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Like Sydney Altman1, I too was initially
rejected by the renowned Medical
Research Council (MRC) Laboratory of
Molecular Biology in Cambridge,
England. The year was 1967 and I was
then in my final year of a B.Sc. degree in
Physics at Kings College in London.
Enthralled by John Kendrew’s BBC 1964
television series “The Thread of Life”, I
wanted desperately to do my Ph.D. at the
MRC in Cambridge. Alas there was no
room for any new postgraduate students
in 1967!

After some negotiations, I was accepted
for the following year. More importantly,
John Kendrew said that I should spend the
intervening period at the Weizmann
Institute in Israel with Shneior Lifson.
Kendrew had just heard of Lifson’s initial
ideas2 on the consistent force field (CFF),
which was an attempt to simulate the
properties of any molecular system from a
simple potential energy function. He
believed that these methods should be
applied to protein and nucleic acid macro-
molecules. I arrived in Israel in October,
1967 and set to work programming the
consistent force field under the supervi-
sion of Lifson and his Ph.D. student Arieh
Warshel. At that time, computing at the
Weizmann Institute was amongst the best
in the world; in 1963 computer engineers
there had built their own machine, appro-
priately known as the Golem, after the
Jewish folklore automaton.
In a few short months we had a program

called CFF that allowed us to calculate the
energy, forces (energy first derivatives with
respect to atomic positions) and curvature
(energy second derivatives with respect to
atomic positions) of any molecular system.
Warshel went on to use the program to cal-
culate structural, thermodynamic and
spectroscopic properties of small organic
molecules3, while I followed Kendrew’s
dictum and applied these same programs
to proteins. This led to the first energy
minimization of an entire protein struc-
ture (in fact we did two, myoglobin and
lysozyme) in a process that became known
as energy refinement4.
I began my Ph.D. at the MRC in

Cambridge in September, 1968 and was
immediately immersed in the annual tra-

dition of Lab Talks. These talks by mem-
bers of the three divisions at the
Laboratory of Molecular Biology at that
time (Structural Studies Division under
Kendrew, the Cell Biology Division under
Sydney Brenner and Francis Crick, and
Protein and Nucleic Acid Chemistry
Division under Fred Sanger) were a treat
for newcomers to the Lab. The ‘Molecule
of the Year’ was tRNA, which had been
predicted to exist by Francis Crick 10 years
before5 and was now the subject of intense
structural and genetic interest. I decided
to try to build a model of tRNA and start-
ed off playing with CPK space-filling
models at home. Transfer RNA has almost
2,000 atoms and a space-filling model
weighs over 100 pounds. My most vivid
memory is lowering the tRNA CPK model
from the first floor window of our terrace
cottage in Newnham, while my somewhat
pregnant wife was having a hard time con-
trolling her laughter. The model, which
was then rebuilt from brass components,
towered over me as I measured all atomic
positions with a plumb line (a pointed
metal weight hanging from a string onto
graph paper) so that the model could be
energy refined. Modeling tRNA led me to

interact closely with both Crick and Aaron
Klug and so I was exposed to the wonders
of molecular and structural biology.

The model was published in 1969 
(ref. 6) and I settled down to work on my
thesis entitled “Conformation Analysis of
Proteins”7. This was entirely devoted to
computational biology and included
chapters entitled “Energy Parameters
from Proteins”, “Interpreting Problematic
Regions of Electron Density Maps Using
Convergent Energy Refinement”, “Energy
Refinement of Enzyme/Substrate Com-
plexes: Lysozyme and Hexa-N-Acetyl-
glucosamine” and “Energy Refinement of
Tertiary Structure Changes Caused by
Oxygenation of Horse Haemoglobin”.

Work on nucleic acids was not neglect-
ed and at that time it seemed that RNA
folding would be easier to tackle than pro-
tein folding8. Computational work on
protein folding began in 1973 during my
postdoctoral research with Shneior Lifson
back at the Weizmann Institute. Arieh
Warshel had returned from his postdoc at
Harvard and we started to work together
again on both protein folding and enzyme
reactions. Each project led to novel simu-
lations9,10 that became the basis for a great

The birth of computational structural
biology
M ichael Levitt

Fig. 1 The total potential energy of any molecule is the sum of simple allo wing for bond stre tch-
ing , bond angle bending , bond twist ing , van der Waals in teract ions and electrosta tics. M any prop-
erties o f a biomolecules can be simulated with such an empirical energy funct ion .
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electronic degrees of freedom 

      i.e. quantum mechanics

De Vivo et al., JACS 2008
Ho et al., JACS 2010
Palermo et al., J Chem Theory Comput 2013

 



QM

N
C

Ser

Val

Arg

polypeptide chain
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DNA-protein interactions

Stereochemical studies of RNase H activity have suggested
a general reaction scheme that shows an in-line SN2-like
nucleophilic attack on the scissile phosphorus atom by the nu-
cleophilic group that is believed to be, in its final form, one
hydroxide ion.15,16 Then, after the nucleophilic attack, the
inversion of the phosphate stereo configuration and formation
of the 5!-phosphate and 3!-hydroxy function of the RNA strand
conclude the catalytic action (Scheme 1). Thus, the divalent
metal ions have been suggested to stabilize the overall negative
charge along the reaction pathway and to facilitate the formation
of the nucleophilic hydroxide ion by dissociation of a metal-
bound water. A hydroxide ion is the common choice as
nucleophilic group when studying this type of hydrolytic
mechanism.17 In this way, the catalytic site includes a better
nucleophile (i.e., the nucleophilicity of the hydroxide ion is
higher than water), and the problem of water dissociation and
formation of a nucleophilic hydroxide ion is overcome. How-
ever, the common assumption that one hydroxide ion is already
present in the starting system explains neither the mechanism
of its formation, nor the energy necessary to have such early
water dissociation. In this regard, it is important to mention that
the pro-Rp oxygen of the phosphate immediately 3! to the scissile
bond has been demonstrated to be essential for optimal catalysis.
Experiments show that replacement of the pro-Rp oxygen with
a sulfur atom reduces the kcat of Escherichia coli RNase HI by
86%. That is, phosphorothioate substitution of the phosphate
3! to the scissile phosphodiester bond of the substrate, in E.
coli RNase HI, reduced the kcat value of the wild-type RNase
HI by 6.9-fold.18 Indeed, this indicates a key role of the pro-Rp

oxygen, suggesting either its possible role as a general base for
water deprotonation (i.e., nucleophile formation) or its function
to stabilize and orient the attacking hydroxide ion, through the
formation of a hydrogen bond. The unclear, but critical, role of
the pro-Rp oxygen is also pointed out by a stereochemical
study15 (matrix-assisted desorption/ionization time-of-flight mass
spectrometry experiments) performed on E. coli RNase H.

Despite the proposed reaction scheme, mechanistic and
dynamical details are needed to understand the bimetal-aided
nucleotidyl transfer reaction. In fact, the fleeting nature of the

reaction transition state allows neither a direct experimental
observation of its geometrical characteristic nor one of its
chemical features, leaving open important questions. Is the
enzymatic mechanism concerted one-step or stepwise with
formation of a stable phosphorane intermediate? How is the
nucleophilic hydroxide ion formed? What is the role of the pro-
Rp oxygen during the catalysis? How are the two metal cofactors
aiding the catalysis?

In the effort to capture the thermodynamic aspects of catalysis,
and progress to answer the aforementioned questions, we use a
computational approach, which includes classical force field-
based and first principles quantum mechanics/molecular me-
chanics calculations19 for the modeling of the nucleotidyl
transfer reaction in Bacillus halodurans (Bh) RNase H com-
plexed with the hybrid RNA•DNA substrate.6 We have con-
sidered two different reagent states for the enzymatic reaction:
(i) first, a conformation in which the nucleophilic species is a
water molecule (WATN), and (ii) second, one in which a
hydroxide is the reactive agent (OHN). Our computations provide
a consistent interpretation of available experiments and propose
an elegant enzymatic strategy for bimetal-aided nucleotidyl
transfer catalysis.

Computational Materials and Methods

Structural Models. Calculations are based on the crystal-
lographic structure of Bacillus halodurans RNase H complexed with
the hybrid RNA•DNA substrate as in the D192N mutated confor-
mation (pdb code 1ZBL, 2.2 Å resolution).6 Although the mutant
enzyme is completely inactive, D192N substitution supposedly does
not significantly affect the active site architecture.6 Furthermore,
D192N mutation affects the active site much less than D132N
mutation, which perturbs the coordination shell of the A-site Mg2+.6

For this reason, in the molecular model employed herein, N192 is
replaced by D192 to reproduce the wild-type conformation. The
remaining structural details of the molecular model are retained as
in the crystallographic structure. This includes the Mg2+ ions
coordination sphere in the active configuration of the enzyme upon
DNA•RNA substrate binding (Figure 1).

MD Simulations. Molecular dynamics is used to equilibrate the
complex at physiological conditions and provide a suitable model
of the Michaelis complex for subsequent Car-Parrinello (CP)
quantum mechanical/molecular mechanics (QM/MM) calcula-
tions.20 The AMBER force field is adopted for the simulations,21

whereas the NAMD package22 is used as the MD engine. The metal
active site is treated with a flexible nonbonded approach based on
the “atoms in molecules” partitioning scheme23 of the DFT-BLYP
electronic density of the active site, as explained in detail in ref
24. This allows one to account for the charge transfer interactions
between Mg2+ ions and their ligands and permits possible structural
rearrangements at the active site during the MD simulations. More
details on the MD setup procedure and rmsd data are reported in
Supporting Information and ref 24. A ∼25 ns classical MD
trajectory is performed using a water molecule as nucleophile. The
system was equilibratated within the initial ∼2 ns and maintained

(15) Krakowiak, A.; Owczarek, A.; Koziolkiewicz, M.; Stec, W. J.
Chembiochem 2002, 3 (12), 1242–1250.

(16) Cassano, A. G.; Anderson, V. E.; Harris, M. E. Biopolymers 2004,
73 (1), 110–129.

(17) Ivanov, I.; Tainer, J. A.; McCammon, J. A. Proc. Natl. Acad. Sci.
U.S.A. 2007, 104 (5), 1465–1470.

(18) Haruki, M.; Tsunaka, Y.; Morikawa, M.; Iwai, S.; Kanaya, S.
Biochemistry 2000, 39 (45), 13939–13944.

(19) Warshel, A.; Levitt, M. J. Mol. Biol. 1976, 103 (2), 227–249.
(20) Laio, A.; VandeVondele, J.; Rothlisberger, U. J. Chem. Phys. 2002,

116 (16), 6941–6947.
(21) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M.;

Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman,
P. A. J. Am. Chem. Soc. 1995, 117 (19), 5179–5197.

(22) Kale, L.; Skeel, R.; Bhandarkar, M.; Brunner, R.; Gursoy, A.; Krawetz,
N.; Phillips, J.; Shinozaki, A.; Varadarajan, K.; Schulten, K. J. Comp.
Phys. 1999, 151 (1), 283–312.

(23) Bader R. F. W. Atoms in Molecule: A Quantum Theory; Oxford
University Press: Oxford, 1990.

(24) Dal Peraro, M.; Spiegel, K.; Lamoureux, G.; De Vivo, M.; DeGrado,
W. F.; Klein, M. L. J. Struct. Biol. 2007, 157 (3), 444–453.

Figure 1. RNase H structural and catalytic features. (Left) Cartoon of the
complex RNase H/RNA•DNA hybrid. RNase H is in gray, DNA is in red,
and RNA is in blue; orange spheres indicate the Mg2+ ions. (Right) Close-
up of the catalytic site, including the RNA strand, and key residues and
water molecules coordinated to the two Mg2+ ions.
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Role of magnesium ions on the activity of ribonuclease H: 
Does a third metal modulate endonuclease catalysis?
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Ribonuclease H
Ribonuclease H (RNase H) belongs to the nucleotidyl-transferase superfamily and hydrolyzes the phosphodiester linkage on the 
RNA strand of a DNA/RNA hybrid duplex. It has been found to be an essential enzyme in viruses, bacteria and mammals. 
Due to its activity in HIV reverse transcription, it currently represents a promising target for anti-HIV drug design. 

While crystallographic data have located two Mg2+ ions in the catalytic site (1)(Nowotny et al. 2005), there is ongoing debate 
concerning just how many bound metal ions are optimal for catalysis. Indeed, experiments have shown a dependency of the catalytic 
activity on the Mg2+ concentration. Moreover, the residue E188 has been shown to be essential for enzymatic activation (1). 

Classical and quantum mechanics calculations support the hypothesis that two Mg2+ ions act cooperatively, facilitating nucleophile 
formation and stabilizing both the transition state and leaving group (2). In addition, RNase H can accommodate a third metal ion in 
the catalytic pocket, which plays a dynamic role for the modulation of catalysis at different Mg2+ concentrations (5). 

(1) Crystallographic structure of Bacillus halodurans (Bh) RNase H. (A) Complex of RNase H and           
ds-RNA/DNA duplex. (B) Close-up of the catalytic site, including the key residue E188. The D192N inactive 
mutant (PDB code: 1ZBL) has been used to reconstruct the wild-type and used in all calculations. 

The catalytic reaction

Catalytic dependence on the Mg2+ concentration

Conclusions and perspectives

CA
(8) A three-metal binding site can be a recurrent motif in the endonuclease family.
(A) E. coli RNase H X-ray structure (pdb code: 1g15); (B) prokaryotic DNA transposase (pdb code: 1mus); 
(C) Aa-RNase III/ds-RNA complex (pdb code: 2nug). HIV reverse transcriptase (pdb code: 1suq) also shows 
this motif (not shown). Magnesium ions are represented as orange/yellow spheres, manganese in green. 

(6) Free energy landscape of the active site architecture as modulated by MgCl2 concentration in wild-type. 1-D free energy surface calculated using 
the Adaptive Biasing Force method at standard 25 mM (red) and high 500 mM (blue) of MgCl2 as a function of relevant reaction coordinates of the active site.

(2) Structural evolution of the reaction: 
OH- pathway (top): the nucleophilic group is one hydroxide ion. WAT pathway (bottom): the nucleophilic 
group is a water. Relevant structural distances are reported on the right for both the reaction mechanisms.

(4) Structural comparison of intermediate 
(INT) and product (P) states with available 
crystallographic data (Nowotny et al. 2005). 
Superimposition of the structure representative 
of transition state interval (TS1, INT, TS2) (left) 
and the product state (right) for the pathway 
having a water as nucleophile (PWAT) with the 
crystallographic structure of the intermediate-
like and product-like structures.

active inactive

B

• Phosphodiester cleavage in RNase H is characterized by a phosphorane-like transition state, in which the two Mg2+ ions at 
the active site cooperatively promote the activation of the nucleophile and the stabilization of the leaving group (2).

• A third Mg2+ ion bound to E188 and D192 serves to optimally modulate the catalysis at standard MgCl2 concentration, and  
is responsible, perturbing the nucleophilic reactive state, for the attenuation effect found at higher MgCl2 concentrations (5).

• The three-divalent-metal motif found in RNase H can be a conserved feature within the endonuclease family (8), and may 
be exploited for the design of specific molecules able to modulate/inhibit the catalytic activity.  

(5) Active site architecture as modulated by MgCl2 concentration in wild-type. 
From the left: number of coordinated Mg2+ ions (NC) around the C5 phosphodiester P atom; active state 
and inactive state dominant in free MD at standard (25 mM) and high (500 mM) Mg2+ concentration; 
electrostatic potential obtained using APBS with dielectric constants of 1.0 and 78.5 for the solute and 
solvent (color scale: +10 kT/e (blue) and -10 kT/e (red)). 

• The mechanism found using DFT-QM/MM calculations is, in agreement with 
stereochemical studies, a in-line SN2-like nucleophilic attack on the scissile 
phosphorus atom, which produces the inversion of the phosphate stereo 
configuration and the cleavage of the RNA strand (2). 

• The nucleophilic agent can either be a hydroxide ion or a water molecule, 
which gets deprotonated in situ, via a extended water-mediated proton 
transfer (2). Both the pathways appear to be equally competitive and have an 
activation barrier consistent with known catalytic rates for RNase H (3). 

• The mechanism is associative with a phosphorane-like transition state (2), 
in agreement with crystal structures of TS analogues (4). A high-energy  
pentavalent phosphorane intermediate is also observed (2,3)

• The two Mg2+ ions act cooperatively to promote and facilitate both the 
activation of the nucleophile and the stabilization of leaving group (2). 

    Reference: J. Am. Chem. Soc. 130(33): 10955, 2008

(3) Energetics of the reaction:
Free energy barriers as obtained from 
DFT-BLYP QM/MM Car-Parrinello 
thermodynamic integration are 
reported for the OH-  and WAT 
pathways. Intermediate and transition 
states, along with proton transfer 
events are indicated in the graph (see 
figures on the right for structural 
comparison). 

• The enzymatic activity of RNase H in different species depends on the metal ionic 
concentration: the activity is optimal at MgCl2 concentration of 10-20 mM, while it is 
inhibited at concentrations larger than 50 mM (attenuation effect). It has been 
proposed that the E188 residue (1) could play a role by recruiting additional metals.

• Classical molecular dynamic (MD) simulations of Bh RNase H (1) at different 
concentration of MgCl2 invariantly show the presence of a third Mg2+ binding site 
formed by E188, D192, and water molecules from the bulk (5). 

• Two MgCl2-dependent binding modes are observed for the third Mg2+ (MgC) (5):    
one active state, which does not perturb the nucleophile and leads to optimal 
reactive conformation; and an inactive state, in which E188 is no longer able to 
protect the optimal reactive state, and MgC disrupts the nucleophilic orientation (5). 
The position of MgC does not allow for the insertion of an additional water molecule, 
which would repair the coordination shell of MgA, and act as a reactive nucleophile. 

• Free energy calculations exploring the structural architecture of the active site   
show that the active state is relevant at standard MgCl2 concentration, whereas the 
inactive state is predominant at higher concentration (6), consistently with the 
attenuation effect found in RNase H enzymes.

• E188A mutant has a reduced activity in vitro with respect to the wild-type, which is 
however conserved at any MgCl2 concentration. In MD simulations of E188A the 
catalytic site and nucleophile orientation are identical to the wt active state, but the 
third metal binding site is absent at any MgCl2 concentration (7). 

    This confirms that the third Mg2+ is important for the optimal tuning of the reaction.  

• A third mobile metal ion at the catalytic site coordinated by second-shell Glu/Asp 
residues could be a recurrent functional motif in endonucleases, adopted for the 
optimal tuning of the electrostatics of the catalytic pocket (8). 

    Reference: J. Am. Chem. Soc. 2010, in press
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of TAL proteins have been crystallized. Mak et al. obtained the
structure of PthXo1, a naturally-occurring 23.5 repeats TAL
bound to its corresponding DNA target, at 3 Å resolution [18]
(PDB code: 3UGM), while Deng et al. solved the structure of a
designed 11.5 repeats TAL system in both bound and unbound
states with resolutions of 1.85 Å and 2.5 Å respectively [19] (PDB
codes: 3V6T, 3V6P). All structures showed the same overall
architecture, with TAL forming a right-handed, highly symmet-
rical super-helix wrapped around a regular B-DNA double-strand
(Figure 2). Each repeat is composed of two anti-parallel helices, a1
and a2, the latter being roughly twice as long as the former and
possessing a kink at the position of residue P27 (Figure 1A/C). The
RVD, located on the loop linking a1 to a2, interacts with the
major groove of the DNA sense strand. Residues K16 and Q17,
close to the RVD loop, also contribute to DNA binding through
non-specific polar and charged interactions with the DNA
backbone. Although each RVD consists of two amino acids, only
the residue at position 13 seems to directly interact with DNA in
the crystal structures. It has been suggested that position 12
influences the orientation of the side-chain of residues at position
13 through non-direct interactions such as water-bridges and
RVD loop stabilisation [19]. The crystallographic structures
provided a molecular perspective on the process of DNA
recognition mediated by RVDs, highlighting in particular the
interaction of D13 with the amino group of cytosine, the van der
Waals contact of G13 with the methyl group of thymine, the
electrostatic interaction of N13 with nitrogen 7 of purine bases and
the van der Waals interactions of I13 with either adenine or
cytosine [18,19]. The molecular basis of the different interactions
has been reviewed on the basis of the crystallographic structures
[20,21].

Although those structures have provided a much clearer
understanding of DNA recognition by TALs, some aspects of this
unique mechanism still remain elusive. In particular, the source of
high specificity in RVD-DNA base recognition – despite limited
interactions – and the grounds for both RVD compositions and
occurrences are still unclear. Moreover, the structural roles of the
other residues and their importance to protein function have not
been addressed yet. Furthermore, although the RVD-to-DNA
code has been shown to work well in most cases, some
combinations have proven sub- or non-functional, raising the
issue of context dependence [12,15,22]. Finally, the role of DNA
methylation on TAL-DNA binding [23] should be extended to
other RVDs compatible with methylated DNA. Addressing these
points will prove essential for achieving full protein-engineering
capabilities and effectively design new TAL systems with improved
DNA-binding abilities and specificities. In this report, we sought to
address these questions by using molecular dynamics (MD)
simulations to complement the picture obtained from crystallo-
graphic structures with dynamical and energetic information.

Materials and Methods

Molecular dynamics simulations
The available crystal structures of both free (PDB code: 3V6P)

[19] and DNA-bound (PDB codes: 3UGM, 3V6T) [18,19] TAL
effectors were used to build model systems in the framework of
classical molecular mechanics [24]. Molecular dynamics simula-
tions using NAMD 2.8 [25] with the AMBER ff99brsc force field
[26], an explicit solvent model (TIP3P [27]) and periodic
boundary conditions were performed on the constructed systems
to complement the information obtained from the X-ray structures

Figure 1. TAL topology and RVD-to-DNA code. (A) Sequence of a
TAL protein: type III secretion system tag (T3SS-tag, violet), tandem-
repeat domain (blue), nuclear localization signal (NLS, yellow) and acidic
transcriptional activation domain (AD, green). The amino acid sequence
of a single repeat is shown, highlighting the RVD region (X12 and X13).
The secondary structure is reported underneath; the kink induced by
P27 is represented as a break in the a2 rod. (B) Natural occurrence of
the known RVDs is reported together with the targeted DNA base to
highlight RVD selectivity [4]. While some RVDs target only a single base
(e.g. HD and ND), others have shared affinities (e.g. NN and N*). (C)
Representative structure of one repeat as extracted from the 3V6T
structure; relevant molecular information is highlighted.
doi:10.1371/journal.pone.0080261.g001

Figure 2. TAL repeats architecture. (A) Top view of bound TAL
along the DNA axis showing the N-terminus (structure from 3UGM). (B)
Side view of bound TAL displayed from the N-terminus (bottom) to the
C-terminus (top) (structure from 3UGM). (C) TAL without DNA and the
RVDs explicitly depicted (laying on the inner-side of the super-helix).
The orange line represents the DNA axis. The protein is orientated from
N-terminus (bottom) to C-terminus (top). A larger pitch compared to
the bound structure is clearly observable (structure from 3V6P). Protein:
grey; DNA: orange.
doi:10.1371/journal.pone.0080261.g002
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stretched to a packed structure and ii) locally, to stabilize and
reduce the mobility of the RVD loops.

TAL repeats are packed through stabilizing interactions
The analysis of the interaction energetics extracted from MD

simulations revealed that most of the intra-protein stabilization is
due to non-specific backbone-backbone interactions within a-
helices (Figures S6-S7). This property is consistent with the large
helical content of the protein and the requirements for secretion
through the T3SS injectisome. According to recent studies on
T3SS [34], protein effectors partially unfold to cross the narrow
injectisome needle. Thus, TAL systems, composed by loosely
connected a-helices, can cross the needle without significant loss of
secondary structure. Specific side-chain interactions occur mostly
at the transition between coil-regions and a-helices and between
consecutive repeats (Figure S8). The interactions between the
outer-coil and a1 (including T2 to A4/Q5 and Q5 to L1/T2) are
energetically significant and stable over dynamics. Interaction of
the hydroxyl group of S11 with the backbone carbonyl of V7 and
interaction of an N-H from the X12 side-chain (first RVD residue;
either asparagine or histidine) with the I9 backbone carbonyl
represent significant energetics at the structural transition between
a1 and the RVD loop. Surprisingly, the interaction of X12 with
the backbone carbonyl of A8 reported in the crystal structure [19]
was less significant from an energetic point of view (Figure S8).

This interaction pattern suggests that the mentioned residues
promote a structural transition from coil to helix and vice versa; an
essential feature to attain the DNA-wrapping super-helix archi-
tecture characteristic of TAL proteins. Interactions of repeat i with
its neighbours i-1 and i+1 are mainly constituted by K16(i)-Q17(i-
1) and E20(i)-R24(i-1), forming a stable H-bond network linking
together the TAL repeats in a regular and stable structure (Figures
S8). Much less important are the interaction of H33(i) with
Q23(i+1)/L26(i+1)/P27(i+1), all located at the kink generated by
P27 (Figure S8). The presence of this conserved motif among
repeats could suggest a pH-responsive mechanism for protein
packing during secretion, with the strength of both intra- and
inter-repeat interactions being modulated by the protonation state
of histidine. However, further experimental evidences are required
to address this proposition.

RVDs marginally contribute to TAL-DNA interaction
energetics

Detailed information about TAL-DNA interactions at the
single-residue level can be extracted from the decomposition of
pairwise interaction energies as calculated at the molecular
mechanics level [24] and averaged over equilibrated MD
trajectories using an implicit solvent model (Figure 3B/C and
Figures S9-S11). This approach has been successfully applied to

Figure 3. Structural and energetic features of TAL-DNA interaction. (A) Mean residue fluctuation (RMSD) computed for the DNA-bound and
apo states of the 11.5-repeats TAL system (TAL[11.5]/P1 and TAL[11.5]/P1-apo); averages are performed over all the repeats; bars represent standard
deviations. The same trend is observed for all simulated systems (cf. Figure S5). (B) Contribution to the total DNA-binding energy from different
sections of TAL subdivided by type and calculated on the DNA-bound 22.5-repeat TAL system (TAL[22.5]/P1) using MM/GBSA (Number of residues
contributing to each type: G13 = 6, N13 = 2, I13 = 7, D13 = 5, G14/K16/Q17 = 20, others = 600, N-terminus = 97). Repeats containing a deletion at
position X13 have been excluded from the statistics. (C) Per repeat mean energy contribution to the total DNA-binding energy; averages are
performed over all the repeats of the DNA-bound 22.5-repeat TAL system (TAL[22.5]/P1). Repeats containing a deletion at X13 position have been
excluded from the statistics. The complete binding energy profile is reported in Figure S9.
doi:10.1371/journal.pone.0080261.g003
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TAL effectors

Stereochemical studies of RNase H activity have suggested
a general reaction scheme that shows an in-line SN2-like
nucleophilic attack on the scissile phosphorus atom by the nu-
cleophilic group that is believed to be, in its final form, one
hydroxide ion.15,16 Then, after the nucleophilic attack, the
inversion of the phosphate stereo configuration and formation
of the 5!-phosphate and 3!-hydroxy function of the RNA strand
conclude the catalytic action (Scheme 1). Thus, the divalent
metal ions have been suggested to stabilize the overall negative
charge along the reaction pathway and to facilitate the formation
of the nucleophilic hydroxide ion by dissociation of a metal-
bound water. A hydroxide ion is the common choice as
nucleophilic group when studying this type of hydrolytic
mechanism.17 In this way, the catalytic site includes a better
nucleophile (i.e., the nucleophilicity of the hydroxide ion is
higher than water), and the problem of water dissociation and
formation of a nucleophilic hydroxide ion is overcome. How-
ever, the common assumption that one hydroxide ion is already
present in the starting system explains neither the mechanism
of its formation, nor the energy necessary to have such early
water dissociation. In this regard, it is important to mention that
the pro-Rp oxygen of the phosphate immediately 3! to the scissile
bond has been demonstrated to be essential for optimal catalysis.
Experiments show that replacement of the pro-Rp oxygen with
a sulfur atom reduces the kcat of Escherichia coli RNase HI by
86%. That is, phosphorothioate substitution of the phosphate
3! to the scissile phosphodiester bond of the substrate, in E.
coli RNase HI, reduced the kcat value of the wild-type RNase
HI by 6.9-fold.18 Indeed, this indicates a key role of the pro-Rp

oxygen, suggesting either its possible role as a general base for
water deprotonation (i.e., nucleophile formation) or its function
to stabilize and orient the attacking hydroxide ion, through the
formation of a hydrogen bond. The unclear, but critical, role of
the pro-Rp oxygen is also pointed out by a stereochemical
study15 (matrix-assisted desorption/ionization time-of-flight mass
spectrometry experiments) performed on E. coli RNase H.

Despite the proposed reaction scheme, mechanistic and
dynamical details are needed to understand the bimetal-aided
nucleotidyl transfer reaction. In fact, the fleeting nature of the

reaction transition state allows neither a direct experimental
observation of its geometrical characteristic nor one of its
chemical features, leaving open important questions. Is the
enzymatic mechanism concerted one-step or stepwise with
formation of a stable phosphorane intermediate? How is the
nucleophilic hydroxide ion formed? What is the role of the pro-
Rp oxygen during the catalysis? How are the two metal cofactors
aiding the catalysis?

In the effort to capture the thermodynamic aspects of catalysis,
and progress to answer the aforementioned questions, we use a
computational approach, which includes classical force field-
based and first principles quantum mechanics/molecular me-
chanics calculations19 for the modeling of the nucleotidyl
transfer reaction in Bacillus halodurans (Bh) RNase H com-
plexed with the hybrid RNA•DNA substrate.6 We have con-
sidered two different reagent states for the enzymatic reaction:
(i) first, a conformation in which the nucleophilic species is a
water molecule (WATN), and (ii) second, one in which a
hydroxide is the reactive agent (OHN). Our computations provide
a consistent interpretation of available experiments and propose
an elegant enzymatic strategy for bimetal-aided nucleotidyl
transfer catalysis.

Computational Materials and Methods

Structural Models. Calculations are based on the crystal-
lographic structure of Bacillus halodurans RNase H complexed with
the hybrid RNA•DNA substrate as in the D192N mutated confor-
mation (pdb code 1ZBL, 2.2 Å resolution).6 Although the mutant
enzyme is completely inactive, D192N substitution supposedly does
not significantly affect the active site architecture.6 Furthermore,
D192N mutation affects the active site much less than D132N
mutation, which perturbs the coordination shell of the A-site Mg2+.6

For this reason, in the molecular model employed herein, N192 is
replaced by D192 to reproduce the wild-type conformation. The
remaining structural details of the molecular model are retained as
in the crystallographic structure. This includes the Mg2+ ions
coordination sphere in the active configuration of the enzyme upon
DNA•RNA substrate binding (Figure 1).

MD Simulations. Molecular dynamics is used to equilibrate the
complex at physiological conditions and provide a suitable model
of the Michaelis complex for subsequent Car-Parrinello (CP)
quantum mechanical/molecular mechanics (QM/MM) calcula-
tions.20 The AMBER force field is adopted for the simulations,21

whereas the NAMD package22 is used as the MD engine. The metal
active site is treated with a flexible nonbonded approach based on
the “atoms in molecules” partitioning scheme23 of the DFT-BLYP
electronic density of the active site, as explained in detail in ref
24. This allows one to account for the charge transfer interactions
between Mg2+ ions and their ligands and permits possible structural
rearrangements at the active site during the MD simulations. More
details on the MD setup procedure and rmsd data are reported in
Supporting Information and ref 24. A ∼25 ns classical MD
trajectory is performed using a water molecule as nucleophile. The
system was equilibratated within the initial ∼2 ns and maintained

(15) Krakowiak, A.; Owczarek, A.; Koziolkiewicz, M.; Stec, W. J.
Chembiochem 2002, 3 (12), 1242–1250.

(16) Cassano, A. G.; Anderson, V. E.; Harris, M. E. Biopolymers 2004,
73 (1), 110–129.

(17) Ivanov, I.; Tainer, J. A.; McCammon, J. A. Proc. Natl. Acad. Sci.
U.S.A. 2007, 104 (5), 1465–1470.

(18) Haruki, M.; Tsunaka, Y.; Morikawa, M.; Iwai, S.; Kanaya, S.
Biochemistry 2000, 39 (45), 13939–13944.

(19) Warshel, A.; Levitt, M. J. Mol. Biol. 1976, 103 (2), 227–249.
(20) Laio, A.; VandeVondele, J.; Rothlisberger, U. J. Chem. Phys. 2002,

116 (16), 6941–6947.
(21) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M.;

Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman,
P. A. J. Am. Chem. Soc. 1995, 117 (19), 5179–5197.

(22) Kale, L.; Skeel, R.; Bhandarkar, M.; Brunner, R.; Gursoy, A.; Krawetz,
N.; Phillips, J.; Shinozaki, A.; Varadarajan, K.; Schulten, K. J. Comp.
Phys. 1999, 151 (1), 283–312.

(23) Bader R. F. W. Atoms in Molecule: A Quantum Theory; Oxford
University Press: Oxford, 1990.

(24) Dal Peraro, M.; Spiegel, K.; Lamoureux, G.; De Vivo, M.; DeGrado,
W. F.; Klein, M. L. J. Struct. Biol. 2007, 157 (3), 444–453.

Figure 1. RNase H structural and catalytic features. (Left) Cartoon of the
complex RNase H/RNA•DNA hybrid. RNase H is in gray, DNA is in red,
and RNA is in blue; orange spheres indicate the Mg2+ ions. (Right) Close-
up of the catalytic site, including the RNA strand, and key residues and
water molecules coordinated to the two Mg2+ ions.
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Role of magnesium ions on the activity of ribonuclease H: 
Does a third metal modulate endonuclease catalysis?
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Ribonuclease H
Ribonuclease H (RNase H) belongs to the nucleotidyl-transferase superfamily and hydrolyzes the phosphodiester linkage on the 
RNA strand of a DNA/RNA hybrid duplex. It has been found to be an essential enzyme in viruses, bacteria and mammals. 
Due to its activity in HIV reverse transcription, it currently represents a promising target for anti-HIV drug design. 

While crystallographic data have located two Mg2+ ions in the catalytic site (1)(Nowotny et al. 2005), there is ongoing debate 
concerning just how many bound metal ions are optimal for catalysis. Indeed, experiments have shown a dependency of the catalytic 
activity on the Mg2+ concentration. Moreover, the residue E188 has been shown to be essential for enzymatic activation (1). 

Classical and quantum mechanics calculations support the hypothesis that two Mg2+ ions act cooperatively, facilitating nucleophile 
formation and stabilizing both the transition state and leaving group (2). In addition, RNase H can accommodate a third metal ion in 
the catalytic pocket, which plays a dynamic role for the modulation of catalysis at different Mg2+ concentrations (5). 

(1) Crystallographic structure of Bacillus halodurans (Bh) RNase H. (A) Complex of RNase H and           
ds-RNA/DNA duplex. (B) Close-up of the catalytic site, including the key residue E188. The D192N inactive 
mutant (PDB code: 1ZBL) has been used to reconstruct the wild-type and used in all calculations. 

The catalytic reaction

Catalytic dependence on the Mg2+ concentration

Conclusions and perspectives

CA
(8) A three-metal binding site can be a recurrent motif in the endonuclease family.
(A) E. coli RNase H X-ray structure (pdb code: 1g15); (B) prokaryotic DNA transposase (pdb code: 1mus); 
(C) Aa-RNase III/ds-RNA complex (pdb code: 2nug). HIV reverse transcriptase (pdb code: 1suq) also shows 
this motif (not shown). Magnesium ions are represented as orange/yellow spheres, manganese in green. 

(6) Free energy landscape of the active site architecture as modulated by MgCl2 concentration in wild-type. 1-D free energy surface calculated using 
the Adaptive Biasing Force method at standard 25 mM (red) and high 500 mM (blue) of MgCl2 as a function of relevant reaction coordinates of the active site.

(2) Structural evolution of the reaction: 
OH- pathway (top): the nucleophilic group is one hydroxide ion. WAT pathway (bottom): the nucleophilic 
group is a water. Relevant structural distances are reported on the right for both the reaction mechanisms.

(4) Structural comparison of intermediate 
(INT) and product (P) states with available 
crystallographic data (Nowotny et al. 2005). 
Superimposition of the structure representative 
of transition state interval (TS1, INT, TS2) (left) 
and the product state (right) for the pathway 
having a water as nucleophile (PWAT) with the 
crystallographic structure of the intermediate-
like and product-like structures.

active inactive

B

• Phosphodiester cleavage in RNase H is characterized by a phosphorane-like transition state, in which the two Mg2+ ions at 
the active site cooperatively promote the activation of the nucleophile and the stabilization of the leaving group (2).

• A third Mg2+ ion bound to E188 and D192 serves to optimally modulate the catalysis at standard MgCl2 concentration, and  
is responsible, perturbing the nucleophilic reactive state, for the attenuation effect found at higher MgCl2 concentrations (5).

• The three-divalent-metal motif found in RNase H can be a conserved feature within the endonuclease family (8), and may 
be exploited for the design of specific molecules able to modulate/inhibit the catalytic activity.  

(5) Active site architecture as modulated by MgCl2 concentration in wild-type. 
From the left: number of coordinated Mg2+ ions (NC) around the C5 phosphodiester P atom; active state 
and inactive state dominant in free MD at standard (25 mM) and high (500 mM) Mg2+ concentration; 
electrostatic potential obtained using APBS with dielectric constants of 1.0 and 78.5 for the solute and 
solvent (color scale: +10 kT/e (blue) and -10 kT/e (red)). 

• The mechanism found using DFT-QM/MM calculations is, in agreement with 
stereochemical studies, a in-line SN2-like nucleophilic attack on the scissile 
phosphorus atom, which produces the inversion of the phosphate stereo 
configuration and the cleavage of the RNA strand (2). 

• The nucleophilic agent can either be a hydroxide ion or a water molecule, 
which gets deprotonated in situ, via a extended water-mediated proton 
transfer (2). Both the pathways appear to be equally competitive and have an 
activation barrier consistent with known catalytic rates for RNase H (3). 

• The mechanism is associative with a phosphorane-like transition state (2), 
in agreement with crystal structures of TS analogues (4). A high-energy  
pentavalent phosphorane intermediate is also observed (2,3)

• The two Mg2+ ions act cooperatively to promote and facilitate both the 
activation of the nucleophile and the stabilization of leaving group (2). 

    Reference: J. Am. Chem. Soc. 130(33): 10955, 2008

(3) Energetics of the reaction:
Free energy barriers as obtained from 
DFT-BLYP QM/MM Car-Parrinello 
thermodynamic integration are 
reported for the OH-  and WAT 
pathways. Intermediate and transition 
states, along with proton transfer 
events are indicated in the graph (see 
figures on the right for structural 
comparison). 

• The enzymatic activity of RNase H in different species depends on the metal ionic 
concentration: the activity is optimal at MgCl2 concentration of 10-20 mM, while it is 
inhibited at concentrations larger than 50 mM (attenuation effect). It has been 
proposed that the E188 residue (1) could play a role by recruiting additional metals.

• Classical molecular dynamic (MD) simulations of Bh RNase H (1) at different 
concentration of MgCl2 invariantly show the presence of a third Mg2+ binding site 
formed by E188, D192, and water molecules from the bulk (5). 

• Two MgCl2-dependent binding modes are observed for the third Mg2+ (MgC) (5):    
one active state, which does not perturb the nucleophile and leads to optimal 
reactive conformation; and an inactive state, in which E188 is no longer able to 
protect the optimal reactive state, and MgC disrupts the nucleophilic orientation (5). 
The position of MgC does not allow for the insertion of an additional water molecule, 
which would repair the coordination shell of MgA, and act as a reactive nucleophile. 

• Free energy calculations exploring the structural architecture of the active site   
show that the active state is relevant at standard MgCl2 concentration, whereas the 
inactive state is predominant at higher concentration (6), consistently with the 
attenuation effect found in RNase H enzymes.

• E188A mutant has a reduced activity in vitro with respect to the wild-type, which is 
however conserved at any MgCl2 concentration. In MD simulations of E188A the 
catalytic site and nucleophile orientation are identical to the wt active state, but the 
third metal binding site is absent at any MgCl2 concentration (7). 

    This confirms that the third Mg2+ is important for the optimal tuning of the reaction.  

• A third mobile metal ion at the catalytic site coordinated by second-shell Glu/Asp 
residues could be a recurrent functional motif in endonucleases, adopted for the 
optimal tuning of the electrostatics of the catalytic pocket (8). 

    Reference: J. Am. Chem. Soc. 2010, in press
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(7) E188A disruption of the third 
metal site at different MgCl2 

concentration. 
From the left: number of 
coordinated Mg2+ ions (NC) 
around the C5 phosphodiester P 
atom; active-like state at different 
Mg2+ concentrations; electrostatic 
potential obtained using APBS as 
in (5).
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Two-metal-ion catalysis

• following the chemistry of enzymes
• characterizing transition states 
• helping the design of better drugs

Protein-membrane interactions
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PhoQ two-component system
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cardiolipin-rich membrane

Amyloid Precursor Protein (APP)

• building realistic membranes
• modeling lipid interactions
• interpret perturbations due to 
   experiments (DEER EPR, etc.)
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Motivation & Outline

• bacterial infections are among the  
biggest threat for public health with the 
continuos increase of drug resistance

• understanding the structure of bacterial 
machines will help the development of 
more effective remedies 

1. Large molecular assemblies at the biological membrane 
(e.g., aerolysin, T3SS, TCS PhoQ/P)

2. Towards simulation of realistic biological membranes          
(e.g., E. coli membrane and interactions with AMPs)

The framework for antibiotic discovery, development and 
approval is broken — only four new classes of antibiotics have 
been launched in the past 40 years. The World Health Organi-

zation forecasts a disaster due to the rapid, unchecked increase in 
antimicrobial resistance and has just announced a policy to combat 
its spread. But antibiotic resistance cannot be eliminated by steward-
ship alone. There needs to be a sustained effort from government and 
industry to develop new drugs quickly. 

Phase III clinical trials — those on large groups of patients — of an 
antibiotic in a single disease indication cost about US$70 million. Fund-
ing for biotech companies — venture capital or government grants — 
cannot cover this for a drug that will be sold mainly in short courses, 
and to which resistance may emerge. Following the global recession, 
successful stock-market flotations of biotechnology firms remain rare. 
Many large pharmaceutical companies have abandoned research and 
development (R&D) on antibiotics, leaving few parties able to register 
and market new compounds.

Solutions have been debated over the past decade, but no concrete 
action has been taken. Before the end of 2011, the US government and 
European Union (EU) need to leg-
islate a solution. Otherwise the hun-
dreds of thousands of people dying 
each year from drug-resistant infec-
tions are likely to become millions. 

CARROTS AND STICKS
One solution was suggested in 
2009 by the London School of Eco-
nomics (LSE): a ‘push–pull’ incen-
tive for investment in potential 
drugs that meet stringent criteria 
for medical need and probability of 
successful registration1. The ‘push’ 
would involve governments fund-
ing the otherwise prohibitively 
expensive phase III trials for at 
least one indication. 

Push incentives lower the cost of 
market entry. They attract smaller enterprises with limited funds2, but 
such firms may not have sufficient expertise to adequately manage phase 
III trials and get a drug to market. So a ‘pull’ is also required to engage 
larger companies with the necessary expertise and marketing reach.

One such pull suggested in the LSE report is guaranteed government 
purchase of a defined supply of the antibiotic for national stockpile — as 
happened for pandemic influenza and anthrax. Another pull is proposed 
by US congressman Henry Waxman (Democrat, California) in his bill 
Generating Antibiotic Incentives Now, which is with the House Com-
mittee on Energy and Commerce, pending US budget approval. This 
would give certain antibiotics five extra years of patent protection from 
generic competition. The bill would also enforce an expedited review 
of crucial new antibiotics by the US Food and Drug Administration 
(FDA) and encourages the FDA to designate life-saving antibiotics as a 
special regulatory class for priority review. Pull-only incentives promise 
financial rewards after a drug has been developed. Here the developer 
bears all the risk, because there is normally a decade or more between 
the decision to engage in R&D and commercial returns. The LSE push–
pull incentive, plus Waxman’s five-year patent extension, seems to us a 

clear front-runner. The promise of immediate (stockpile) and sustained  
(patent lifetime) revenues, plus subsidized phase-III development, 
would make it easier for small companies to go to the public market. It 
would also encourage the formation of new biotechnology ventures, 
providing a healthier climate for fundamental academic research. 

Governments would get a significant return on investment. They 
would make savings, for example, in reductions in the estimated 
2 million patients in the EU who catch hospital-acquired infections 
every year (of whom 175,000 die). Antibiotic resistance has been esti-
mated to cost US hospitals more than $20 billion annually and add 
one to two weeks in hospital per patient. Subsidizing drug companies 
may be unpopular in many quarters, but it is necessary to bridge the 
gap between the high value of new antibiotics to society and the low 
returns they provide to drug companies.

LEADERSHIP NEEDED
Since 2006, the FDA has demanded more costly, larger-cohort  
studies to prove the non-inferiority of a candidate drug over an 
existing antibiotic. Without change at the FDA, antibiotic develop-

ers, especially smaller companies, 
may simply ignore the agency. If 
the European Medicines Agency 
(EMEA) continues to allow swift, 
affordable trial designs for key 
antibiotic indications, a company 
could use approval in Europe to 
drive approvals in growing mar-
kets such as India, China and 
Brazil. For example, Johnson & 
Johnson’s doripenem can be used 
to treat nosocomial pneumonia 
in almost all countries except the 
United States. 

The Trans Atlantic Task Force 
on Antimicrobial Resistance pre-
pared a draft proposal3 for the EU 
and United States defining areas 
of future cooperation and policy 

alignment between industry and governmental agencies. This proposal 
and the push–pull model above require urgent translation into policy. 
Antibiotic resistance is a global health crisis. It requires global action 
before one of the most valuable scientific discoveries of the twentieth 
century is lost in the twenty-first century. ■
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Fix the antibiotics pipeline
As resistance mushrooms, governments must make development of new antibiotics 

financially viable for industry, say Matthew A. Cooper and David Shlaes.
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no new antibiotic against Gram- bacteria in clinical 
trials (phases II/III) http://www.clinicaltrials.gov

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov


October 2013 Molecule of the Month
doi: 10.2210/rcsb_pdb/mom_2013_10

yeast proteasome 26S

• multimeric assembly defines function

• it is hard to get atomistic resolution with 
traditional techniques (e.g., X-ray, cryo-EM)

• assemblies are highly dynamic

➡ integration via molecular modeling and  
     simulation

 

1. Large molecular assemblies

G-protein-coupled receptor mechanism

http://dx.doi.org/10.2210/rcsb_pdb/mom_2013_10
http://dx.doi.org/10.2210/rcsb_pdb/mom_2013_10
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 Pore-forming toxins
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goal: to determine the structure and 
assembly mechanism of aerolysin

Matteo Degiacomi
in collaboration with van der Goot lab 



	

	 PFT aerolysin from Aeromonas spp.

2"

•Gram-negative bacteria, 
human pathogens involved in 
food-borne infections

•aerolysin is secreted as an 
inactive and soluble precursor

Aeromonas hydrophila

loop

domain 3

domain 1

domain 2
domain 4

CTP



•Y221G mutation (as well as WT) is 
flexible before activation

    Aerolysin is flexible upon activation
molecular dynamics simulation (102 ns)

• removal of the CTP produces a much 
larger increase of flexibility 

•Y221G dynamic determinants should 
be considered during heptamerization



cross-correlation coefficient:
- 0.75 after flexible PSO
- 0.92 after MDFF-based refinement

    In silico assembly of the Y221G prepore
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� •new global orientation with respect to 
the host target membrane

• stem loop located close to a region of 
low density, ready to slide down and 
reach the membrane

90∘



    Y221G prepore is biologically consistent 

�

����

����
���� ���	


�	�
����

������

���

����

�
�

���

����

���

����

�
��
��

�������� � �� �� �� �� �� �� ���

	

�
��

�



�

•  the prepore model is consistent 
with GPI anchor binding 

mannose-6-phosphate

 CD52 GPI-anchored protein

•   kinetics of oligomerization is 
retarded or impaired for mutants 
at monomer-monomer interface 
(K198, D216, R282, K369, E367 
and K351)
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Figure S4.  Mutagenesis and heptamerization kinetics of WT aerolysin. 

!(a) Residues predicted to be important for the monomer – monomer interaction in both the 

pre-pore and the pore models show delayed heptamerization kinetics when mutated to 

alanine (see Figure 2d and 6b). Aerolysin (WT and mutants) was activated at 4 °C to 

prevent oligomerization with insoluble trypsin. After removal of trypsin the sample was 

shifted at room temperature and heptamerization was monitored by SDS-PAGE. (b) 

Residues predicted to be located at the monomer – monomer interface in the pre-pore 

model but not in the membrane-inserted pore model have similar WT heptamerization 

kinetics when mutated to alanine (see Figure 2d). Sample preparation as in (a).  



•model of the extracellular part using 
K246C–E258C quasi-pore map

    A near-atomistic model of the pore

PSO cross-correlation coefficient:
- 0.75 after flexible PSO
- 0.90 after MDFF refinement
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•model the TM barrel guided by 
cysteine scanning mutagenesis 
and homology with α-hemolysin

Degiacomi et al.  Nature Chemical Biology 2013



    A swirling mechanism of pore formation

• flattening of domain 4 triggered 
by extraction of the stem loop

• global swirling mechanism for 
pore assembly and TM barrel 
formation

• transition is topologically 
consistent and does not involve 
structural clashes 
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Degiacomi et al. 
Nature Chemical Biology 2013



extracellular 
environment

outer membrane

inner membrane

peptidoglycan

bacterial 
cytoplasm

periplasmic space

needle: 
L ≈ 60 nm
Ø ≈ 7 nm

basal body 
Øtop≈ 20 nm 

Øbottom≈ 25 nm

C-ring
ATPase

tip

Marco Stenta
in collaboration with Heinz, Stahlberg, Cornelis labs

injectisomes are multi-MDa 
complexes composed by more 
than 25 proteins 

used by bacteria to inject host 
with effector proteins

    Yersinia type III secretion system (T3SS)

Wagner, Degiacomi et al. Mol Microbiol 2009
Wagner, Stenta et al., PNAS 2010

• needle length regulation (YscF)
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•cryo-electron tomogram averaging 
produced a map at 37 Å resolution 

• the bacterial membranes are also 
clearly visible and their distance is 
varying (IM-to-OM= 30-36 nm)

Yersinia
minicell with 
injectisomes

    First in situ look at an injectisome

• focus on the basal body that anchors 
   T3SS between the outer and inner   
   membranes

YscD and YscJ proteins



Kudryashev et al.: The Yersinia injectisome 11 
 

 11 

 200 

YscD is easily stretchable 
elongatedcompact

pulling v = 0.05nm/ns

•compact-elongated 
transition opposes a force 
as small as 35±15 pN 

•before unfolding, YscD 
can stretch up to 35 Å

~35Å 
unfolding



periplasm

cytoplasm

IM

•only an elongated YscD state could fit 
the imposed spatial restraints  

top view

YscJ

YscD

Structure of the YscDJ lower basal body

Kudryashev, Stenta et al., eLife 2013

•using integrative dynamic modeling we 
obtained a 24-mer YscD-J basal body

Kudryashev et al.: The Yersinia injectisome 11 
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YscD

YscJ

side view



ATP ADP
HK

sensor

P

sensor

HK

H2O Pi

Gene transcription (e.g. pagL, pagP, OmpT)

exoplasmic domain

cytoplasmic domain

low Mg 2+
low pH
high AMP

1.

2.

3.

P PhoPPhoP PhoP

E. coli two-component systems

• composed of Sensor Kinase and 
Response Regulator

• detects environmental changes

• phosphorelay cascade mediates 
gene transcription

• absent in animals, thus is a good 
target for drug development 
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2.3 Near-atomistic model of the complete PhoQ histidine 

kinase 

The cytoplasmic domain of PhoQ remains largely unsolved. MODELLER, a 

comparative modeling software for three-dimensional protein structures, was 

used to assemble the complete atomistic model of the PhoQ homodimer [1]. 

The crystal structure of the sensor (PDB: 3bq8, [2]) and catalytic (PDB: 1id0, 

[3]) domain have been solved for E. coli. The histidine kinase (PDB: 2C2A , 

identity: 22.9%, [4]) and HAMP (PDB: 2l7h, identity: 31.8%, [5]) domains of, 

respectively, Thermotoga maritima  and Archaeoglobus fulgidus were used as 

templates for the cytoplasmic domain. The preserved residues are mostly 

located in the helical domains, supporting a probable functional importance. 

The TM domain was taken from cross-linking guided models produced by 

using MD simulations (see Section 2.2). 

 

Figure 10: Atomistic model of PhoQ. The acid cluster and H277 are highlighted in 

licorice representation. 

In the final model, the large acidic cluster (148—EDDDDAE—154) of the 

sensor domain (SD), involved in sensing divalent cations and AMP, lies very 

close to the membrane surface (Figure 10). It was proposed that the SD 

senses the electrostatic variation at the bacterial membrane surface [6]. When 

the concentration of Mg2+ or Ca2+ cations is high (> 1 mM), cations can bind to 
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• transmembrane domain 
links correctly sensor and 
HAMP domains 

• acidic cluster is the  
sensing site closely 
interacting with the 
membrane surface

• it can thus sense anionic 
species and transmit the 
chemical signal to the His 
kinase

Lemmin et al., PLoS Comp Biol, 2013

E. coli two-component system PhoQ/P
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(Figure 4c). At the C-terminus of TM1 we also included residues 43–50, 
corresponding to a portion of the helix that forms the dimer interface of the 
neighboring periplasmic sensor domain. We also extended the TM2 helix from 
its C-terminus to include its connection to the HAMP domain. The additional 
segments were appended in a helical conformation to the TM structure, 
inserted in an all-atom membrane, and simulated over 150 ns of MD 
(population RMSD = 1.9 ± 0.3 Å). The TM bundle was stable during this 
timescale and maintained the same core interactions as described above 
(Figure 4c).  

The N-terminal cytoplasmic helix folded onto the membrane in a surface 
orientation, as expected. The presence of a proline at position 10 induced a 
kink that bent the helix back making it parallel to the membrane surface in a 
rivet-like conformation (Figure 4c). This arrangement is also consistent with 
the amphipathic nature of the Met1 – Pro10 segment, and might be required 
for the anchoring and signal transduction through the membrane. The 
distance between TM2 C-termini is consistent with the NMR [27] and X-ray 
[45] structures of HAMP, and the periplasmic side of TM1 is well positioned to 
connect to the SD domain (namely pdb 3BQ8 [15]). 

 

 
Figure 5: TM structural validation using disulfide cross-linking scanning. MD-
averaged contact maps for (a) TM1 and (b) TM2 interfaces within the assembled TM 
domain. A direct comparison with cross-linking efficiency of (a) TM1 and (b) TM2 is 
reported in the inset, and shows a strong correlation between the cross-linking (1-
efficiency) (in black) and the MD-averaged C! distance measured for the TM model 
structure (in red). The cross-linking efficiency for the whole TM1 and TM2 regions is 
reported in Figure S1. 

 

Asn202 is crucial for the solvation of the TM domain  

Recently, Goldberg et al. [34] showed that Asn202 in TM2 is critical for signal 
transduction. When Asn202 is mutated to non-polar residues, the transcription 
of PhoPQ-regulated genes is impaired. Thus, it was proposed that the polarity 
of Asn202 and the possibility to accommodate a water pocket at the TM core 
could potentially play an important role for kinase activity and signal 
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• low-resolution disulfide scanning 
as validation

• MD simulations revealed a 
concerted scissoring-rotation 
mechanism 

• this molecular mechanism is 
crucial for signal transmission

• structure and dynamics can give 
insights for sensing of AMPs

Lemmin et al., PLoS Comp Biol, 2013

E. coli two component system PhoQ/P

signaling
state

resting
state

+ +

+

~20o

Thomas Lemmin
in collaboration with DeGrado lab, UCSF
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Molecular Modeling of Membrane Embedded Proteins 
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1 Introduction

This thesis deals with the computational modeling and simulations of integral 

membrane proteins at the atomistic scale. 

1.1 Membranes and membrane-embedded proteins 

The biological membrane constitutes an essential envelop for all living 

organisms, forming a selective barrier that prevents synthesized molecules 

from leaking out of the cell and unwanted molecules from diffusing into the 

cell. The plasma membrane defines the outer boundaries of the cell and 

allows it to regulate the composition of the cytoplasm. Inner compartments, 

called organelles, are also formed in the cell and carry out more specialized 

functions. Every biological membrane is mainly composed of a complex and 

dynamic distribution of lipids, proteins and sugars (Figure 1).  

 

 

Figure 1: Biological membrane. (a) Phospholipid chemical structure, the fatty acids 

are highlighted in gray, the glycerol in red and the phosphocholine in gold and blue, 

and (b) structure of a biological membrane with embedded integral proteins. 

The lipids composing the membrane are small amphipathic molecules that 

can be divided into three major classes: phospholipids, glycolipids and 

cholesterol. Phospholipids are the predominant class in biological membranes 

and are composed of a hydrophilic head group and hydrophobic tails (Figure 

1a). They can be divided into two classes: phosphoglycerides and 

sphingolipids. A glycerol group forms the backbone of phosphoglycerides, 

which are attached to fatty acid chains and phosphorylated alcohol. They 
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2. Toward realistic models of the biological membrane 

• constitutes an essential envelop for all living organisms

• forms a selective barrier and wall against mechanical stresses

• complex and dynamic distribution of lipids, proteins and sugars
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1 Introduction

This thesis deals with the computational modeling and simulations of integral 

membrane proteins at the atomistic scale. 

1.1 Membranes and membrane-embedded proteins 

The biological membrane constitutes an essential envelop for all living 

organisms, forming a selective barrier that prevents synthesized molecules 

from leaking out of the cell and unwanted molecules from diffusing into the 

cell. The plasma membrane defines the outer boundaries of the cell and 

allows it to regulate the composition of the cytoplasm. Inner compartments, 

called organelles, are also formed in the cell and carry out more specialized 

functions. Every biological membrane is mainly composed of a complex and 

dynamic distribution of lipids, proteins and sugars (Figure 1).  

 

 

Figure 1: Biological membrane. (a) Phospholipid chemical structure, the fatty acids 

are highlighted in gray, the glycerol in red and the phosphocholine in gold and blue, 

and (b) structure of a biological membrane with embedded integral proteins. 

The lipids composing the membrane are small amphipathic molecules that 

can be divided into three major classes: phospholipids, glycolipids and 

cholesterol. Phospholipids are the predominant class in biological membranes 

and are composed of a hydrophilic head group and hydrophobic tails (Figure 

1a). They can be divided into two classes: phosphoglycerides and 

sphingolipids. A glycerol group forms the backbone of phosphoglycerides, 

which are attached to fatty acid chains and phosphorylated alcohol. They 
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2. Toward realistic models of the biological membrane 

• it is difficult to investigate experimentally at the nm-scale

• integration of molecular dynamics simulations and all 
available experimental data
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LipidBuilder: a tool to model membranes 

• allows to build libraries of lipids linking a variety of polar heads 
with acyl tails of different length and unsaturation

• modeling of lipid species as revealed in current lipidomics 
endeavors

Christophe Bovigny, Thomas Lemmin



2.5. Lipid Builder Web Site

Builder website will be presented.

Figure 2.4: The Builder web page of LipidBuilder tool : The three step to create a lipids : 1)
head choice 2) the tails drawing in the Ketcher GUI 3) validation of the lipid

When building websites, the choice of the technology is crucial. Thus we decided to use the
most current languages and architectures used on the web which include, PHP/Javascript
based on an Apache Web Server. [27] In order to facilitate the management of the website, we
decided to dedicate a computer of the LBM laboratory to become the web server. A Red Hat
6.0 [28] operating system, especially optimized for data and web servers, was installed on the
computer. Additionally, the Apache package, which is a software package for the web server
was installed and configured on the new web-server machine. Having all the infrastructure
deployed, the next step was to software engineer the new web-site. To keep track of the storage

19

 
LipidBuilder: a tool to model membranes 

• allows to build libraries of lipids 
linking a variety of polar heads 
with acyl tails of different length 
and unsaturation

• modeling of lipid species as 
revealed in current lipidomics 
endeavors

• implemented in a user-friendly 
web-server interface at             
http://lipidbuilder.epfl.ch

http://lipidbuilder.epfl.ch
http://lipidbuilder.epfl.ch


2.5. Lipid Builder Web Site

Figure 2.10: Packer web page of LipidBuilder tool : concentrations of lipids and size of the
bilayer membrane have to be filled

Figure 2.11: Library web page of LipidBuilder tool: generation of the bilayer membrane: The
efficiency of the bin-packing algorithm is showed on the top of the array of lipids.

25

A

B

A

B

Membrane packing

2D 3D

• lipid species can be 
quickly assembled in 
membrane models 

• systems can have different 
lipids composition on both 
leaflets

• systems are ready to run 
MD simulations

• WIP: extending library, 
shaping, and protein 
insertion

http://lipidbuilder.epfl.ch

http://lipidbuilder.epfl.ch
http://lipidbuilder.epfl.ch
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Cardiolipins are key for bacterial membrane 

• they are anionic species and 
are present mainly in bacterial 
and mitochondrial membranes

• cardiolipins are bulky lipids with 
4 acyl tails and produce 
curvature at the membrane 
poles

• they are fundamental to 
regulate the function of 
membrane proteins
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New atomistic models for cardiolipins 
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A • we generated and tested new 

models of cardiolipins

• different protonation states  
(i.e., charge -2 and -1)

• models consistent with AMBER 
and CHARMM force fields

• used to build realistic models of 
the mitochondrial and bacterial 
membrane



 
    Summary and Outlook 

• integration of molecular simulations and experimental data is the best 
strategy to study biological systems (especially membrane-protein 
interplay) at atomistic resolution in physiological conditions

• sampling will remain the main limitation in order to access always larger 
systems and longer timescale. 

• therefore, there will be always the need for new methods (enhanced 
sampling), new models (coarse-grained) and more powerful HPC 
machines

• an atomistic view of biological processes is necessary to deeply 
understand their physico-chemical properties

• this knowledge will eventually allow to interfere with them in a controlled 
way and develop therapeutic remedies for pathogenic systems
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