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In addition, Fragment-Based approaches for drug discovery and 
even conventional SBDD protocols quite often encounter difficulties 
in introducing ligands either by soaking or co-crystallization of low 
affinity compounds. Often, this is because the active sites of the 
targets of interests are ocuppied by salts, additives or other chemicals 
that preclude the succesful crystallization/soaking of target:ligand 
complexes. 

We have explored the use of relative humidity control of protein 
crystals to overcome some of these issues. We have used crystals of 
PurE (EC.4.1.1.21), an enzyme from the purine biosynthesis pathway 
of B. anthracis as a test case. Our findings can be summarized as 
follows: i) using humidity control, it is possible to improve/optimize 
the diffraction quality of crystals soaked with ligands/inhibitors; 
ii) optimization of the relative humidity can compensate for the 
deterioration of the diffraction pattern that is observed upon desalting 
crystals grown in high salt; iii) combining de-salting protocols with 
PEG addition it is possible to achieve very high concentrations of weak 
ligands (5-10 mM range) in soaking solutions; and iv) fine control 
of the relative humidity of the crystals soaked in these solutions can 
compensate for the deterioration of crystal diffraction and restore ‘high 
resolution’ diffraction for SBDD and FBDD. 

[1] J.D. Bernal, D.C. Crowfoot, Nature 1934, 794, 133-134. [2] Kiefersauer 
et al. . J. Appl. Cryst. 2000, 33, 1223-1230. [3] Sanchez-Weatherby et al. Acta 
Cryst. 2009, D65, 1237-1246. [4] Böttcher et al. Methods in Enzymology 2011, 
493, 61-89, [5] Russi et al. 2011 J. Struct. Biol. In press. 
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Neisseria meningitidis is the causative agent of meningitis and 
septic shock. Septic shock results from the recognition of the neisserial 
endotoxin by the receptor complex, MD-2/TLR-4, that leads to high 
level induction of the pro-inflammatory cytokines. Endotoxin is a 
glycolipid that binds MD-2 via the lipid portion, lipid A, which can be 
modified with phosphoethanolamine (PEA).

The transfer of PEA to the lipid A is catalysed by the enzyme 
NmLptA. The addition of the PEA groups to lipid A appear to play 
important roles in moderating the ability of the bacterium to attach to 
host cells and increases resistance. Lastly, the potency of meningococcal 
lipid A to stimulate the inflammatory response via MD-2 is determined 
by the amount of PEA decorating the lipid A. As such, NmLptA may be 
suitable target for the future development of small molecule inhibitors 
for the treatment of meningococcal infections. 

NmLptA is an integral membrane protein consisting of a 
transmembrane domain and a globular domain. In order to understand 
how NmLptA catalyses the addition of PEA to lipid A, we have solved 
the X-ray structure of the soluble domain of the enzyme by MAD 
phasing.  The fold of the enzyme is strikingly similar to the alkaline 
phosphatase family, and the structure contains a zinc ion, which may be 
indicative of the location of the enzyme active site. In addition, a ligand 
covalently bound to Thr280 at the active site is apparent in the electron 
density map. These observations give important insight into NmLptA, 

and enable the identification of key catalytic residues essential for 
substrate binding and catalysis.

Keywords: protein crystallography, enzyme mechanism, structural 
biology 

MS.93.2
 Acta Cryst. (2011) A67, C201

Structure of respiratory complex I
Leonid Sazanov, Rouslan Efremov, Rozbeh Baradaran, MRC 
Mitochondrial Biology Unit, Cambridge, (UK). E-mail: sazanov@
mrc-mbu.cam.ac.uk

NADH-ubiquinone oxidoreductase (complex I) is the first and 
the largest enzyme in the respiratory chain of mitochondria and most 
bacteria. Complex I is implicated in many human neurodegenerative 
diseases, as well as in aging. We study bacterial complex I as a 
“minimal” model of human enzyme. It is an L-shaped assembly, 
with the hydrophobic arm embedded in the membrane and the 
hydrophilic arm protruding into the bacterial cytoplasm. Previously, 
we have determined the crystal structure of the hydrophilic domain 
of complex I from Thermus thermophilus, revealing the arrangement 
of NADH, flavin and nine Fe-S clusters in an electron transfer chain 
[1,2].

The mechanism of coupling between the electron transfer and 
proton translocation in complex I is currently not established. Recently, 
we have crystallised the membrane domain of complex I from E. coli 
and determined, by X-ray crystallography, its α-helical structure [3]. 
We have also crystallised the entire complex I from T. thermophilus and 
determined its structure by molecular replacement with the previously 
determined structure of the hydrophilic domain and the α-helical 
structure of the E. coli membrane domain. The overall architecture 
of complex I, thus revealed, provides strong clues about the coupling 
mechanism. The conformational changes at the interface of the two 
main domains may drive the unusual long amphipathic α-helix in a 
piston-like motion, tilting nearby discontinuous trans-membrane 
helices in three similar antiporter-like subunits, resulting in proton 
translocation.

[1] L.A. Sazanov, P. Hinchliffe, Science 2006, 311, 1430-1436. [2] J.M. 
Berrisford, L.A. Sazanov, J. Biol. Chem. 2009, 284, 29773-29783. [3] R.G. 
Efremov, R. Baradaran, L.A. Sazanov, Nature 2010, 465, 441-445.
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Antimicrobial proteins are considered to be of interest in food 
biocontrol, agricultural biotechnology and for the treatment of 
bacterial infections since they constitute an alternative to classical 
low molecular weight antibiotics. One group of enzymes generating 
hydrogen peroxide are the L-amino acid oxidases (LAOs), which 
oxidize L-amino acids, releasing the corresponding keto-acid and 
ammonium in addition to hydrogen peroxide. The melanogenic 
marine bacterium Marinomonas mediterranea synthesizes a novel 
antimicrobial protein (LodA) with lysine-epsilon oxidase activity 
(EC 1.4.3.20). LodA seems to contain a quinonic cofactor and is very 
specific for L-lysine, catalyzing the reaction: L-lysine + O2 + H2O → 
2-aminoadipate 6-semialdehyde + NH3 +H2O2. Homologues to LodA 
have been detected in several Gram-negative bacteria, where they are 
involved in biofilm development.

We have obtained crystals of the recombinant LodA protein that 
belonged to the monoclinic P2 space group. These crystals diffracted 
up to 2.4 Å in a synchrotron source. The asymmetric unit presented a 
homodimer. The monomer is made up by 726 amino acids of which only 
the first 686 are visible in the crystallographic structure, the missing 
amino acids corresponded to the C-terminal region of the sequence. 
The structure of the monomer showed the presence of a central core 
with three different domains (according to its secondary structure), 
a first domain made up by three beta-sheets, a second made up by 
alpha-helices, and a third that do not present much ordered secondary 
structure. Coming out of this central core there are two long pleated 
beta-sheets (36 and 24 amino acids) that embrace the other monomer 
giving stability to the crystallographic dimer. The observation of the 
crystallographic contacts suggests that the biological unit might be a 
tetramer, this point has to be confirmed by other experiments.

The quinonic cofactor that takes part in the catalytic reaction is 
made up by a cysteine bound to a modified tryptophan forming a 
cysteine tryptophylquinone. The active site is located on one side of 
the central core, and at the same side where the pleated beta-sheets 
protrude to interact with the other monomer. This geometry will allow 
the small substrate to diffuse easily into the interior of the active site, 
but will hamper any bigger substrate containing L-lysine (polypeptide 
or protein) from entering the active site.
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[NiFe] hydrogenases catalyze the reversible production of 
molecular hydrogen in many microorganisms. The active site of 
[NiFe] hydrogenases carries a NiFe(CN)2CO center. The assembly of 
the metal center of [NiFe] hydrogenases is a complicated process that 
requires six specific maturation proteins: Hyp proteins (HypABCDEF). 
In the maturation process, HypC (metallochaperone), HypD (4Fe-4S 
protein) and HypE (CN synthesis) are involved in the synthesis and 
insertion of the Fe(CN)2CO ligand. HypC and HypD form a complex, 
which receives the CN ligand from HypE through transient interaction 
between them. The crystal structures of these proteins revealed 

structural features of each protein and functional roles of conserved 
motifs [1]. HypD is notable for having a thiol redox cascade similar 
to the ferredoxin:thioredoxin reductase system. However, it remains 
unclear how HypC, HypD and HypE form the binary and ternary 
transient complexes that catalyze the biosynthesis of the Fe(CN)2CO 
ligand.

In order to gain a better understanding of the maturation process, 
we have determined the crystal structures of the HypC-HypD 
(HypCD) and HypC-HypD-HypE (HypCDE) complexes, 2.55Å and 
2.25Å resolution, respectively. In the HypCD complex, HypC is bound 
to the conserved region of HypD through extensive hydrophobic 
interactions and several hydrogen bonds. HypD undergoes an induced 
fit conformational change to recognize the β-barrel domain of HypC. 
In the HypCDE ternary complex, the HypCD complex is loosely 
bound to each C-terminal side of the HypE dimer using a hydrophobic 
anchor. The HypC N-terminus and HypE C-terminus, which contain 
essential cysteine residues, can access the HypD conserved motifs, 
including a thiol redox cascade. These results provide a structural 
basis for Fe atom cyanation by the thiol redox cascade in the transient 
HypCDE complex.

[1] S. Watanabe, R. Matsumi, T. Arai, H. Atomi, T. Imanaka, K. Miki Mol. 
Cell 2007, 27, 29-40.
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The crystallization of NaClO3 in supersaturated boiling solutions 
leads to a strong bias of enantiomorphic crystals of the same chiral sign, 
which in the range of the experimental errors cannot be distinguished 
from that of a homochiral crystal mixture [1]. The crystallization 
reactor is a closed system but with a temperature gradient between 
the walls of the reactor and the air/liquid interface that entails an 
intense recycling of the sub-critical nuclei formed during the induction 
period of the primary nucleation in the bulk. During this period, the 
evolution of the population of sub-critical nuclei takes place without 
any other noticeable crystal growth process. The fast evolution of a 
myriad of supercritical nuclei and the immediate separation of the 
crystals formed excludes secondary nucleation and Ostwald ripening 
as the cause of the transition towards chirality in these experimental 
conditions. Therefore, the evolution towards homochirality should be 
attributed to the primary nucleation process. The bifurcation towards 
a stationary homochiral state is a consequence of the instability of the 
system due to the chiral recognition of enantiomorphic solid phases 
as thermodynamically distinguishable entities and the absence of 
degrees of freedom when P and T are fixed in the 2-component system 
(compound and solvent). Analysis of the chiral composition of the 
crystal mixture obtained from samples of boiling solutions of NaClO3 
indicates that symmetry breaking towards homochiral compositions 
may begin in the metastable stage preceding crystallization, i.e. at the 
level of subcritical clusters. The general thermodynamic conditions for 
such a spontaneous mirror symmetry breaking are discussed. 

[1] a) J. Crusats, S. Veintemillas-Verdaguer, Chem. Eur. J. 2006, 12, 7776-
7781. b) Z. El-Hachemi, J. Crusats, J.M. Ribo, S. Veintemillas-Verdaguer, 
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