to 88 ' C (Fig. IB), confirmi ng the importance of 
CBM27 for thermal stability. Thus, based on these biochemical 
and biophysical evidences. the accessory domain ofTpMan should 
be properly referred as a thermostabilizing domain instead of a 
carbohydrate-binding module. 

4.4. TpMan structure 

TpMan shares low amino acid sequence identity with other 
structurally determined mannanases ( ~ 30 %). The most similar 
mannanases are LeMan. TrMan and CmMan (from Cellvibrio mixtus. 

PDB codes 1UUQ and 1UZ4), which present 33%. 33% and 26% of 
identity and structural superposition rmsd values of 1.6, 1.9 and 
2.0 A. respectively (Fig. 2A, left). CmMan is an exo-cleaving enzyme 
with only one substrate binding subsite (- I ) (Dias et ai.. 2004). Ba
Man and TfMan, are endo-cleaving mannanases with a clear ability 
to cleave glucomannan, but are poorly related to TpMan. 

The three-dimensional structure ofthe TpMan catalytic domain 
folds into a classical {fl/cx)8 barrei (Fig. 2A). The C-terminal barrei 
core of p-strands is surrounded by loops and short helices that 
form a flat molecular surface around the catalytic groove. The ac
tive-site cavity has a volume of 1.507 A' (Fig. S4A) and is populated 
by a number of aromatic and acidic a mino acids including catalytic 
residues, El98 and E317 (Figs. S4B and S5). ln the TpMan active
site geometty, E198 is hydrogen bonded to H278 and Wl34 side 
chains, whereas E317 is coordinated by R71 and Y280 side chains 
(Fig. S5). Residues Y45. W73. Nl97. R200. E235, W284 and W350 
forming the catalytic interface are absolutely conserved within 
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Table 1 
Data and refinement statistics for TpManâCT structures. 

Crystalline form I Crystalline form 11 lodine Glucose Maltose Maltose+ Glycerol 

Data collection 
Space group 1222 P212121 P2 12121 P212121 P2 12,21 P212,2, 
Celf dimensions 

a. b, r(A) 91.03, 89.97, 97.90 55.46, 83.35, 92.18 55.55, 83.63, 92.66 55.43, 83.23, 91.92 55.11 , 83.19, 91.52 55.29, 83.30, 92.08 
Resolurion {À) 30.00-1.40 30.00-1.42 30.00-1.82 30.00-1.55 30.00-1.92 30.00-1.55 

(1.45-1.40)" ( 1.47- 1.42) (1.89-1.82) (1.61-1.55) ( 1.99- 1.92) (1.61-1.55) 
Mosaiciry (0

) 0.9 0.3 0.5 0.4 1.0 0.6 
Rsym(%) 5.1 (33.7) 7.2 (56.8) 9.0 (3 1.1 ) 7.3 (52.2) 9.5 (50.9) 7.1 (56.0) 
l/a(l) 40.3 (4.9) 30.2 (2.2) 24.5 (8.9) 23.2 (2.9) 25.0 (5.0) 24.7 (2.4) 
Completeness (%) 96.5 (78.7) 98.4 (86.0) 99.3 (98.2) 99.9 (99.1) 99.6 (99.3) 97.7 (84.5) 
Unique renections 76,427 (6160) 80.074 (6891) 39,216 (3790) 62,462 (6068) 32,825 (3225) 61.007 (5208) 
Multiplicity 12.1 (8.1 ) 9.1 (5.3) 13.6 (12.5) 6.1 (5.3) 10.0 (10.5) 7.1 (5.7) 

Scmccure refinemem 

RwOfk/Rrre,.(%) 15.4/18.4 14.5/17.8 
Overa\1 B factor 17.4 17.8 
No. pr01ein aroms 2950 2943 
No. warer molecules 319 41 7 
Ligands TRS-GOL 
RMSD bond lengths (A) 0.030 0.030 
RMSD bond angles (•) 2.301 2.229 
Ramaclwndran pior 

Most favored regions (%) 96.9 96.6 
Allowed regions (%) 3.1 3.4 
PDS entry code 3PZG 3PZ9 

• Values in parenrheses are for highest-resolurion shell. 

Table 2 
Apparent kinetic parameters of TpMan and TpManCT. 

v ,~( IU / m g) 

Km (mg/mL) 
Kcdt (s 1

) 

K(•t/Km 

~ -1 ,4-Mann.m 

TpManLICT TpMan 

250 t 10 
1.71 ±0.16 
178 
104 

100!:5 
1.52 ± 0.23 
126 
83 

Glucomannan (Konjac) 

TpManLICT TpMan 

203t6 
0.80± 0.11 
148 
165 

114 t4 

1.02±0.19 
145 
142 

ali other ~- m a nnana ses with significant amino acid sequence iden
tity (> 30%) to TpMan (Fig. 28). 

ln order to determine the mechanisms that guide substrate 
binding interactions of a hyperthermostable ~ -mannanase, six pro
tein crystals complexed with natural and mimetic oligosaccharides 
were obtained (Fig. 56). TI1e seven TpMan structures, one native 
and six carbohydrate complexes shared high overall similarity 
(RM5D < 0.4 A); however. local differences were observed in si de 
chain conformations of residues ar the protein surface due to dis
tinct crystalline contacts. 

4.5. Protein- ligand interactions 

Glucose and maltose ligands were incorporated using the soak
ing method, which yielded high-resolution structures enabling 
accurate interpretations of bind ing modes (Fig. 56). The preference 
for glucomannan as substrate by TpMan (Table 2) motivated the 
soa king with glucose (GLC) and maltose (MAL) molecules, since 
structura l determinants for glucose binding remain unknown. 

ln the glucose-TpMan complex crystal. the monosaccharide 
occupied the + 1 subsite and displayed an unexpected orientation 
in which the reduci ng 01 atam was pointing to lhe negative bind
ing subsite (Fig. 3A). This steric positioning was stabilized by sev
era! hydrogen bonds with residues E198, R200, E235, H283 and 
W284. 

14.0/18.3 16.3/21.0 17.1/20.2 
17.0 18.5 17.4 
2937 2942 2944 
370 265 291 
GLC MAL MAL-GOL 
0.027 0.025 0.033 
2.073 1.997 2.639 

96.9 96.1 96.9 
3.1 3.9 3.1 
3PZI 3PZO 3PZQ 

When TpMan crystals were soaked in the reservoir solution 
containing 100 mM maltose, three maltose (MAL) molecules were 
incorporated; one ata remote si te participating in crystal packing 
(Fig. 57 A) with no apparent biological relevance and two located at 
the active-si te pocket (Fig. 38). MAL1 was found at -3 and -2 sub
sites. and MAL2 was attached to + 1 and - 1 subsites (Fig. 38). 8oth 
ligands made extensive interactions with the catalytically-relevant 
residues and aromatic gate-keepers. Analogously to the glucose 
complex, MAL1 also adopted a pose in which the free 0 1 atom 
was turned to the substrate recognition area (Fig. 38). 

Residue N197 is conserved in ali GHS p-mannanases (Sabini 
et ai .. 2000) and was found in LeMan structure interacting with 
the - 1 mannosyl group (Bourgault et ai .. 2005). Mutating this res
idue to alanine caused loss of activity in f. cltrysantltemi mannan
ase (Bortoli-German et ai .. 1995). ln TpMan complexes with 
glucose and ma ltose, this residue was not making any contacts 
with ligands, indicating that N 197 is exclusively involved in man
nose recognition. 

A complex with carbohydrate mimetics including hydroxy lated 
organic compounds, tris and glycerol, were also obtained. They 
were found at the active-site pocket spanning - 3 to +1 subsites 
and a detailed interaction map is shown in Fig. 578. The TpMan 
CJystal complex with maltose and glycerol showed a similar con
figu ration observed in the ma ltose complex with the exception of 
MAL1 . which was replaced by two glycerol molecules (Fig. 57C). 

The presence of multi pie ligands at the + 1 subsite is compatible 
with the broad substrate specificity exhibited by TpMan, which 
hydrolyzes glucomannan, mannan and other mannan-containing 
polysaccharides. The ligand-protein complexes examined in this 
study revealed a thorough recognition and interaction map of gly
cosyl groups with residues forming the catalytic interface ofTpMan. 

4.6. Mapping of substrate-binding subsites 

Comparative structural analysis of TpMan complexes with 
other mannanase complexes permitted us to map the substrate 
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Fig.l. Biophysical characterization ofTpMan constructs. (A) Fcu-UV CD spectra and (B) thermal denaruration of wild-type (continuous line) and .ã.Cf (dashed line) proreins. 
Experimental denaturation data are shown as open and full circles for .ó.Cf and wr constructs, respectively. 

Fig.2. Sequence and structural analysis ofTpMan. (A) Structural superposition ofTrMan (pink, !eh). LeMan (blue, left ). BaMan (cyan, right), Trr.Aan (green. right) on TpMan 
(yellow. bot h ~ The caralytic residues. El98 and E3 t 7. are drawn as sticks wirh carbon atoms in yel\ow. (B} Multiple sequence alignmenr ofTpMan with orher fl-mannanases 
with known 3-D structures. Residues identical to those ofTpMan are shaded in gray. The residues strictly conserved in all !l-mannanases and cellu!.:.ses belonging to GHS 
family .1re highlighted in blue (catalytic residues) and yellow. (For inrerprerarion ofrhe references to colou r in this figure legend, the reader is referred to the web version of 
this article.) 

binding subsites (Fig. 4). The ligands found in TpMan structures 
covered -3. - 2, - 1 and +I substrate-binding subsites and the 
- 4 and other positive binding subsites were suggested by struc
tural comparisons. 

From the eight residues strictly conserved among GHS mannan
ases and cellulases (Hilge et ai .. 1998). seven are present in TpMan. 
Ali conserved residues encompass - I and +I subsites including 
R71. Nl97. El98, H278. Y280. E317 and W350 (Fig. 4Bi). The -2 
subsite formed by residues Y45. W73 and 0371 is also conserved 
in LeMan and TrMan (Fig. 4Bii). However, in the +I subsite of 
TpMan, there is a non-conserved histidine residue (H283), which 
is replaced by a glutamine in LeMan and by a serine in TrMan 
and with no equivalent residue in both TfMan and BaMan 
(Fig. 4B i). ln the native structure. H283 displayed a double side
chain conformation (Fig.58), whereas in the sugar-complex struc
tures. it adopts a defined rotamer conformation in proximity to 
the aromatic residues W280 and F373 (Fig. 58). ln addition, this 

residue participares in the coordination of MAL and GLC molecules. 
suggesting a role in substrate recognition and interaction. 

The structure ofTfMan with a mannotriose bound to the active 
site (POB code 3MAN) revealed the residues forming - 2. - 3 and 
- 4 subsites (Hilge et ai. . 1998). ln this complex structure, a flat sur
face was observed at the -4 subsite (Fig. 590). whereas in the 
TpMan there is a narrow cleft at the equivalent position 
(Fig. 59A). The residues 084, KSS, 5359 and 0360, which made con
tacts with the glycosyl residue at the - 3 subsite in the TpMan
maltose complex. are closing the aperture and may establish the 
- 4 subs ite (Fig. 4Biii). This region is also different in LeMan and 
TrMan, which contain a wider cleft (Figs. 598 and 59C, respec
tively), indicating that the - 4 subsite in TpMan is unique. 

The - 3 subsite is also different when compared to other man
nanases. mainly because of residue Y3 70 that makes hydrophobic 
stacking interactions with the saccharide ring (Fig. 4Biv). This res
idue is absent in ali other mannanases and in the TfMan structure a 
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similar role is played by residue W30 (Fig. 4Biv). TpMan has a 
phenylalanine residue, FJ37, at the corresponding position, which 
does not seem to interact with the substrate. 

Despite no ligand was observed occupying the +2 subsite in sev
era I TpMan structures, residues R200, E235 and W284 located 
downstream to the +1 subsite are conserved in LeMan and TrMan 
( Fig. 4Bv). Furthermore, these residues made direct or water-med
iated hydrogen bonds with GOL, GLC and MAL molecules that were 
found at the +1 subsi te (Figs. 3 and 57), suggesting that they form 
the +2 subsite in TpMan. 

The +3 subsite was proposed to be formed by residue W171 in 
TfMan (Hilge et ai., 1998) and structural superposition w ith TpMan 
indicares that W253 is the equiva lent residue (Fig. 4Bvi). ln Leman 
and TrMan, this residue is substituted by a tyrosine, and in BaMan, 
there is no corresponding residue. 

ln summary, multiple ligand-complex structures showed that 
TpMan can bind glycosyl groups at subsites ranging from - 3 to 
+ 1. ln LeMan and TrMan those residues involved in binding of gly
cosyl groups, comprising subsites - 2, - 1, + 1 and +2, are conserved 
indicating a similar molecular recognition pattern of gluco-substi
tuted mannans. Studies on BaMan indicated the - 2 subsite in 
determining specificity however, in TpMan, TrMan and LeMan 
the - 2 subsite as well as add itional distal subsites are different, 
suggesting a distinctive structural mechanism. 

5. Concluding remarks 

The carbohydrate-binding modules have been associated with 
targeting the parental catalytic domain to the appropriate sub
strate enhancing the specific activity of the enzyme (Bolam et ai., 
1998; Boraston et ai., 2003; Carrard et ai., 2000). Our biochemical 
data suggested that CBM27 ofTpMan is not implicated in substrate 
selectivity and has no significant effect on enzyme kinetics. On the 
other hand, the accessory domain confers thermal stability to the 
catalytic domain, indicating a structural role. Biophysical charac
terization of other r petrophila glycosyl hydrolases containing 
CBMs showed similar thermo-protective effects. However, the 
mechanism by which CBM27, an independent domain connected 
to the cata lytic domain by a 100-residue-long linker. interferes 
with enzyme stability remains unknown. 

The crystal structure of the catalytic domain. solved by the 
SIRAS method, unveiled the molecular topology of the catalytic 
interface ofTpMan and several ligand-complex structures allowed 
us to define each subsite forming the large substrate-binding chan
nel and to identi fy residues relevant for glucomannan recognition. 
Glucose and maltose complexes revealed that subsites ranging 
from - 3 to +1 are able to bind glycosyl groups so that the saccha
ride adopts an unusual orientation with the free 0 1 a tom turned to 
the substrate-binding subsites. 

The biochemical and structural dissection of this hyperthermo
stable GH5-CBM27 endo-1 .4-P-mannanase from T. petrophila con
tributes to a better understanding of the molecular determinants 
for substrate binding, particularly for gluco-substi tuted mannans 
and presen ts an unconventiona l facet of some carbohydrate-bind
ing modules more related to structural stabili ty instead of enzyme 
function. 
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����� ������	�
���������������	�	�	��������	����������
����	�	����������������	���	�	��	������� ����������	���!�������������������!�����	"���	#�� ������	�
$��������������������	�������������� ����������������#�%&�����$&�������	������	�����	�������	��	����������� ���'�(�)*������� ��+��'(�&*#�



������ �����	
�������
������	
�	
�
�������������������������	����
���	
��� �����	
�����
�����������
������������������	�� 
��!"#����
����	���	���
�	
�	
�
��������$������
����� 
%���
����&
������	
�����'��
��!(#�����&�	
�	
�
�������������
�	
����
����	�������
����&
���� �����	
��)�*��	��
��'�����
�$�	&������	�������
�����������	
����
��+,-.�����+�,/���



����� �����	
������
��	����
������������������������	�� 
������������!�"��������
#
����$��%&&&�����
��	������	����	
'��(��!)�*+,-������
#'��.��./!*+,-������
#'��0��+-.������
#'�����"$-������
#���������"$-*+,-������
#��



����� ������	
��
���	��������
�	��		�
�������
���
����	��
�	����	�
��
�����
�����	�	�
�� 
������	
��
�
�	���	
���	!
�" 
��#�	���
���
����
���	���	�
��
�$	
����%	&���	
���'	�!
���
�( 
������	
���
��#�	���
����
��
�$	
����%	
���	)
� ������	
�*
�� 
+����	
���	&�$���
���,��������
�,
�$	
�	����	
-.*/
���$
	�	�����
�	����#
���
�0)1
����� )
�" 
2	��	�	�������
�,
�$	
30
������	
��
�$	
��	�	��	
�,
�
������	
���	���	)

�



����� ������	
��
���	�����
������	
�	��	�	�������
��
��	
�����	����	
��	��
��
�����
����
 	���
�!��
�����
�"��
�����
�#�
��$
!����
�%�&
��	
������	
��$
���'��
���(�
��
�����$�
��	
�����	$
�����$���
��
	���
	�$��)�*�+�(��������	
�����
��$
(�����	
��
,	���-�
 	���
��
'��	�
�����
��$
(����'���	
��
���.�
�����
��$
(���������	
��
��		�
��$
!����
��
�,��&���



������



�����������	�
����
�����������	��������������	����������������
��������������������
�����������������
���
����
������	��� �������
������� �



����� �PROTEINS 
i e. 

The repeat domain of the type III effector 
protein PthA shows a TPR·Iike structure 
and undergoes conformational changes upon 
DNA interaction 

Mário Tyago Murakami, * Mauricio Luis Sforça, Jorge Luiz Neves, Joice Helena Paiva, 
Mariane Noronha Domingues, André Luiz Araujo Pereira, Ana Carolina de Mattos Zeri, 
and Celso Eduardo Benedetti* 

Laboratório Nacional de Biociências, Centro Nacional de Pesquisa em Energia e Materiais, 13083·970, Campinas, SP, Brazil 

ABSTRACT 

Many plant pathogenic bacteria rely on effector pro
teins to suppress defense and manipulate host cell 
mechanisms to cause disease. The effector protein PthA 
modulates the host transcriptome to promote citrus 
canker. PthA possesses unusual protein architecture 
with an internal region encompassing variable numbers 
of near-identical tandem repeats of 34 amino acids 
termed the repeat domain. This domain mediates pro
tein- protein and protein-DNA interactions, and two 
polymorphic residues in each repeat unit determine 
DNA specificity. To gain insights into how the repeat 
domain promotes protein-protein and protein-DNA 
contacts, we have solved the structure of a peptide cor
responding to 1.5 units of the PthA repeat domain by 
nuclear magnetic resonance (NMR) and carried out 
small-angle X-ray scattering (SAXS) and spectroscopic 
studies on the entire 15.5-repeat domain of PthA2 
(RD2). Consistent with secondary structure predictions 
and circular dichroism data, the NMR structure of the 
1.5-repeat peptide reveals three IX-helices connected by 
two turns that fold into a tetratricopeptide repeat 
(TPR)-like domain. The NMR structure corroborates the 
theoretical TPR superhelix predicted for RD2, which is 
also in agreement with th.e elongated shape of RD2 
determined by SAXS. Furthermore, RD2 undergoes con
formational changes in a pH-dependent manner and 
upon DNA interaction, and shows sequence similarities 
to pentatricopeptide repeat (PPR), a nucleic acid-binding 
motif structurally related to TPR. The results point to a 
model in which the RD2 structure changes its compact
ness as it embraces the DNA with the polymorphic dire
sidues facing the interior of the superhelix oriented to
ward the nucleotide bases. 

Proteins 2010; 78:3386-3395. 
© 20 10 Wiley-Liss, lnc. 

Key words: TAL effectors; tetratricopeptide repeat; pen
tatricopeptide repeat (PPR); Xa11thomonas citri. 
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INTROCUCTION 

Xanthomonas axo11opodis pv. citri (Xac), tbe causal agent of 
citrus canker, induces the formation of raised pustules on the 

surface of the host plant. The pustules typically develop into 
larger corky and water-soaked lesions, which break the epider
mis favo ring bacterial d issemination.l.2 Although it is known 
that canker lesions result from the intense division and expan
sion of the host cells at the site of infection, how exactly Xac 

induces cell d ivision and growth is not yet clear. We have shown 
that Xac modulates the synthesis of cell growth regulators during 
the onset of infec tion3 and that the common action of auxin 

and gibberellin is required for initial canker development4 
lnterestingly, these hormones alone or in combination had no 
apparent effect on citrus cell growth or division, suggesting that 
another factor is required for canker formation.4 This additional 

factor is tl10ught to be the Xac effector protein PthA, which is 
sufficient to promote cell hypertrophy when transiently 
expressed in citrus leaves.s Accordingly, expression of PthA pro
teins in citrus cells provokes transcriptional changes that overlap 

wi th those triggered by Xac infection associated with auxin and 

gibberellin action (Pereira and Benedetti, un published data). 
PthA proteins differ from each other primarily by the 

number of near-identical repeats of 33-34 amino acids that are 
tandemly located in the central region of the protein. This 
domain confers host selectivity and is criticai to determine 
pathogenicity.6,7 PthA proteins are 95-97% identical to 
AvrBs3, the best known Xallfhomonas type III effector protein. 
AvrBs3 is targeted to the nucleus of host cells where it modu-
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lates transcription.8 Notably, AvrBs3 recognizes different 
plant promoters and activares transcription of particular 
genes in both susceptible and resistant plants.9,10 The 
interaction of AvrBs3 with its ta rget DNA is mediated by 
its repeat domain,9- 12 which is also essential for AvrBs3 
dimerization before its nuclear import. 13 Likewise, we 
found that the repeat domain of PtM proteins is criticai 
for protein- protein interactions.1 4 Therefore, it is 
becoming clear that the repeat domain of such effectors 
has a dual character as a protein scaffo ld that allows pro
tein-protein and protein-DNA contacts with host targets. 

An intriguing aspect of the repeat domain of such effec
tors is the variability found in every repeat unit at certain 
a mino acid positions. ln the case of the PthA variants, the 
polymorphism occurs preferentially at Positions 4 (D, E, Q, 
o r A), 12 (No r H), 13 (1, D, G, or S), and 24 (R o r A) of the 
repeat units.14 Since most members of the AvrBs3/PthA 
protein family share high-sequence identity, it has been 
postulated that, besides the variation in the number of 
repeat units, the polymorphism within the repeat units 
would play a criticai role in conferring the specificity 
required for the interactions with particular protein or 
DNA targets. lndeed, recent studies have demonstrated that 
the pair of residues at Positions 12- 13 determines the DNA 
sequence specificiryiS, 16; however, the structural basis for 
these interactions is presently unknown. Thus, structural in
formation on the repeat region becomes highJy relevant for 
understanding the molecular function of this unique pro
tein domain. Although 11umerous homologues of AvrBs3/ 
PtM proteins have been ide11tified, no three-dimensional 
(3D) structure is yet available for any tra11scription activa
tor-like (TAL) effector. Despire considerable efforts, we have 
not yet been able to crystallize any of the PthA variants or 
their repeat domains. Thus, we used a combination of circu
lar dichroism (CD), dynamic light scattering (DLS), nuclear 
magnetic resonance (NMR), small-angle X-ray scattering 
(SAXS) and molecular modeling approaches to gain insights 
into the 3D structure of the Ptl1A repeat domain. ln this 
work, we present the first 3D structure of a peptide corre
sponding to 1.5-repeat units of PthA2 (PDB code: 2KQS) 
anda low-resolution envelope for the entire repeat domain 
ofPthA2 (RD2) that is in agreement with its theoretical tet
ratricopeptide repeat (TPR)-like structure. Spectroscopic 
studies also revealed that RD2 undergoes co11formational 
changes in a pH -dependent manner and in the presence of 
DNA. Furthermore, we show that the repeat units of RD2 
are similar to pentatricopeptide repeat (PPR), a 35 amino 
acid motif that is structurally related to TPR and have 
11ucleic acid bi11di11g activity.17,18 

MATERIALS ANC METHCCS 

Protein expression and purification 

The 15.5-RD2 was amplified from X. citri plasmids 
and clo11ed into the BamHI!Sacl sites of pET28a 

(Novage11). The construct was sequenced and used to 
tra11sform Escherichia coli strai11 BL21 (DE3). Protei11 
expressio11 was i11duced at OD600 = 0.6 with 0.4 mM 
lPTG at 25°C. The cells were harvested after 3 h, centri
fuged , and suspe11ded Íll bindi.J1g buffer (20 mM Tris
HCI pH 8.0, 200 mM NaCI, IS mM imidazole, So/o (v/v) 
glycerol, I mM PMSF, O.So/o Nonidet P-40) a11d incubated 
011 ice with lysozyme (I mg mL - I) and RNAse ( 10 ~L g 

mL -I ) for 30 min. Bacterial cells were disrupted by so11i
catio11 and the soluble fraction was i11cubated with 
DNAse l (0.5 ~Lg mL- L) a11d MgCl2 (2 mM). The suspe11-
sion co11tai11ing the 6xHis-RD2 was loaded 011 a 5-mL 
HiTrap chelati11g HP (GE Healthcare) column pre-equili
brated with binding buffer. The column was washed with 
20 column volumes of the same buffer and the protei11 
was eluted with imidazole gradie11t. After purificatio11, di
thiothreitol (DTT) was added to a final conce11tratio11 of 
I mM a11d fractio11s displayi11g the highest purity were 
co11ce11trated a11d loaded 011 a G75 16/60 Superdex 
(GE Healthcare) colum11, pre-equiJibrated with 20 mM 
Tris-HCI pH 8.0, 200 mM NaCI, So/o (v/v) glycerol, and 
I mM DTT. RD2 was eluted as a si11gle peak with a 
molecular mass correspo11di11g to the mo11omer. 

Oynamic light scattering 

DLS experiments were carried out usi11g a Dy11aPro 
810 (Protei11 Solutio11s) apparatus equipped with a Peltier 
module for temperature co11trol. The wavele11gth of the 
laser light and the output power were set to 830 nm and 
30 mW, respectively. About 100 measureme11ts were 
made at intervals of 20 s for each run. The DLS experi
ments were repeated severa! times with i11tervals of 30 
min to check stability. Protei11 solutions of I mg mL - L 
were prepared i11 50 mM sodium acetate pH 5.0, 50 mM 
sodium phosphate pH 6.0 and 7.0, and 20 mM Tris-HCI 
pH 8.0. The complex of RD2:DNA was prepared in a 
molar ratio of 1.0: 1.2, incubated for 12 h at 20°C, a11d 
centrifuged at IO,OOOg for IS mi11 at 4°C before a11alysis. 
Standard curves of bovi11e serum albumin were used for 
caJibration a11d the experiments were conducted at I8°C. 
Hydrodynamic parameters were determined usi11g the 
software DYNAM I CS v.6.1 0. 1.2. 

CO measurements 

CD spectroscopy experiments were conducted on a 
)ASCO )-810 CD spectrophotometer equipped with a 
Peltier temperature co11 trol using l-mm path quartz cuv
ettes. Spectra were acquired with a final protein concentra
tion of 5.0- 1 O ~LM i11 20 mM Tris- HCI pH 8.0, containing 
1.0 mM DTT and 100 mM NaCl. The RD2:DNA mixes 
were incubated for 3 h at 20°C a11d centrifuged (lO,OOOg) 
for 15 min at 4°C before analyses. CD measurements were 
co llected between 185 and 260 nm using a scannjng rate 
of 50 nm min - L with an average response time of 4 s. 
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Secondary structure variations were monitored as a func
tion of changes in the initial CD spectrum upon addition 
of sodium dodecyl sulfate (SOS) for the 1.5-repeat unit. 
For ali the spectra, an average of I O scans was accumulated 
and the background spectrum of the buffer was subtracted. 

NMR studies 

NMR experiments were performed at 20°C using a Var
ian Inova 600 MHz spectrometer equipped with a cryo
genic probe. Synthetic peptides (Proteimax, São Paulo, 
Brazil) corresponding to 1.0- or 1.5-repeat units of the 
repeat domain of PthA were dissolved in 20 mM phosphate 
buffer, pH 5.0, containing 70 mM SOS, 1.0 mM DTT, and 
So/o (v/v) 0 20 , ata final concentration of ~ 1.0 mM. Pep
tide resonance peaks were assigned u s i1~ standard meth
ods including correlation spectroscopy, I total correlation 
spectroscopy (TOCSY),20 and nuclear Overhauser 
enhancement spectroscopy (NOESY).21 The TOCSY spec
tra were acquired using a D!PSI spin-lock sequence at a 
field strength of 10 kHz and a mixing time of 70 ms. 
NOESY spectra were recorded with mixing times of I 50 
and 300 ms. Ali 2D experiments were acquired in the 
phase-sensitive mode using the method of states22 Water 
suppression was achieved by low-power continuous wave 
irradiation during the relaxation delay or using the 
WATERGATE method.23 Data were processed and ana
lyzed using the NMRPipe/NMRVIEW software.24 Before 
Fourier transformation, the time domain data were zero 
filled in both dimensions to yield a (4096 by 4096) data 
matrix. When necessary, a fifth-order polynomial baseline 
correction was applied after transformation and phasing. 
To obtain distance constraints, crosspeak volumes were 
estimated from the NOESY spectra. 

The structure of the peptide corresponding to 1.5-repeat 
units of PthA was calculated in a semiautomated iterative 
manner with the program CYANA version 2.1,25 using 100 
starting confonners. CYANA 2.1 protocol was applied to 
calibrate and assign NOE crosspeaks. After the first few 
rounds of automatic calculations, the NOESY spectra were 
analyzed again to identify additional crosspeaks consistent 
with the structural model and to correct misidentified 
NOEs. The structures obtained were further refined by 
restrained minimization and molecular dynamic (MD) 
studies using the CNS software.26 The 20 structures with 
the lowest target function were selected to represent the en
semble of peptide structures. The quality of the structures 
was analyzed with PROCHECK-NMR.27 The NMR data 
were deposited in the biological magnetic resonance bank 
(BMRB) and protein data bank (PDB) under the entry 
codes 16589 and 2KQS, respectively. 

SAXS data collection and analysis 

SAXS data were collected at the DIIA-SAXS beamline at 
the Brazilian Synchrotron Light Laboratory (LNLS). The 
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radiation wavelength was set to 1.488 Â and a charge
coupled device area detector (MARCCD 165 mm) was 
used to record the scattering patterns. The sample-to-de
tector distance was set to 1415.95 mm to give a scattering 
vector ranging from O. I O to 3.5 nm - I. The measurements 
were carried out with a sample concentration of 2 mg 
mL - I at I8°C. Each protein sample was previously 
analyzed by DLS and only monodisperse solutions 
(polydispersity <20o/o) were used. Protein samples were 
centrifuged for 15 min at I O,OOOg to eliminare any existing 
aggregates immediately before each measurement. The 
scattering curves of the protein solutions and buffers were 
collected in frames of 300 s each to avoid radiation
induced protein damage. Each frame was carefully checked 
for possible bubbles or radiation-induced aggregation of 
the protein before calculating the average intensity and the 
associated experimental error. The experimental intensities 
were corrected for background, buffer contributions, 
detector inhomogeneities, and sample transmission. 

The radius of gyration (Rg) was evaluated using Guinier 
approximation28 as implemented in the program PRJ
MUs.29 The indirect Fourier transform package GNOM30 
was used to evaluate the pair-distance distribution func
tion p( r). The low-resolution envelope of the RD2 protein 
was determined using ab illitio modeling implemented in 
DAMMIN.3 1 An averaged model was generated from sev
era! runs using the DAMA VER suite of programs.32 The 
SAXS model and the NMR structures were superimposed 
with SUPCOMB)3 

Homology molecular modeling of the RD2 

The crystal stmctures of importin ~-1 from Saccharornyces 

cerevisiae (2BPT)34 and TlP 120 from Homo sapiens 

( l U6G)35 were used as 3D templates for restraint-based mod
eling as implemented in the MODELLER program.36 The 
overall model was improved enforcing the proper stereochem
istry using spatial restraints and CHARMM energy terms, fol
lowed by conjugate gradient simulation based on the variable 
target function method.36 Ten models were built for the RD2 
sequence based on the (m)GenThreader alignment. Allmod
els were evaluated with the DOPE potential and d1e one with 
the lower global score was selected for explicit solvent MD 
simulation using GROMACS37 to check its stability and con
sistency. The overall and local quality analyses of the final 
model were assessed by VERJFY3D,38 PROSA,39 and 
VADAR.40 Three-dimensional structures were displayed, ana
lyzed, and compared using the program coor41 

RESUL TS ANC CISCUSSION 

The 1 .5-repeat peptide of PthA shows a 
TPR·Iike fold 

Secondary structure algorithms predict only a-helices 
and turns for the repeat domains of PthA proteins. Not 
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Structural features of the repetiti,·e units of RD2. (a) PSIPRED 
secondary structure prediction of two consecutivo repeat units of RD2 
showing coils (C) and hei ices (H). The 1.5-repeat unit peptide used for 
structural resolution is shown in bold and the secondary structure 
dements determined by NMR are represented undcrneath the sequence. 
(b) CD curves of the purified 15.5-repeat domain (5 ~M) of PthAl 
(RD2 ) in comparison with that of the 1.5-repcat unit peptide {lO ~M ) 

in the presence and absence of diiTerent SDS concentrations. 

surprisingly, the predictions are almost identical within 
each of the repeat units, as shown for two consecutive 
repeats found in the PthA variants [Fig. l (a)]. The pre
dictions are consistent with the far-UV CD spectrum of 
the entire 15.5-RD2 showing two minimum peaks at 208 
and 222 nm and a positive peak at 193 nm, which indi
cate that RD2 has high contents of a-helices [Fig. I (b)]. 

CD data analysis has indicated that the 34-amino acid 
peptide corresponding to one repeat unit of PthA is not 
structured in solution (not shown). Thus, we have used 
;, silico 3D modeling algorithms to find a minimal pep
tide size that possesses the stereochemical requirements 
for a structured motif, and we observed that the 1.5-
repeat peptide is the minimal structural unit of the 
repeat region of PthA. CD measurements indicated that 
the 1.5-repeat peptide is partially unfolded in solution; 
however, addition of 2 mM SDS was sufficient to increase 
the contents of secondary structural elements, particu
larly a-helices [Fig. 1(b)] . Although SDS has been sue-

cessfully used to investigate the structure of membrane 
peptides, it has also been shown to stabilize conforma
tions in peptides with propensity to form a-helices via 
electrostatic interactions.42 We therefore used NMR tech
niques to solve the structure of the 1.5-repeat peptide in 
the presence of SDS since no experimental 3D model of 
the repeat unit was yet available. 

The 1.5-repeat structure was solved using 982 distance 
constraints derived from the NOESY spectra. The inter-resi
due NOEs correlate with the chemical shift index and show 
a dense panem of daN(i,i + 3), da[3(i,i + 3), and daN(i,i 
+ 4) OEs involving residues V3-IIO, Ql4-Q20, P24-A29, 
and V37-G45, indicating that these regions possess an heli
cal fold (Supporting Information Figure 1). Statistics of an 
ensemble of 20 lower energy structures [Fig. 2(a)] show no 
significant violations of the molecular geometry parameters 
(Table I). ln addition, the Ramachandran plot analysis 
shows that ali phi-psi angles are in allowed regions and the 
root mean square deviations (RMSD) for the backbone and 
side chains are within expected values, indicating a good 
stereochemical quality of the ensemble. 

The peptide folds into a helical-bundle structure that 
is very similar to the TPR topology [Fig. 2(a)], thus cor
roborating the secondary structure predictions and CD 
data. ln fact, the CD curve of RD2 is quite similar to 
those of TPR domains with a 222/208 nm rati.o of ~ 1.3, 
which indicates coiled-coil-like conformations.43-46 The 
specific interactions responsible for these conformational 
states are the presence of a series of hydrogen bonds 
between the backbone carbonyl (C=O) of residues "t 
and the backbone amide (NH) of residues "i + 4" span
ning the helical regions. The secondary structure is also 
stabilized by hydrophobic interactions that keep the heli
cal regions dose together. Preferential spatial arrange
ment is confirmed by NOE interactions between side 
chains of the hydrophobic residues V4-S8 with Tl8-L22 
and Ll6-C27 with L32-H43 [Fig. 2(b) [. 

Interesti.ngly, the two hypervariable diresidues I and 
HD, known to specify preferential interactions with ade
nine and cytosine in DNA target sites, respectively,15,16 
are structurally dose in the NMR structures [Fig. 2(c) ]. 
This would be expected considering that each pair of the 
variable residues recognizes one nucleotide in a linear 
fashion, that is, one variable diresidue to one nucleotide 
in the D A target sequence.IS, 16 We also noticed that 
the K residues, which typically play a central role in pro
tein- DNA interactions,47 are located adjacently to the 
polymorphic diresidues [Fig. 2(c)]. 

The RD2 has an elongated shape 

The ab initio molecular shape of RD2 was determined 
by SAXS analysis and the corresponding profiles of the 
scattering curve and distance distribution function p( r) are 
shown in Figure 3(a). SAXS calculations revealed a maxi
mum dimension of 129 Ã from the p(r) curve anda gyra-
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Figure 2 
The NM R slruclure of lhe 1.5-repeal peplide of PlhA. (a) Ensemble of lhe ZO lowesl energy slruclures showing lhree h e! ices connecled by 1wo 
lurns. (b) The lowesl energy structure showing lhe hydrophobic inleraclions between lhe side chains of residues VVA!A and LLPVL, which slabilize 
lhe structure. (c) Orientalion of lhe hypervariable diresidues Nl and HD relative to the K residue in the peptide structure. 

tion radius of 40.82 ± 0.01 Ã for the RD2 molecule. These 
values are in agreement with those obtained from the 
in silico modeling (see below) and indicate that RD2 is a 
monomer in solution. Analytical size-exclusion chroma
tography and DLS data also suggest that RD2 is a mono
mer in solution with a hydrodynamic radius of around 
4.5 nm for a sample with low polydispersity index (IS%). 

The low resolution envelope of RD2 was derived with
out imposing any constraints [Fig. 3(b)]. Structural 
aligmnents of each individual molecular model, obtained 
by ab initio shape reconstruction, showed that they are 
very similar as indicated by the normalized spatial dis
crepancy (NSD) values, which are around 0.8. The RD2 
model reveals an elongated or extended shape consistent 
wi th the notion that the repeat units are structuraUy 
arranged in tandem along the repeat region I Fig. 3(b) [. 
The elongated shape of the RD2 molecule can also be 
noted from the p(r) curve profile [Fig. 3(a)]. 

Molecular modeling predicts a TPR-Iike 
superhelical structure for RD2 

Fold assignment searches for RD2 using PSIPRED48 
returned 10 protein structures with significant scores, aU 
displaying TPR domains. The crystal structures of the yeast 
importin [31 (PBD code: 2BPT) and human T!P120 (PDB 
code: I U6G) were used as templates to generate a 
restraint-based 3D model of RD2 [Fig. 4(a)]. The model 
shows good local and global stereochemical properties 
with a Z-score of 6.8. Analyses of the Ramachandran plot 
indica te that 93% of the RD2 residues are in most favor
able regions, 5o/o are in additional aUowed regions and only 
2% are in disaUowed regions. ln addition, local qual ity 
analysis assessed by plotting the energies as a function of 

3390 PROTEINS 

the amino acid pos1t10ns shows no positive values thus 
highlighting the good stereochemical quality of the model 
and its suitability for structural analysis and comparisons. 
The NMR structure of the 1.5-repeat peptide superimposes 
adequately wi th the RD2 model with an RMSD of 2.7 Ã 
[Fig. 4(b)], thus corroborating the in silico model. 

The RD2 3D model conserves aU the structural features 
found in TPR-containing proteins encompassing 31 anti
paraUel a-helices that fold into a superhelical structure 
[Fig. 4(a)] and is in agreement with previous molecular 
modeling studies.49 Furthermore, the superhelix model is 
consistent with the RD2 CD data showing an average 222/ 
208 nm ratio > LI, which is typical of coiled-coil regions. 
The repeat units of RD2 have the same amino acid seg
ment length ofTPRs and their superposition indicates that 

Table I 
Struc1ural Statistics of lhe 1.5-Repeat Unil Peptide 

NOEs 
Total number 
Short range li - fl ~ 1 
Medium range 1 < li -/o < 5 
Long range li- fi ::>: 5 

CYANA 
Target function 
Distance violation >0.20 
Dihedral angles >5 

RMSD 
Backbone !total) 
Side chain !total) 

PROCHECK 
Most favorable 
Additional allowed 
Generously allowed 
Not allowed 

982 
650 
156 
176 

1.01 ± 0.15 
o 
o 

0.72 ± 0.13 
1.54 ± 0.17 

84.1% 
15.3% 
0.6% 
0.0% 
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Figure 3 
Ab i11itio shape determinat,on of RD2. (a) Experimental SAXS curve 
and the theoretical fitting of the data (black and red, rcspectively) using 
the program GNOM. The inlct shows the pair distance distribution 
function p(r). (b) Differcnt vicws of the ab i11itio low resolution 
DAMMIN envelop model of RD2 in solution. The NSD valucs for a set 
of IS DAMMIN and GASllOR modcls ranged from 0.85 to 0.95 in both 
calculations. 

they are quite similar to one another (RMSD :S 1.5 Â). As 
observed in the structure of the 1.5-repeat peptide [Fig. 
2(b)], the superhelix is stabilized by contacts of hydropho· 
bic residues across the a -helical faces resulting in a contin· 
uous hydropbobic core. Additional polar interactions 
between dose side chains contribute to the protein packing 
and stabilization. Notably, the i11 silico model fits remark· 
ably well on the SAX.S envelope and displays a SD of 
1.25, indicating high-shape complementarity between the 
ab i11itio envelope and the surface of the theoretical super· 
helix model [Fig. 4(c)J. 

TPR domains are a well-known protein scaffolds tha t 
mediate interprotein associations and assembly of multi· 
protein complexes in numerous organisms. The domain 
was first identified in yeast proteins required for mi tosis 
and RNA synthesis as a dcgcncratcd 34-amino acid 
sequence arranged in tandem repeats.50,51 Since then, 
studies have highlighted its diversity of arrangements and 
functions.52,53 More recently, it was found that TPR 
domains can self-interact and promote protein oligome· 
rization.43,54,55 Thus, the TPR-superhelical structure of 

RD2 is consistent with the fact that RD2 also self-inter· 
acts in two-hybrid assays and associates with a number 
of citrus proteins, including thc TPR domain of TDx.14 

Conformational changes of RD2 upon 
interactlon wlth DNA 

Although TPR domains have not been reported to bind 
nucleic acids directly, they are found in numerous DNA 
and RNA-binding proteins.5 1,53,56,57 To gain insights 
into how the RD2 superhelix could bind DNA with 

(b) 

(c) 

Figure 4 
The structural model of RD2. (a) A cartoon representation of the TPR· 
like superhelical structure of RD2 dcpicting helices in cyan and loops in 
magenta. (b) Supcrposition of thc NMR (gray) and modeled structures 
(cyan) of the PthA 1.5-repeat unit. (c) Orthogonal views illustrating the 
superposition of the TI'R-Iikc supcrhclical structurc of RD2 onto its 
SAXS envelope. 
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Figure 5 
Conformational changes of RD2. (a) A ribbon representation of the RD2 TPR-like structure highlighting the relative Jocation of the hypen'ariable 
diresidues (yellow spheres) and the lysines (blue spheres). The approximate dimensions of the height, cleft and spacing between two consecutive 
hypervariable diresidues are shown. DLS curves of RD2 at different pHs (b) and aftcr incubation with the singlc-strand (ss) or double-strand (ds) 
DNA sequence ACACATTCTAAAATTTATATAAACCCTCATCCATITCC derived from a citrus PthA-induced promoter (c). 

sequence specificity, we looked at the spatial distribution 
of the polymorphic residues at Positions 12 (N or H) and 
13 (1, D, or G). As observed in the 1.5-repeat peptide struc
ture [Fig. 2(c)], the NI, HD, and NG pairs are located at 
the same side of the molecule at the tip of helixl, in close 
proximity to the K residues [Fig. 5(a)]. Furthermore, it is 
evident from the RD2 model that the polymorphic diresi
dues are mostly oriented to the inner face of the superhelix 
[Fig. 5(a)]. Thus, the only way the polymorphic residues 
could contact DNA would be the protein embracing the 
double strand, which is consistent with the fact that ligand 
binding in TPR proteins predominantly involves the con
cave surface ofthe TPR domain.53 The atomic distances of 
the superhelix clefts ( 18 Â wide on average) supports this 
notion [Fig. 5(a)]. However, both the modeled structure 
and the SA.XS envelop of RD2 have a molecular length of 
~ 11 5 Â [Fig. 5(a)], which would cover ~34 nucleotides, 
that is, twice as many nucleotides as predicted to bind 
RD2. 15 Therefore, to be able to bind a 17-nucleotide target 
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sequence, as predicted by the linear recognition model of 
one nucleotide per hypervariable di residues, l5,16 the RD2 
protein would have to undergo some degree of compac
tion, like a coil spring being compressed. Surprisingly, 
when the hydrodynamic behavior of RD2 was investigated, 
substantial changes in its hydrodynamic radius (Rh) dueto 
pH changes were found [Fig. 5(b)]. At pH 8.0, the RD2 
molecule displays an Rh of 4.5 nm that is consistent with 
the SAXS measurements done at similar pH. However, at 
more acidic pH, which might mimic the DNA surface, the 
R11 values are around 3.5 nm, indicating that RD2 can 
assume a more compact structure [Fig. 5(b)]. SimiJarly, 
RD2 significantly increased its compactness (R11 of 3.6 nm) 
in the presence of a DNA fi·agment derived from a citrus 
promoter upregulated by PthA2 [Fig. 5(c)] . Changes in the 
hydrodynamic radius was not clearly observed when the 
corresponding singJe-strand sense DNA was used [Fig. 
5(c)], indicating that compaction preferentially occurs 
upon double-strand DNA interaction. 
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CD speclra of RD2 ai differem pHs and in thc prcscncc of DNA. CD curves of 
RD2 protcin takcn at diflerent pHs (a) and after inwbation with two DNA 
fragments (c), showing major changes in the 222/208 nm ratios ai acidic pH 
and in the prcscnce of DNA. The DNAI sequence (ACACATTCTAAAATTTAT 
ATAAACCCTCATCCATTTCC) ~ derived from a citms promoter upregulated 
by PthA2 whereas DNA2 contains the predided PthA2 binding site15 (ACAC 
ATTCTAAAATTTACACACCTCTTTTAATATTTCC). 

To further investigate these conformational changes, the 
secondary structure of RD2 at different pHs and in the 
presence of DNA was analyzed by CD spectroscopy. At 
acidic pH, RD2 apparently looses some of its a -helical 
contcnts, as judged by the lower intensities of the 208 and 
222 n111 negative signals at pHs 7.0, 6.0, and 5.0, relative 
to pH 8.0 [Fig. 6(a)]. However, the 222/208 n111 ratio 
shi fted from 1.3 at pH 8.0 to nearly 1.0 at pH 5.0, indicat
ing a decrease in coiled-coil-like confonnations at acidic 
pHs. The 222/208 nm ratio of RD2 also diminished in the 
presence of DNA. This was observed not only with the cit
rus promoter fragment but also with a DNA fragment 
containing the predicted PthA2 binding siteiS [Fig. 6(b)]. 
lnterestingly, it has been shown that a disulfide bond 

within the TPR region of the barley Sgtl protein is 
thought to promete a co111paction of the helical bun
dles.43 The reduced Sgt I h as a CD 222/208 n111 ratio of 
~ 1.2, whereas oxidized Sgt I h as a ratio of ~ 0.9 , 4 3 indicat
ing that compaction of the TPR helical bundles is associ
ated with a decrease in its coiled-coil-like conformation. 

The repeat units of R02 are similar to 
PPR motifs 

As TPR domains show no obvious sequence similarities to 
the repeat units of RD2 and so far have not been reported to 
bind DNA directly, we searched for TPR-related motifs with 
known nucleic acid binding properties. Surprisingly, we found 
that the consensus sequence of PPR motifs58,59 is very similar 
to that of the repeat units of RD2 (see Fig. 7). ln addition, 
BLAST searches using the RD2 sequence as query also identi
fied a number of Arabidopsis (Q9MA95.2, NP _187175.1 ) and 
rice (Os02g0555100, Os)_07125, Os)_12287) proteins con
taining PPR motifs. 

PPRs are formed by 2- 26 tandem arrays of a degener
are 35 amino acid motif with an average of 9- 12 motifs 
per protein.1 7,58 PPR proteins have been associated with 
the transcription and translational 111achineries, playing 
roles in mRNA stabilization and RNA editing.l7,18,60 
lnterestingly, some of the citrus proteins that were iso
lated in a two-hybrid screening as interactors of PthAs 
are associated with RNA stabilization. 14 Although no 
PPR structures are known, tandem PPR motifs are pre
dicted to fold into a superhelical structure just like the 
TPR superhelix.18,58 Accordingly, the CD spectrum of 
111aize PPRS resembles that of RD2 17 and a structural 
111odel of PPRs superposes well to the RD2 superhelix 
(results not shown). Thus, the structure of RD2 proposed 
here is consistent with the notion tln t nucleic acid-bind
ing PPR motifs display a TPR-like fold. Although PPR 
proteins are almost absent in prokaryotes, the fact that 
they are predominantly found in plant mitochondria and 
chloroplasts61 raises the possibility that PthAs and 
related type III effectors might have evolved from a com-
111on PPR ancestor protein. 

Figure 7 
The repeat units of RD2 are similar to PPR motifs. Protein sequence 
alignment between three polymorphic repeat units of RD2 and the 
consensus sequence from 1303 pentatricopeptidc (PPR) motifs57 

pcrformed by ClustaiW2 (EMBL-EBI ). identical residues are shadcd and 
indicated by astcrisks, whercas similar residues are indicated by singlc 
or double dots. Dots in the !'PR consensus scqucncc reprcsent the most 
variable rcsiducs in PPR motifs. 
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ln conclusion, this work provides the fi rst experimen
tal structural data of the PthA repeat domain. Both the 
NM R structure of the 1.5-repeat pcptide and the SAXS 
envelope of RD2 corroborare the theorctical model that 
predicts a TPR-supcrhel ical structurc for RD2. Moreover, 
DLS and CD studies show that RD2 undergoes confor
mational rearrangements upon DNA interaction thus 
supporting the idea that the protein embraces the DNA 
with differential compactness as to covcr a va riable num
ber of nucleotides. 
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