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Chapter 1
Introdu
tion
1.1 Histori
al ba
kgroundFour billion years ago, the �rst living 
ell appeared. Mother earth had been waiting patiently for atleast 10 billion years for this to happen and ever sin
e that day, nothing has been quite the same. The
ells repli
ated and repli
ated and �nally a group of 
ells wrote this thesis.In order to have a fun
tional, living 
ell some of the basi
 things that are needed are: Some wayof 
onverting and utilizing energy, for instan
e 
hemi
al energy or the ray from the sun and selfrepli
ation and self assembly. The �rst 
ells might have used RNA as the information 
arrier and asmole
ular ma
hines. Nowadays, modern 
ells have DNA as the information 
arrier and RNA as anintermediate step towards proteins but sometimes it also fun
tions as mole
ular ma
hines.One less obvious thing is that mole
ules need to be lo
ated at the right pla
e at the right time. Onething that aids this is 
ompartmentalisation, when mole
ules are kept separated by di�erent kinds ofbarriers. For instan
e, the DNA mole
ule of a 
ell needs to be lo
ated inside the 
ell, if it is outside,it will rapidly get degraded.My resear
h has been fo
used on the proteins that are lo
ated in the membrane that surrounds
ells and 
ompartments. These proteins are responsible for transport through the membrane, they areinvolved in 
ell to 
ell signalling, they are 
ru
ial for generating and 
onverting 
hemi
al and sun raysinto useful energy. In order to be able to understand these pro
esses in detail, a 3D stru
ture of theprotein is needed. Unfortunately, stru
ture determination of membrane proteins is very time 
onsum-ing and di�
ult so there are 
onsiderably fewer stru
tures available than for water soluble proteins.There are millions of proteins with known amino a
id sequen
e and tens of thousands of proteinswith known stru
ture but only a few hundred of these stru
tures are membrane proteins. Therefore,theoreti
al approa
hes that give stru
tural insight from the amino a
id sequen
e hold great potentialsin
e 
omputing time is very 
heap. However, sin
e 
omputational predi
tions are just predi
tions, itis also important to validate the theoreti
al results with pra
ti
al experiments.1



1.2 From sequen
e to stru
ture to fun
tionThe revolutionary dis
overy of the mole
ular stru
ture of DNA by Watson and Cri
k (1953) madea tremendous impa
t on s
ien
e [1℄. Never before had it been possible to study and understand themole
ular details of how geneti
 information was stored. It 
ould be seen that the DNA double helixwas stabilize by hydrogen bonds between Adenine (A),Thymine (T), Guanine (G) and Cytosine(C).The problem was that no one knew how the DNA sequen
es were translated into proteins.The geneti
 
ode was �nally broken by the Nirenberg laboratory in 1961-66 [2℄. It was dis
overedthat ea
h DNA nu
leotide triplet stands for one of the 20 di�erent amino a
ids that are the buildingblo
ks of peptides and proteins. These events lead to the birth of mole
ular biology.There are two main events involved in going from DNA to proteins. The �rst step is the tran-s
ription, 
opying, of DNA into 
omplementary RNA by the enzyme RNA polymerase. This enzymeis essential for life and present in all organisms and also in some viruses. The se
ond step is thetranslation of the mRNA into an amino a
id that forms the protein. This step is performed by theribosome whi
h translates the geneti
 
ode to an amino a
id 
hain.One of the remaining unsolved problems of mole
ular biology is how the linear amino a
id 
hainfolds into a three dimensional protein. All information about how a protein stru
ture will look like ispresent in its amino a
id sequen
e [3℄.A water soluble protein folds within fra
tions of a se
ond and that makes it impossible to explore alldi�erent 
onformations that exist for the amino a
ids. The Levinthal paradox states that due to thelarge amount of degrees of freedom in the protein 
hain the mole
ule has an astronomi
al number ofpossible 
onformations as estimate is 10143, [4℄. If the protein would have to explore all 
onformationsit would take longer time that the universe has existed. Thus, there exist folding pathways, yet thedetails of them remain un
lear.The key to a detailed understanding of protein fun
tion lies in its stru
ture. A high resolutionstru
ture is needed to be able to study the protein fun
tion at a mole
ular level. The most 
ommonmethod to determine the stru
ture is to use X-ray 
rystallography.1.3 The 
ell membraneMembranes are a key element for life sin
e they a
t as a physi
al barrier to separate the interior ofa 
ell from the outside world. They also serve to 
on�ne its di�erent 
ompartments, providing themeans for a 
ell to be out from the equilibrium with the surroundings, allowing important pro
esseso

urring in the interior. In addition to be 
ru
ial for 
ell integrity, 
ell membranes also serve as amatrix and support for many types of proteins involved in important 
ell fun
tions and therefore, theyare essential for 
ell fun
tion.Biologi
al membranes 
onsist of organized assemblies of lipids and proteins. The 
urrent knowledge ofhow they are stru
tured is still s
ar
e due to the di�
ulties asso
iated to the experimental te
hniquesrequired to investigate their properties. The modern view of biologi
al membranes is basi
ally basedon the �uid mosai
 model proposed in the seventies [5℄, in whi
h lipids are arranged in bilayers,where proteins are embedded, and subje
t to a lateral freely di�usion. At that time, however, theinvolvement of lipids in membrane fun
tion was overemphasized, partly be
ause membrane proteins2



were not readily a

essible and their fun
tion was poorly understood. With the growing knowledge ofmembrane proteins, the a

epted vision has be
ome more protein 
entered and the 
ru
ial role of lipidsdiluted. It is not until more re
ently that, with a better understanding of lipid-protein intera
tions,the role of lipids in protein fun
tion is again having an in
reasing attention [6, 7℄. The 
urrent visionof membranes is more as a mosai
 than a �uid: lipids organize a matrix where proteins are distributedin regions of biased 
omposition with varying protein environment [8℄.

Figure 1.1: The 
ell membraneMembranes 
onsist of a 
omplex mixture of lipids, where di�erent proteins both, integral andperipheral are embedded (See Fig. 1.1). Protein 
ontent varies greatly among the di�erent kinds ofmembranes, ranging typi
ally between 15 to 75%, depending on the fun
tions that they must 
arryout [9℄. Furthermore, lipid 
omposition 
hanges from one membrane to another due to the enormousstru
tural diversity found, that 
an be asso
iated with the di�erential roles and properties of ea
hmembrane or region. The most widely found lipids 
onsist of a stru
ture of a fatty a
id linked by anester bond to an al
ohol su
h as gly
erol or 
holesterol, or through amide bonds to a sphingoid baseor to other amines. Most lipids have a highly polar head group and two hydro
arbon tails.In a typi
al membrane, approximately half of the lipids are phospholipids, mainly phosphatidyl-
holines (PC), -ethanolamines (PE) and -serines (PS). Other major 
omponents following in im-portan
e are sphingolipids, gly
olipids and 
holesterol [10℄. Interestingly, sin
e the two sides of themembrane bilayer must deal with di�erent surroundings, the two lea�ets of a membrane typi
allyexhibit an asymmetri
 
omposition. The lateral distribution of lipids is also nonhomogeneous in re-gard to lipid 
omponents, providing regions with di�erent levels of mole
ular order that are known asrafts. These seem to be important for the fun
tion of membrane proteins [11℄. Finally, the presen
eof spe
i�
 
omponents su
h as 
holesterol has been found to trigger domain formation in lipid bilayer3



membranes [12℄.1.4 Computational biology and Bioinformati
sThe amount of available geneti
 information 
ontinues to in
rease at a steady pa
e. Ever sin
eGenBank, a sequen
e database, started 1982 it has doubled its size every 18 months. The latestrelease (v160) 
ontains 77,248,690,945 bases. To put this enormous number into perspe
tive, thenumber of bases that was sequen
ed from April to June 2007 was 42,880 ea
h se
ond. The DNAsequen
ing te
hnology also gets faster and faster, e.g. a 454 gene sequen
er 
an sequen
e 25 millionbases with 99% a

ura
y in 4 hours, whi
h makes it possible to sequen
e a ba
terial genome duringthe 
ourse of a day [13℄.There is 
learly a need for methods that 
an make sense out of all this vast amount of geneti
information and this is where bioinformati
s and 
omputational biology steps in. The di�eren
e inde�nition between the two terms is that 
omputational biology refers to hypothesis driven investi-gations of biologi
al problems using 
omputers while bioinformati
s is more te
hnique driven and
on
erns development of algorithms and 
omputational and statisti
al te
hniques. Many times thetwo terms are used inter
hangeably.The unifying topi
 in this thesis is membrane proteins and Computational Biophysi
s te
hnology.I will then 
ontinue with a brief overview about membrane proteins. Then, I will fo
us on metaltransporting proteins.1.4.1 Membrane proteins:Inside the membrane there are membrane proteins with many diverse fun
tions. They are responsiblefor sele
ting whi
h substan
es are allowed to pass through the membrane, they are important fortransmitting signals, 
ell-to-
ell 
ommuni
ation, and numerous other fun
tions. More than half of alldrugs are targeting membrane proteins [14, 15℄.The amount of membrane proteins inside the lipid bilayer vary from organism to organism, from
ell type to 
ell type. For instan
e, membranes proteins make up 75% of the mass of the membranein E.
oli while only 30% for human myelin sheath 
ells.There are three main 
lasses of membrane proteins:1.4.2 Alpha (α)-Heli
al membrane proteins:
α-heli
al membrane proteins have their amino a
ids arranged in tightly pa
ked heli
es in the transmem-brane regions (Fig. 1.2A). The reason behind the α-heli
al arrangement is to have as large hydrophobi
outer surfa
e area as possible that 
an intera
t with the hydrophobi
 fatty a
ids of the lipids. At thesame time, it also satis�es all its internal ba
kbone hydrogen bonds.
α-heli
al membrane proteins typi
ally make up 20-30% of the en
oded proteins of an organism[16℄. Most often they are lo
ated in the inner membrane but re
ently one example, a polysa

haridetransporter, has been found that resides in the outer membrane of E. 
oli [17℄.4



Figure 1.2: Example of membrane protein stru
tures with the membrane depi
ted as a pink re
tangle.A. An α-heli
al membrane protein with 7 transmembrane heli
es like ba
teriorhodopsine studied inse
tion 4.6.1.1. B. A β-barrel membrane protein with 8 transmembrane β- strands. C. A monotopi
membrane protein.1.4.3 Beta (β)-barrel membrane proteins:The other possibility of spanning the membrane while satisfying internal ba
kbone hydrogen bonds andmaintaining a large hydrophobi
 surfa
e area is the β-barrel fold (Fig. 1.2B). Sin
e a β-strand alwayshydrogen bonds to another β-strand, these proteins 
onsist of β-hairpins through the membrane.Thus, this 
lass always has an even number of β-strands. Every se
ond residue in the transmembraneregion is fa
ing the inside of the barrel whereas the other is fa
ing the outside, towards the lipids.This alternating pattern is re�e
ted in the amino a
id sequen
e where one amino a
id is non-polarand hydrophobi
 (and dire
ted towards the lipids) and the next one more polar (and dire
ted towardsthe interior of the barrel) et
. Sin
e a β-strand is extended 
ompared to the 
oiled α-helix, thetransmembrane regions are shorter and typi
ally 
onsist of 8 to 15 amino a
ids [18℄. The β- barrelmembrane proteins 
an be found in the outer membrane of ba
teria, mito
hondria and 
hloroplasts.Around 2-3% of a genome en
odes β-barrel membrane proteins [19℄ but that is an un
ertain numbergiven the di�
ulties of identifying them. The main reason for this is that β-strands are more di�
ultto predi
t than α-heli
es sin
e they 
onsist of fewer residues and 
ontain more long range intera
tions.There are also fewer stru
tures of β-barrel membrane proteins than α-heli
al.1.4.4 Monotopi
 and peripheral membrane proteinsMonotopi
 membrane proteins are only asso
iated to one of the two lea�ets of the membrane. ProstaglandinH2 synthase-1 is one example and is shown in Fig. 1.2C. [20℄. The heli
es that are asso
iated to themembrane are amphiphili
 [21℄ and the protein is only removable from the membrane by detergents,organi
 solvents or denaturants that interfere with the hydrophobi
 intera
tions.A peripheral membrane protein is more loosely atta
hed to the membrane, mainly through ele
-5



trostati
 intera
tions and hydrogen bonding with the polar headgroup of lipids or with hydrophili
domains of other integral membrane proteins. Peripheral membrane proteins 
an be disso
iated fromthe membrane by treatment with solutions of high ioni
 strength or elevated pH.1.5 Metals in Biologi
al Systems1.5.1 Metal homeostasis and tra�
kingOrganisms require essential heavy metals in
luding Cu, Zn, Mn, Fe, Co, Ni and Mo to 
arry out biolog-i
al fun
tions. Heavy metals a
t as 
ofa
tors in enzyme rea
tions in
luding group transfer, redox andhydrolysis [22℄. Others like Na, K, and Ca are involved in physiologi
al pro
esses and/or maintainingstru
ture as well as 
ontrolling the fun
tion of 
ell walls. It has been estimated that over a quarter ofall known enzymes require a parti
ular metal ion for fun
tion. These enzymes 
an be divided into twogroups: metal a
tivated enzymes and metalloenzymes. Metal-a
tivated enzymes require the additionof metal ions to be
ome stimulated [23℄. Kinases are an example of this type of enzymes be
ause of itsuse of the Mg-ATP 
omplex as a phosphoryl group donating substrate. Metalloenzymes ne
essitatemetal ions to fun
tion properly. The metal ion is �rmly bound to the enzyme and is frequently re
y
ledafter protein degradation. Heme groups in hemoglobin or 
yto
hromes bind a Fe2+ ion tightly. TheChlorophyll that sustains every e
osystem also needs a Mg2+ ion. The Cu-Zn superoxide dismutases(SOD) require metal ions to detoxify the 
ell from dangerous free radi
als. These are some of themany examples of diverse roles that metal ions play. Metal ions are essential for life, yet they are toxi
to the 
ells at high 
on
entrations or in the free form [22, 24℄. They 
an generate free radi
als, whi
hare highly rea
tive and oxidant mole
ules that 
an rea
t with any biomole
ule su
h as nu
lei
 a
ids.This intera
tion with biomole
ules may eventually lead to 
ell death. Cells have developed highly
omplex systems used for sensing, tra�
king and transporting of metals. Many of these systems arenot well understood yet [25, 26℄.In biologi
al systems, these metals are mostly bound to proteins. In these metalloproteins, theyhave 
atalyti
 and stru
tural roles: 1) as 
onstituents of enzyme a
tive sites; 2) stabilizing enzymetertiary or quaternary stru
ture; 3) forming weak-bonds with substrates 
ontributing to their orien-tation to support 
hemi
al rea
tions; and 4) stabilizing 
harged transition states [27℄. In oxygenatedstates Cu, Fe and Mn have unpaired ele
trons that allow their parti
ipation in redox rea
tions inenzyme a
tive sites [27℄. For instan
e, Cu mediates the redu
tion of one superoxide anion to hydro-gen peroxide and oxidation of a se
ond superoxide anion to mole
ular oxygen in the a
tive site of
ytoplasmi
 superoxide dismutase [28℄. Zn does not have any unpaired ele
trons in the Zn2+ stateand it has been proposed to prevent the formation of harmful free radi
als by 
ompeting with theredox a
tive metals su
h as Fe and Cu in the enzyme a
tive sites [29℄. Zn2+ is also a 
ofa
tor of anumber of enzymes in
luding RNA polymerase, 
arboni
 anhydrase and Cu/Zn superoxide dismutase[27℄. Other heavy metals in
luding Cd, Pb, Cr, Hg and As have no known physiologi
al a
tivityand are non-essential [30℄. Elevated levels of both, essential and non-essential heavy metals, resultsin toxi
ity symptoms mostly asso
iated with the formation of rea
tive oxygen spe
ies (ROS) that
an initiate oxidative damage. Alternatively, they bind to sulphydryl and amino groups in proteins,6



leading to a
tivity inhibition or stru
ture disruption [31℄. Therefore, organisms have tightly 
ontrolledhomeostati
 me
hanisms to maintain physiologi
al 
on
entrations of essential heavy metals in di�er-ent 
ellular 
ompartments and to minimize the damage from exposure to non-essential ones.The main me
hanisms of heavy metal homeostasis in
lude transport, 
helation, and detoxi�
ationby e�ux or sequestration into organelles. Heavy metals are transported into the 
ells by various trans-membrane metal 
arriers. It has been shown that although 
ellular Zn2+ or Cu2+ total 
on
entrationsare in the millimolar and mi
romolar range respe
tively, 
ytosoli
 free Zn2+ 
on
entration is in thefemtomolar range while free Cu+ is in the zeptomolar range, i.e. less than one free atom per 
ell[25, 32℄. This indi
ates that the heavy metals are immediately 
omplexed with mole
ules or peptidesupon entry to the 
ell. Chelators bu�er 
ytosoli
 metal 
on
entrations and they in
lude mole
ulessu
h as phosphates, phytates, polyphenols and glutathiones, or small peptides su
h as phyto
helatinsand some proteins like metallothioneins [27, 33℄. Some of these 
helators are thought to be involvedin metal transport into sub
ellular organelle. For instan
e, it has been shown that Cadmium ATPasefrom Listeria mono
ytogenesis, subje
t of 
hapter 4 of this work, transports Cd2+ 
omplexes into theplasma. Chaperones are proteins that bind spe
i�
 essential heavy metals and deliver them to par-ti
ular target metalloproteins where they fun
tion as part of the enzymati
 a
tivity. Similarly, theytra�
 the metal to spe
i�
 membrane transporters that e�ux the metal to the extra
ellular spa
eand the lumen of sub
ellular organelles [34℄. Fig. 1.3 summarizes the interplay of Cu+ with di�erentmetallo
haperones in yeast.1.5.2 The human 
opper metallo
haperone: Atox1 (or Hah1)The redox potential of 
opper makes it a useful 
ofa
tor for many enzymes, but also requires 
opperto be sequestered at all times to avoid oxidative damage. In yeast, it has been demonstrated thatalmost no 
opper exists free in solution; instead all 
opper is bound to proteins or small mole
ulessu
h as glutathione [35℄. When 
opper enters the 
ell through the transporter Ctr1, it is ahought toimmediately pass to another mole
ule with the help of a 
opper 
haperone. (See Fig. 1.3). In humans,the 
ytosoli
 protein Atox1 (HAH1) has been shown to play a key role in the delivery of 
opper tospe
ialized membrane proteins 
alled Cu-ATPases (See se
tion 3.4 for a 
omplete des
ription of theseproteins). The deletion of the Atox1 gene in mi
e leads to both intra
ellular 
opper a

umulation aswell as a de
rease in the a
tivity of se
reted 
opper-dependent enzymes [36℄, indi
ative of the dimin-ished Cu-ATPase transport a
tivity. In yeast, the Atox1 ortholog Atx1 has been shown to fa
ilitatefun
tion of C

2, the P-type ATPase, whi
h transports 
opper into the late Golgi 
ompartment [37℄.The evolutionary 
onservation of fun
tional intera
tions between Atox1 and Cu-ATPases emphasizesthe role of the 
haperone in regulating the Cu-ATPase fun
tion.Stru
turally, Atox1 is a 68-amino a
id residues protein that has the βαββαβ fold and a single Mx-CxxC 
opper binding motif 
ommon with the N-terminal Metal Binding Domains (MBDs) of Cu-ATPases [38℄. Similarly to the N-terminal MBDs, Atox1 binds 
opper with a linear, two-
oordinategeometry but other data, in
luding work done in the laboratory [39℄, are highly suggestive of a trans-fer me
hanism where 
opper moves from Atox1 to a metal-binding domain of Cu-ATPase through athree-
oordinate intermediate. The 
rystal stru
ture of Atox1, showing the mole
ule as a homo-dimer7



Figure 1.3: Copper tra�
king in a yeast 
ell S. 
erevisiae. Under Cu-starvation 
onditions, Cu istransported into yeast 
ells with high a�nity, following redu
tion from Cu2+ to Cu+ by the Fre1 andFre2 plasma membrane Cu(II)/Fe(III) ion redu
tases. Then, the high-a�nity Cu transporters Ctr1and Ctr3 mediate the passage of Cu a
ross the plasma membrane On
e inside the 
ell, CCS ensuresthe distribution of 
opper to the Cu/Zn Super oxyde dismutase (SOD), Cox17 is a key-element for thein
orporation of 
opper into mito
hondriae and Atx1 supplies 
opper to to the P-type ATPase: C

2in the Golgi apparatus. On
e Cu+ rea
hes C

2, it is transported to the lumen of the Golgi/endosome
ompartment. Here, four Cu atoms are assembled with Fet3. The Fet3-Ftr1 high-a�nity Fe-transport
omplex assembles at the plasma membrane. Ctr2 is a va
uolar 
opper 
onveyor making it possibleto release the ion into the 
ytosol.
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situated around a single 
opper mole
ule, provided a glimpse of how su
h 
opper-transfer intermediatemay look [38℄. In solution, the intermediate is transient and 
annot be visualized [40℄.1.6 What this Thesis is About ?Both 
hemistry and most other experimental s
ien
es usually rely on a top-down approa
h. Thatis, measurements are gradually re�ned to be able to observe smaller stru
tures and faster pro
essesuntil te
hni
al limits are rea
hed. If we had a

ess to very, very powerful 
omputers one 
ould tryto reverse this algorithm and do bottom-up modelling instead. This is the basi
 idea behind theapproa
h I have used for the resear
h summarized in this thesis; starting from simple (almost trivial)pairwise intera
tions of atoms, 
omputers 
an be used to simulate what happens in 
omplex biologi
almole
ules on longer times
ales. This way, it is a
tually possible to see the atomi
 motions on alevel usually not a

essible to experiments. The knowledge gained 
an then be used to return to thedrawing table and formulate better models for the phenomena observed, to be able to understandand perhaps even manipulate the systems, e.g. transport drug mole
ules or metals through 
ellularmembranes. Further, when the simulations rea
h time and length s
ale where it is also possible toperform experimenst (and agree with these), the 
hemistry and physi
s of the mole
ules 
an be tra
edall the way from individual atoms up �real-world� ma
ros
opi
 systems. (Of 
ourse, that is the ni
e,ideal pi
ture in pra
ti
e it is hours, days and months of programming, debugging, running dynami
sand waiting for those long runs to �nish. But at least you never have to do any wet laboratory work!) More pre
isely, and from the title of this thesis, I've been interested in stru
ture predi
tion of heavymetal ATPases and dynami
s of their Metal Binding Domains using an in sili
o approa
h. After thisintrodu
tion on membrane proteins and metals in biologi
al systems, the thesis is divided in 4 main
hapters:- Theory and Methods: I will present 
omputational te
hniques used to predi
t the three-dimensionalstru
ture of proteins when it is unknown experimentally. Then, I will present mole
ular me-
hani
s for
e �elds and mole
ular dynami
s simulation algorithms in
luding adaptive mole
ulardynami
s that I have used to study the fun
tion of these proteins.- Metal-Binding Membrane Proteins: In this 
hapter, I will detail the 
urrent knowledge on heavymetal transporting ATPases fo
ussing on Cd2+ and Cu+ ATPases. I will also show how we 
ouldmodel the stru
ture of an ion 
hannel 
oupled to a 7-transmembrane-helix re
eptor and openthe way for the study of signal transdu
tion in this system.- Stru
ture and dynami
s of The TransMembrane region of a Cd2+ ATPase: I have applied
omputational te
hniques to yield several possible models of the TM region of a Cd2+ ATPasealso studied experimentally in the laboratory.- Dynami
s and stability of the Metal Binding Domains of the Menkes ATPase: In this 
hapter,I've used the known 3D stru
ture of the N-terminal soluble part of a Cu+ ATPase as a startingpoint for mole
ular dynami
s simulations of the metal binding domains of this protein in thepresen
e and absen
e of metal. 9



To summarize in a few words, the purpose of my work has been to try to relate the stru
ture andfun
tion of two parti
ular heavy metal ATPases. When the stru
ture of these ATPases was unknownstru
ture predi
tion methods have been used. Mole
ular dynami
s simulations have been used toapproa
h the fun
tion of these proteins. The �nal goal is to understand how the metal is passed fromsoluble 
haperones whi
h bind the metal as soon as it enters the 
ell to their partner ATPases whoserole is to distribute this metal where it's needed or eliminate it. My work may also be used to predi
tthe e�e
t of or propose amino a
id mutations that impair the normal behavior of these proteisn andyield diseases like the Menkes disease.
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Chapter 2Theory and MethodsWhen attempting to study biologi
al and 
hemi
al me
hanisms in proteins using 
omputational te
h-niques, the �rst requirement is the stru
ture of the ma
romole
ule involved. When this stru
ture isnot available from databases, we 
an either try to predi
t it ab initio, that is without any knowledgeabout other existing stru
tures, or use homology modeling when the stru
ture of a similar protein isknown.I will start des
ribing a new method that we have developed to build stru
tural models of thetransmembrane part of proteins when no homology is present. Then I will present homology modellingand the program MODELLER that we have used to build models of an ABC transporter. Finally,the stru
ture of the protein being known, I will present the te
hniques of mole
ular me
hani
s anddynami
s and the program CHARMM that I have used to study the dynami
s of ATPases.2.1 Stru
ture predi
tion using NOE-like restraints with X-PLOR2.1.1 Introdu
tionX-PLOR [41℄ is a program used to determine and re�ne solution NMR stru
tures based on interprotondistan
e estimates (from Nu
lear Overhauser E�e
ts or NOE), 
oupling 
onstants measurements,and other information, su
h as known hydrogen-bonding patterns. What su
h measures 
an wetheoreti
ally derive or predi
t when building models of the transmembrane (TM) part of an α-heli
almembrane protein ?- Ea
h TM helix 
an be 
onsidered as a regular α-helix. We then know that the distan
e betweenH atom of residue i in the helix and O atom of residue i+ 4 is 
lose to 1.5 Å .- We also know that in su
h a regular helix, the φ and ψ dihedral angles have values 
lose to -60and -50 degrees, respe
tively.- TM heli
es form a bundle in whi
h the 
enter of 1 helix is 
lose to the 
enter of 3 or 4 neighbourheli
es; the distan
e between 
enters lies around 10 Å .- In Metal transporting TM proteins, residues in 3 or 4 TM heli
es are known to bind the trans-ported metal; this knowledge allows us to set up some new distan
e restraints between metalbinding residues. 11



An overview of distan
e-based NMR stru
ture determination is shown in Fig. 2.1. There are sev-eral alternative methods possible in X-PLOR: full-stru
ture distan
e geometry, substru
ture distan
egeometry, and ab initio simulated annealing (SA) starting from template stru
tures or random 
oordi-nates. The 
hoi
e of proto
ol depends on the desired e�
ien
y and sampling of 
onformational spa
e.In our 
ase of theoreti
al distan
e restraints substru
ture embedding and regularization followed bySA re�nement have been used. Simulated annealing is so powerful that it 
an 
onvert a random arrayof atoms into a well de�ned stru
ture through distan
e restraints. Stru
tures obtained by this proto
olhave to be regularized and re�ned.

Figure 2.1: Overview of stru
ture 
al
ulations2.1.2 Distan
e GeometryMany types of stru
tural information (distan
es, J-
oupling data, 
hemi
al 
ross-linking, neutron s
at-tering, predi
ted se
ondary stru
tures, et
.) 
an be 
onveniently expressed as intra- or intermole
ulardistan
es. In our 
ase, we de�ne NOE-like distan
es whi
h are distan
e restraints imposed on ourmodels and similar to NOE results. In the absen
e of J-
oupling data, we de�ne dihedral anglerestraints. The distan
e geometry formalism allows these distan
e restraints to be assembled andthree-dimensional stru
tures 
onsistent with them to be 
al
ulated. The distan
e geometry routinesin X-PLOR begin by translating the bond lengths, bond angles, dihedral angles, improper angles, andvan der Waals radii in the 
urrent mole
ular stru
ture into a (sparse) matrix of distan
e bounds be-tween the bonded atoms, atoms that are bonded to a 
ommon third atom, or atoms that are 
onne
tedto ea
h other through three bonds, as appropriate, using the equations in Crippen and Havel [42℄.12



2.1.3 NOE-like and dihedral angle restraintsExperimental 
onstraints 
an be added by the �NOE assign� statements and the �restraints dihedral�statements. These lists of restraints are automati
ally read, translated into distan
e 
onstraints, andentered into the bounds matrix. They have the following forms:NOE-like distan
e restraints:The total distan
e restraint energy ENOE is a sum over all distan
e restraints:
ENOE =

∑

restraints

eNOEwhere:
eNOE = min(1000, S)∆2 (2.1)and ∆ is de�ned as

∆ =











R− (d+ dplus) if d+ dplus < R

0 if d− dminus < R < d+ dplus

d− dminus −R if R < d− dminus

S is the s
ale fa
tor, and d, dplus, and dminus are the average target distan
e and ranges and Ris the distan
e between the two atoms. This de�nes the biharmoni
 fun
tion with a value of 0 for Rlarger than d− dminus and smaller than d+ dplus.Dihedral Angle Restraints:The fun
tional form of the e�e
tive dihedral restraint energy ECDIH is given by
ECDIH =

∑

well(modulo2π(φ− φo),∆φ)2 (2.2)where the sum extends over all restrained dihedral angles and the square-well potential well(a, b)is given by
well(a, b) =











a− b if a > b

0 if −b < a < b

a+ b if a < −bPlane Restraints:Planar restraints have also been added in some simulations to maintain atoms in a 
ommon planemimi
king the phospholipid membrane. Restraints on an individual atom are based on its distan
efrom a plane de�ned by the normal ve
tor ~z. An atom for whi
h plane restraints are de�ned experien
esrestraints only in the dire
tion of ~z. Plane restraints are de�ned from the ve
tor di�eren
e betweenpresent (~r) and referen
e (~rref
i ) 
oordinates by:

EP lane =
∑

[

~z

|~z| .
(

~ri − ~rref
i

)

]2 (2.3)13



2.1.4 Stru
ture determinationStru
ture determination of extended polypeptides or DNA/RNA double strands is usually underde-termined. In parti
ular, the overall shape or bend of the mole
ule is a free parameter. Thus, neitherdistan
e geometry nor ab initio simulated annealing will produ
e unique stru
tures. The problem 
anbe avoided by in
luding additional restraintsThe �rst step of stru
ture determination using X-PLOR involves providing the program withthe information it needs about the mole
ular stru
ture, NOE-like distan
e bounds, dihedral anglerestraints. The mole
ular information of the ma
romole
ule has to be generated using the all-hydrogenfor
e �elds "topallhdg.pro", "parallhdg.pro" for proteins.Template Stru
tureThe next step involves generation of a template 
oordinate set. The template 
oordinate set 
an beany 
onformation of the ma
romole
ule with good lo
al geometry and no nonbonded 
onta
ts. It
an be generated by using most mole
ular modeling graphi
s programs or, preferably, by using theX-PLOR proto
ol des
ribed below. The purpose of the template 
oordinate set is to provide distan
egeometry information about the lo
al geometry of the ma
romole
ule.The proto
ol we used initially pla
es the atoms of the ma
romole
ule along the x-axis, with yand z set to random numbers. The 
oordinates are then regularized using simulated annealing (SeeFig. 2.2).Generally, when too many 
ovalent links are present, the stru
ture may get entangled in a knotwhi
h will result in poor lo
al geometry. In general, some experimentation may be required to �nd outif 
ertain 
ovalent links have to be removed; the goal is to obtain an energy below 1000 k
al/mole forthe �nal step of minimization. We have taken advantage of the adaptive dynami
s program (AMD)(See se
tion 2.4) whi
h allows us to easily manipulate stru
tures and entangle the knots by settingthe van der Waals for
e to zero in the pro
ess.Substru
ture embeddingA family of embedded substru
tures is produ
ed using distan
e geometry. The substru
tures areregularized after embedding using minimization against the DG energy term. (This Distan
e Geometryterm is still another harmoni
 potential meant to maintain a given distan
e between a lower and anupper bound). Covalent links should be treated in the same fashion as in the prior template generation.The removed 
ovalent links are reintrodu
ed as distan
e restraints.SA-Regularization of DG-Stru
turesEmbedded distan
e geometry (substru
ture) 
oordinates require extensive regularization. The nextproto
ol uses template �tting followed by simulated annealing to regularize the 
oordinates. Theproto
ol is 
lose in spirit to the one published by Nilges et al [43℄. The starting 
oordinates have tobe de�ned for at least three atoms in ea
h residue. Covalent links are now treated as �real� bonds inthis proto
ol, in 
ontrast to template generation.Simulated Annealing Re�nementStru
tures are �nally re�ned using a proto
ol of the slow-
ooling type reminis
ent of the proto
ol usedin 
rystallographi
 re�nement with softening of the van der Waals repulsions. This enables atoms tomove through ea
h other.In both SA regularization and re�nement, the simulated annealing starting temperature and the14



duration of the 
ooling stage are adjustable parameters.

Figure 2.2: Flow
hart for simulated annealing
2.2 Homology modellingWe have also used a more standard method for stru
ture predi
tion when a homology between theprotein of interest and other proteins of known 3D stru
ture exists:2.2.1 Introdu
tion to Homology modellingDuring evolution, sequen
e 
hanges mu
h faster than stru
ture. It is possible to identify the 3D-stru
ture by looking at a mole
ule with some sequen
e identity. Fig. 2.3 shows how mu
h sequen
eidentity is needed with a 
ertain number of aligned residues to rea
h the safe homology modelingzone. For a sequen
e of 100 residues, for example, a sequen
e identity of 40% is su�
ient for stru
turepredi
tion. When the sequen
e identity falls in the safe homology modeling zone, we 
an assume thatthe 3D-stru
ture of both sequen
es is the same.2.2.2 Classi
al steps in Homology modelingThe known stru
ture is 
alled the template, the unknown stru
ture is 
alled the target. Homologymodeling of the target stru
ture 
an be done in several steps:15



Figure 2.3: Threshold for homology modelling: we 
an assume that two proteins share the same 3D-stru
ture when their sequen
e identity falls in the safe homology zone, the upper part of the pi
ture(From work by Sander and S
hneider [44℄).2.2.2.1 Template re
ognition and initial alignmentIn this step you 
ompare the sequen
e of the unknown stru
ture with all the known stru
tures storedin the Protein Data Bank (PDB). A sear
h with BLAST against this database will give a list of knownprotein stru
tures that mat
h the sequen
e. If BLAST 
annot �nd a template a more sophisti
atedte
hnique might be ne
essary to identify the stru
ture of a mole
ule. BLAST uses a residue ex
hangematrix to de�ne a s
ore for every hit. Residues that are easily ex
hanged (for example Ile to Leu)get a better s
ore than residues that have di�erent properties (for example Glu to Trp). Conservedresidues with a spe
i�
 fun
tion get the best s
ore (for example Cys to Cys). Every hit is s
oredusing this matrix and BLAST will provide a list of possible templates for the uknown stru
ture. Tomake the best initial alignment, BLAST uses an alignment-matrix based on the residue ex
hangematrix and adds extra penalties for opening and extension of a gap between residues. In pra
ti
ethe target-sequen
e is sent to a BLAST server, whi
h sear
hes the PDB to obtain a list of possibletemplates and their alignments. Subsequently the best hit has to be 
hosen, whi
h is not ne
essarilythe �rst one. One has to keep in mind the resolution, missing parts, di�erent states of a
tion andpossible ligands of the mole
ules in doing so.2.2.2.2 Alignment 
orre
tionIt is possible that the alignment has to be 
orre
ted. A 
hange of Ala to Glu is possible but unlikelyto happen in a hydrophobi
 
ore, so this Ala and Glu 
annot be aligned. Using a multiple sequen
ealignment program (ClustalW) the residues and properties that have to be 
onserved 
an be found.16



By looking at the template stru
ture it will be
ome 
lear whi
h residues are in the 
ore and areless likely to be 
hanged than the residues at the outside. Insertions and deletions 
an be made inwidely divergent parts of the mole
ule and a multiple sequen
e alignment 
an be helpful to �nd thesepla
es. Gaps have to be shifted around until they are as small as possible. In Fig. 2.4 is shown thatafter a deletion of 3 residues a big gap o

urs in the red stru
ture, whi
h was the best alignment.After shifting several residues, the gap is mu
h smaller (blue stru
ture) and more likely to be 
orre
t.Corre
tion of the alignment is typi
ally done by hand.

Figure 2.4: Template stru
ture (green) with the best aligned target (red) with a large gap, and thetarget after shifting several residues (blue). The gap is mu
h smaller now.2.2.2.3 Ba
kbone generationWhen the alignment is 
orre
t, the ba
kbone of the target 
an be 
reated. The 
oordinates of thetemplate-ba
kbone are 
opied to the target. When the residues are identi
al, the side-
hain 
oordinatesare also 
opied. Be
ause a PDB-�le 
an always 
ontain some errors, it 
an be useful to make use ofmultiple templates.2.2.2.4 Loop modelingOften the alignment will 
ontain gaps as a result of deletions and insertions. When the target sequen
e
ontains a gap, one 
an simply delete the 
orresponding residues in the template. This 
reates a holein the model, this has already been dis
ussed in previous step. When there is an insertion in the target,the template will 
ontain a gap and there are no ba
kbone 
oordinates known for these residues in themodel. The ba
kbone from the template has to be 
ut to insert these residues. Su
h large 
hanges
annot be modeled in se
ondary stru
ture elements and therefore have to be pla
ed in loops andstrands. Surfa
e loops are, however, �exible and di�
ult to predi
t. One way to handle loops is totake some residues before and after the insertion as "an
hor" residues and sear
h the PDB for loopswith the same an
hor-residues. The best loop is simply 
opied in the model. In the MODELLERprogram, that we have used (See se
tion 2.2.3), loop modelling is treated with spe
ial 
are.2.2.2.5 Side-
hain modelingThe next step is to add side-
hains to the ba
kbone of the model. Conserved residues were already
opied 
ompletely. The torsion angle between C-α and C-β of the other residues 
an also be 
opied17



to the model be
ause these rotamers tend to be 
onserved in similar proteins. It is also possibleto predi
t the rotamer be
ause many ba
kbone 
on�gurations strongly prefer a spe
i�
 rotamer asshown in Fig. 2.5, in the 
ase of a tyrosine residue. There are libraries based upon the ba
kbone of theresidues �anking the residue of interest. By using these libraries the best rotamer 
an be predi
ted.

Figure 2.5: Prefered rotamers of tyrosin exempli�ed with di�erent positions of TYR52 in the 10 NMRmodels of the �rst Metal Binding Domain of the Menkes ATPase (PDB 
ode 1KVJ).2.2.2.6 Model optimizationThe model has to be optimized be
ause the 
hanged side-
hains 
an e�e
t the ba
kbone, and a
hanged ba
kbone will have e�e
t on the predi
ted rotamers. Optimization 
an be done by performingre�nements using Mole
ular Dynami
s simulations of the model. The model is pla
ed in a for
e-�eldand the movements of the mole
ules are followed in time, this mimi
s the folding of the protein. Thebig errors like bumps will be removed but new smaller errors 
an be introdu
ed. The 
al
ulated energyshould be as low as possible.2.2.2.7 Model validationEvery model 
ontains errors. The model with the lowest for
e�eld energy might still be folded 
om-pletely wrong. That is why the model should be 
he
ked for bumps and if the bond angles, torsionangles and bond lenghts are within normal ranges. Other properties, like the distribution of po-lar/apolar residues, 
an be 
ompared with real stru
tures. This 
an be done by using Pro
he
k, forexample. The output 
an help in the identi�
ation of errors in the model. When an error o

urs faraway from the a
tive site, it does not have to be bad. But when an error o

urs in the a
tive site, oneshould re
onsider the template and/or alignment.18



2.2.3 The program MODELLERMODELLER [45℄ is a 
omputer program that models three-dimensional stru
tures of proteins andtheir assemblies by satisfa
tion of spatial restraints. MODELLER is most frequently used for ho-mology or 
omparative protein stru
ture modeling: The user provides an alignment of a sequen
eto be modeled with known related stru
tures and MODELLER will automati
ally 
al
ulate a modelwith all non-hydrogen atoms. More generally, the inputs to the program are restraints on the spatialstru
ture of the amino a
id sequen
e(s) and ligands to be modeled. The output is a 3D stru
ture thatsatis�es these restraints as well as possible. Restraints 
an in prin
iple be derived from a number ofdi�erent sour
es. These in
lude related protein stru
tures (
omparative modeling), NMR experiments(NMR re�nement), rules of se
ondary stru
ture pa
king (
ombinatorial modeling)... The restraints
an operate on distan
es, angles, dihedral angles, pairs of dihedral angles and some other spatial fea-tures de�ned by atoms or pseudo atoms. Presently, MODELLER automati
ally derives the restraintsonly from the known related stru
tures and their alignment with the target sequen
e. A 3D modelis obtained by optimization of a mole
ular probability density fun
tion (pdf). The mole
ular pdf for
omparative modeling is optimized with the variable target fun
tion pro
edure in Cartesian spa
e thatemploys methods of 
onjugate gradients and mole
ular dynami
s with simulated annealing. MOD-ELLER 
an also perform multiple 
omparison of protein sequen
es and/or stru
tures, 
lustering ofproteins, and sear
hing of sequen
e databases.2.3 Classi
al Me
hani
s and Dynami
sThe 3D stru
ture of the mole
ules being known, we are now fa
ed with the signi�
ant 
omplexity ofthe stru
tures and intera
tions that we want to simulate for a realisti
 model. Two possible strategiesare generally used: we 
an either in
rease the pro
essing power (e.g. use 
ostly parallel super
omput-ers), or use simpli�ed representations of the geometry or of the dynami
s of the involved mole
ules.Frequently, these simpli�
ation methods involve representations as me
hani
al models or in redu
ed
oordinates (e.g. modelling the mole
ule as an arti
ulated body), where subsets of atoms are repla
edby idealized stru
tures [46℄ [47℄, or performing normal-mode or prin
ipal 
omponents analysis in orderto determine the essential dynami
s of the system. Be
ause they 
ontain fewer degrees of freedom,these simpli�ed representations allow us to a

elerate the 
omputation of the mole
ular dynami
s, andfa
ilitate the study of the mole
ular intera
tions. In the following, I will des
ribe how a mole
ular me-
hani
s model is built with atoms represented as 
harged spheres and 
ovalent bonds by springs. Thisme
hani
al model 
an 
onsequently be studied using the 
lassi
al equations of motion of me
hani
s.2.3.1 Newton's Se
ond LawMole
ular Dynami
s simulations are based on Newton's se
ond law, the equation of motion [48℄,[49℄:
~Fi = mi.~ai = mi.

d~vi

dt
(2.4)It des
ribes the motion of a parti
le of mass mi along the 
oordinate xi with Fi being the for
e on

mi in that dire
tion. This is used to 
al
ulate the motion of a �nite number of atoms or mole
ules,respe
tively, under the in�uen
e of a for
e �eld that des
ribes the intera
tions inside the system with19



a potential energy fun
tion, V ~(x), where ~x 
orresponds to the 
oordinates of all atoms in the system.The relationship of the potential energy fun
tion and Newton's se
ond law is given by
~F (xi) = −∇iV (xi), (2.5)with ~F (xi) being the for
e a
ting on a parti
le due to a potential, V ~(x). Combining these twoequaions gives
dV ~(x)

dxi
= −mi.

d2xi

dt2
, (2.6)whi
h relates the derivative of the potential energy to the 
hanges of the atomi
 
oordinates intime. As the potential energy is a 
omplex multidimensional fun
tion this equation 
an only be solvednumeri
ally with some approximations.With the a

eleration being a = − 1

m .
dV
dx we 
an then 
al
ulate the 
hanges of the system in time byjust knowing (i) the potential energy V ~(x), (ii) initial 
oordinates xi0 and (iii) an initial distributionof velo
ities, vi0. Thus, this method is deterministi
, meaning we 
an predi
t the state of the systemat any point of time in the future or the past.The initial distribution of velo
ities is usually randomly 
hosen from a Gaussian or Maxwell-Boltzmann distribution [49℄, whi
h gives the probability of atom i having the velo
ity in the dire
tionof x at the temperature T by:

p(vi,x ) =

(

mi

2πkbT

)
1

2

.exp

(

−1

2

miv
2
i ,x

kbT

)

.Velo
ities are then 
orre
ted so that the overall momentum of the system equals a zero ve
tor:
P =

N
∑

n=1

mi.~vi = ~0.2.3.2 Integration AlgorithmsThe solution of the equation of motion given above is a rather simple one whi
h is only su�
ientlygood over a very short period of time, in whi
h the velo
ities and a

elerations 
an be regarded as
onstant. So algorithms were introdu
ed repeatedly performing small time steps, thus propagating thesystem's properties (positions, velo
ities and a

elerations) in time. Time steps are typi
ally 
hosenin the range of 1 fs [49℄. It is ne
essary to use su
h a small time step, as many mole
ular pro
esseso

ur in su
h small periods of time that they 
annot be resolved with larger time steps. A time seriesof 
oordinate sets 
al
ulated this way is referred to as a traje
tory and a single 
oordinate set as aframe.2.3.2.1 Verlet AlgorithmAll algorithms assume that the system's properties 
an be approximated by a Taylor series expansion[50℄: 20



~x (t+ δt) = ~x (t) + δt.~v (t) +
1

2
δt2.~a (t) + ....

~v (t+ δt) = ~v (t) + δt.~a (t) +
1

2
δt2.~b (t) + ....

~a (t+ δt) = ~a (t) + δt.~b (t) +
1

2
δt2.~c (t) + ....with ~x ,~v and a being the positions, the velo
ities and the a

elerations of the system.The seriesexpansion is usually trun
ated after the quadrati
 term. Probably the most widely used algorithmfor integrating the equations of motion in MD simulations is the Verlet algorithm (1967)[48℄,[49℄. It
an be derived by simply summing the Taylor expressions for the 
oordinates at the time (t+ δt) and

(t− δt):
~x (t+ δt) = ~x (t) + δt.~v (t) +

1

2
δt2.~a (t) + ....

~x (t− δt) = ~x (t) − δt.~v (t) +
1

2
δt2.~a (t) − ....

⇒ ~x (t+ δt) = 2~x (t) − ~x (t− δt) + δt2.~a (t) .Thus, it uses the position ~x (t) and a

eleration ~a (t) at time t and the positions from the previousstep ~x (t− δt) to 
al
ulate new positions ~x (t+ δt). In this algorithm velo
ities are not expli
itly
al
ulated but 
an be obtained in several ways. One is to 
al
ulate mean velo
ities between thepositions ~x (t+ δt) and ~x (t− δt).
~v (t) =

1

2δt
.[~x (t+ δt) − ~x (t− δt)]The advantages of this algorithm are that it is straightforward and has modest storage requirements,
omprising only two sets of positions [~x (t) and ~x (t− δt)℄ and the a

elerations ~a(t). The disadvantage,however, is its moderate pre
ision, be
ause the positions are obtained by adding a small term [δt2~a(t)]to the di�eren
e of two mu
h larger terms [2~x(t) − ~x (t− δt)]. This results in rounding errors due tonumeri
al limitations of the 
omputer.Furthermore, this is obviously not a self-starting algorithm. New positions ~x (t+ δt) are obtainedfrom the 
urrent positions ~x(t] and the positions at the previous step ~x (t− δt) . So at t = 0 thereare no positions for (t− δt) and therefore it is ne
essary to provide another way to 
al
ulate them.One way is to use the Taylor expansion trun
ated after the �rst term:

~x (t− δt) = ~x (t) − δt.~v (t) + ....

⇒ ~x (−δt) = ~x (0) − δt.~v (0)2.3.2.2 Leap-Frog AlgorithmThere are several variations of the Verlet algorithm trying to avoid its disadvantages. One example isthe leap-frog algorithm [49℄. It uses the following equations:21



~v

(

t+
1

2
δt

)

= ~v

(

t− 1

2
δt

)

+ δt.~a(t)

~x (t+ δt) = ~x (t) + δt.~v

(

t+
1

2
δt

)

,where ~a(t) is obtained using
~a(t) = − 1

m
.
dV

d~x
.First, the velo
ities ~v (

t+ 1
2
δt

) are 
al
ulated from the velo
ities at t − δt and the a

elerations
~a(t). Then the positions ~x (t+ δt) are dedu
ed from the velo
ities just 
al
ulated and the positionsat time t. In this way the velo
ities �rst 'leap-frog' over the positions and then the positions leapover the velo
ities. The leap-frog algorithm's advantages over the Verlet algorithm are the in
lusionof the expli
it velo
ities and the la
k of the need to 
al
ulate the di�eren
es between large numbers.An obvious disadvantage, however, is that the positions and velo
ities are not syn
hronized. Thismeans it is not possible to 
al
ulate the 
ontribution of the kineti
 energy (from the velo
ities) andthe potential energy (from the positions) to the total energy simultaneously.2.3.2.3 Langevin Dynami
s (LD) SimulationThe Langevin equation is a sto
hasti
 di�erential equation in whi
h two for
e terms have been added toNewton's se
ond law to approximate the e�e
ts of negle
ted degrees of freedom. One term representsa fri
tional for
e, the other a random for
e ~R. For example, the e�e
ts of solvent mole
ules notexpli
itly present in the system being simulated would be approximated in terms of a fri
tional dragon the solute as well as random ki
ks asso
iated with the thermal motions of the solvent mole
ules.Sin
e fri
tion opposes motion, the �rst additional for
e is proportional to the parti
le's velo
ity andoppositely dire
ted. Langevin's equation for the motion of atom i is:

~Fi − γi~vi + ~Ri(t) = mi~ai,where ~Fi is still the sum of all for
es exerted on atom i by other atoms expli
itly present in thesystem. This equation is often expressed in terms of the `
ollision frequen
y' ζ = γ/m.The fri
tion 
oe�
ient is related to the �u
tuations of the random for
e by the �u
tuation-dissipation theorem:
〈~Ri(t)〉 = 0,

∫

〈~Ri(0) · ~Ri(t)〉dt = 6kBTγi.In simulations it is often assumed that the random for
e is 
ompletely un
orrelated at di�erenttimes. That is, the above equation takes the form:
〈~Ri(t) · ~Ri(t

′)〉 = 6kBTγiδ(t− t′).22



The temperature of the system being simulated is maintained via this relationship between ~R(t)and γ.The jostling of a solute by solvent 
an expedite barrier 
rossing, and hen
e Langevin dynami
s 
ansear
h 
onformations better than Newtonian mole
ular dynami
s (γ = 0).2.4 Adaptive Mole
ular Dynami
s
2.4.1 Introdu
tionIn the previous simple me
hani
al model, the only way to redu
e the 
omputational 
ost of a 
al
ula-tion knowing that some part of the system is �less� important in the me
hanism under study is to �xthe 
orresponding atoms. Thus, we must have some prior knowledge about the fun
tion of the systemand we 
ompletely negle
t the dynami
s of this �less�important part and its possible intera
tions withthe rea
tion site. In other words, there was no method that automati
ally determines whi
h partsof the mole
ule must be pre
isely simulated, and whi
h parts 
an be simpli�ed without a�e
ting thestudy of the mole
ular intera
tion. Resear
hers in Stephane Redon's team (Nano-D, at INRIA Greno-ble) have re
ently introdu
ed adaptive torsion-angle quasi-stati
s and Adaptive Mole
ular Dynami
s(AMD), a general te
hnique to rigorously and automati
ally determine the most important regionsin a simulation of mole
ules represented as arti
ulated bodies. At ea
h time step, the adaptive algo-rithm determines the set of joints that should be simulated in order to best approximate the motionthat would be obtained if all degrees of freedom were simulated, based on the 
urrent state of thesimulation and user-de�ned pre
ision or time 
onstraints. They built on previous resear
h on adap-tive arti
ulated-body simulation [51℄ and proposed novel data stru
tures and algorithms for adaptiveupdate of mole
ular for
es and energies.2.4.2 Divide and Conquer AlgorithmThe starting point for the study of the dynami
s of an arti
ulated body is a � Divide-And-ConquerAlgorithm � proposed by Roy Featherstone [52℄. Featherstone re
ursively de�nes an arti
ulated bodyby assembling two (rigid or arti
ulated) bodies together. A 
omplete arti
ulated body is thus repre-sented by a binary tree: the root node des
ribes the whole arti
ulated body, while ea
h leaf node isa rigid body with a set of handles, i.e. lo
ations atta
hed to some other rigid bodies. Let C be anarti
ulated body with m handles, Featherstone de�nes the arti
ulated- body equation:
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(2.7)where ai is the spatial a

eleration of handle i, fi is the spatial for
e applied to handle i, bi the biasa

eleration of handle i, Φi is the inverse arti
ulated body inertia of handle i and Φij the 
ross-
oupling23



inverse inertia between handles i and j. This equation is the equivalent of the 
lassi
al equation ofmotion:
ai =

1

mi
.fiWe thus 
onsider the mole
ules as arti
ulated bodies: every rigid body is one atom or a group ofatoms. Joints (handles) between rigid bodies are 
ovalent bonds around whi
h rotation is possible.The dynami
s is 
al
ulated in the dihedral angle spa
e 
onstituting the system like all the φ, ψ and χangles in proteins. If at a given time, parts of the system are 
onsidered as rigid, they form a subtreeof the 
omplete assembly tree where for
es need not be re
al
ulated. The rest is 
onstituted of a
tivejoints forming an a
tive region (See Fig. 2.6).

Figure 2.6: A
tive and rigid regions. The �gure 
orresponds to 5 a
tive jointsThe usefulness of the tree representation will now be made 
lear: The Featherstone algorithm isa

omplished in two stages: i) 1 stage from bottom to top, from the leaves to the top where arti
ulatedbody 
oe�
ients bi and Φij for ea
h 
omposite obje
t C is 
al
ulated from ithe 
oe�
ients of its sons Aand B. ii) 1 stage from top to bottom to yield joint a

elerations q̈i and for
es. The joint a

elerations
q̈i are the se
ond derivatives of the motion variables su
h as φ̈i if we are interested to the movementaround dihedral angle φi Now, a theorem states that the sum of the squares of the a

elerations :

A =
∑

i

q̈2
iof the joints in one node of the tree 
an be 
al
ulated without knowing the values of the individual

q̈i of its 
hildren nodes. This means that the algorithm 
an de
ide by its own to partition the treein a
tive and rigid regions, the latter being those where the metri
s A is the lowest and thus thedynami
s may be 
onsidered as �less� important for the me
hanism under study.I parti
ipated in this work whi
h was published in Bioinformati
s in 2007 [53℄. I have used AMDmany times during my thesis both for the intera
tive visualization of mole
ules and in attempts tostudy biologi
al me
hanisms (See se
tion 3.1.5). It is indeed very easy with AMD to apply external24



for
es (fi) on the system with the 
omputer mouse and let the system relax to a new equilibriumpositiuon.2.5 Statisti
al Me
hani
s2.5.1 Introdu
tion to Statisti
al Me
hani
sMD simulations provide information at the mi
ros
opi
 level. Statisti
al me
hani
s is then requiredto 
onvert this mi
ros
opi
 information to ma
ros
opi
 observables su
h as pressure, energy, heat
apa
ities, et
. Statisti
al me
hani
s relates these ma
ros
opi
 observables to the distribution ofmole
ular positions and motions. Therefore, time independent statisti
al averages are introdu
ed.For a better understanding some de�nitions are reviewed here [54℄:2.5.2 De�nitionsThe me
hani
al or mi
ros
opi
 state of a system is de�ned by the atomi
 positions xi and the momenta
pi = mivi . They 
an be 
onsidered as a multidimensional spa
e with 6N 
oordinates, for whi
h theyboth 
ontribute 3N 
oordinates. This spa
e is 
alled phase spa
e.The thermodynami
 or ma
ros
opi
 state of a system is de�ned by a set of parameters that 
om-pletely des
ribes all thermodynami
 properties of the system. An example would be the temperatureT, the pressure P, and the number of parti
les N. All other properties 
an be derived from the funda-mental thermodynami
 equations.An ensemble is the 
olle
tion of all possible systems whi
h have di�erent mi
ros
opi
 states but havethe same ma
ros
opi
 or thermodynami
 state. Ensembles 
an be de�ned by �xed thermodynami
properties as already stated before. Examples for ensembles with di�erent 
hara
teristi
s are: NVE,NVT, NPT, µVT, (E = total energy, P = pressure, V = volume, µ = 
hemi
al potential)2.5.3 Ensemble Averages and Time AveragesIn an experiment one examines a ma
ros
opi
 sample with an enormously high number of atoms ormole
ules respe
tively. So the measured thermodynami
 properties re�e
t an extremely large numberof di�erent 
onformations of the system, representing a subset of the ensemble. We have to say subset,be
ause an ensemble is the 
omplete 
olle
tion of mi
ros
opi
 systems and a ma
ros
opi
 sample 
anonly 
onsist of a �nite number of systems. A su�
iently big sample, however, 
an be seen as goodapproximation to an ensemble. That is why statisti
al me
hani
s de�nes averages 
orresponding toexperimentally measured thermodynami
 properties as ensemble averages [54℄. The ensemble averageis given by:

〈A〉ensemble =

∫∫

d~pNd~xNA
(

~pN , ~xN
)

ρ
(

~pN , ~xN
)

, (2.8)where 〈A〉 is the measured observable, whi
h is stated as a fun
tion of the momenta pi and thepositions ~xi. Quantity ρ
(

~pN , ~xN
) is the probability density for the ensemble and the integrationis performed over all momenta and positions of the system d~pN , d~xN . So, the ensemble average isthe average value of an observable weighted by its probability. This integral is extremely di�
ult to
al
ulate as it involves 
al
ulating all possible states of the system. In an MD simulation an extremely25



large number of 
onformations is generated sequentially in time. To 
al
ulate an ensemble averagethe simulation has to 
over all possible 
onformations 
orresponding to the ensemble, at whi
h thesimulation takes pla
e. The time average is given by
〈A〉time = lim

τ→∞

1

τ

∫ τ

t=0

A
(

~pN~xN
)

dt, (2.9)where τ is the simulation time.This expression is well approximated by an average over a simulation performed over a su�
ientlylong period of time and so representing a su�
ient amount of phase spa
e:
〈A〉time = lim

τ→∞

1

τ

∫ τ

t=0

A
(

~pN , ~xN
)

dt =
1

M

M
∑

i=1

A
(

~pN
M , ~x

N
M

) (2.10)where M is the number of frames and A
(

~pN
M , ~x

N
M

) the values of the observable A in frame M.The idea is based on the Ergodi
 Hypothesis [54℄, one of the most fundamental axioms of statisti
alme
hani
s, whi
h states that the time average equals the ensemble average:
〈A〉ensemble = 〈A〉time (2.11)The idea, as already indi
ated above, is to simulate the system for a relatively long time, so thatit will pass through an extremely high number of 
onformations, whi
h 
an then be referred to as arepresentative subset of an ensemble.2.6 For
e Fields2.6.1 General Features of Mole
ular Me
hani
s For
e FieldsFor
e �elds enable the potential energy of a mole
ular system V to be 
al
ulated rapidly. The energy isa fun
tion of the atomi
 positions of all the atoms in the system whi
h are usually expressed in term ofCartesian 
oordinates. Unlike quantum me
hani
al methods that deal with the ele
trons in a system,for
e �eld te
hniques 
al
ulate the energy of a system only as a fun
tion of the nu
lear positions. Thisis legitimated by the Born-Oppenheimer-Approximation [55℄. Thus, Mole
ular Me
hani
s is invariablyused to perform 
al
ulations on systems 
ontaining a signi�
ant number of atoms whi
h would bringenormous quantum me
hani
al 
al
ulations with them.A typi
al for
e �eld represents ea
h atom in the system as a single point and energies as a sum oftwo-, three-, and four-atom intera
tions su
h as bond stret
hing and angle bending. Although, simplefun
tions (e.g. Hooke's Law) are used to des
ribe these intera
tions, the for
e �eld 
an work quitewell. The potential energy of a 
ertain intera
tion is des
ribed by an equation whi
h involves thepositions of the parti
les and some parameters (e.g for
e 
onstants or referen
e values) whi
h havebeen determined experimentally or by quantum me
hani
al 
al
ulations.Several types of for
e �elds exist. Two of those may use an identi
al fun
tional form yet havevery di�erent parameters and thus bring about di�erent energies for the same system. Moreover,for
e �elds with the same fun
tional form but di�erent parameters, and for
e �elds with di�erentfun
tional forms, may give 
lose results. A for
e �eld should be 
onsidered as a single entity; it26



doesn't need to be 
orre
t to divide the energy into its individual 
omponents or even to take someof the parameters from one for
e �eld and mix them with parameters from another one.An important point that one shouldn't forget is that no '
orre
t' form for a for
e �eld exists. Ifone fun
tional form performs better than another, that form will be favored. Most of the for
e �elds
ommonly used do have a very similar form but it should always be kept in mind that there may bebetter fun
tional forms, parti
ularly when developing a for
e �eld for new 
lasses of mole
ules. Mole
-ular me
hani
s for
e �elds are often a 
ompromise between a

ura
y and 
omputational e�
ien
y;the most a

urate ones may often be unsatisfa
tory for e�
ient 
omputation. As the performan
e of
omputers in
reases, it be
omes possible to in
orporate more sophiti
ated models.A 
on
ept that is 
ommon to most for
e �elds is that of an atom type. For a quantum me
hani
s
al
ulation it is usually ne
essary to spe
ify the 
harge of the nu
lei, together with the geometry ofthe system and the overall 
harge and spin multipli
ity. For a for
e �eld 
al
ulation, however, theoverall 
harge and spin multipli
ity are not expli
itly required, but it is usually ne
essary to assign anatom type to ea
h atom in the system. This 
ontains information about its hybridization state andsometimes the lo
al environment. For example, it is ne
essary to distinguish between 
arbon atomswhi
h adopt a tetrahedral geometry (sp3-hybridized), whi
h are trigonal (sp2- hybrdized) and 
arbonswhi
h are linear (sp-hybridized). The 
orresponding parameters are expressed in terms of these atomtypes, so that the referen
e angle Θ0 for a tetrahedral 
arbon atom would be about 109.5 degree andthat for a trigonal 
arbon near 120. For example, the MM2 [56℄, MM3 [57℄ and MM4 [58℄ for
e �eldsof Allinger and 
o-workers, that are widely used for 
al
ulations on �small� mole
ules, distinguishthe following types of 
arbon atoms: sp3, sp2, sp, 
arbonyl, 
y
lopropane, radi
al, 
y
lopropene and
arbonium ion. The value of the potential energy V is 
al
ulated as a sum of internal or bondedterms, whi
h des
ribe the bonds, angles and bond rotations in a mole
ule, and a sum of external ornon-bonded terms, whi
h a

ount for intera
tions between non-bonded atoms or atoms separated bythree or more 
ovalent bonds. So it is:
V (~x) = Vbonded (~x) + Vnonbonded (~x) , (2.12)Let us now dis
uss the individual 
ontributions to a mole
ular me
hani
s for
e �eld, giving asele
tion of the various fun
tional forms that are in 
ommon use. We shall then have a look at theCHARMM for
e �eld whi
h is used for our 
al
ulations.2.6.2 Bonded terms2.6.2.1 Bond Stre
hingThe potential energy 
urve (Morse potential) for a typi
al bond has the shape shown in Fig. 2.7 (Solidline). This potential has the form:
VB (t) = De{1 − exp[−a (l − l0)]}2 (2.13)

De is the depth of the potential energy minimum and a = ω.
√

µ
2De

, where µ is the redu
ed massand ω is the frequen
y of the bond vibration. The frequen
y ω is related to the stre
hing 
onstantof the bond kl, by ω =
√

kl

µ , where kl determines the strength of the bond. The length l0 is the27



referen
e bond length. It is the value that the bond adopts when all other terms in the for
e �eld arezero. Both l0 and kl are spe
i�
 for ea
h pair of bound atom. Values of kl are often evaluated fromexperimental data su
h as infrared stret
hing frequen
ies or from quantum me
hani
al 
al
ulations.Values of l0 
an be inferred from high resolution 
rystal stru
tures or mi
rowave spe
tros
opy data.The Morse potential is not usually used in mole
ular me
hani
s for
e �elds. It is 
omputationallydemanding the 
urve des
ribes a wide range of behavior, from the strong equilibrium to disso
iation.Normally, this is not ne
essary for Mole
ular Me
hani
s 
al
ulations where we are more interested inslight deviations of bonds from their equilibrium values. Consequently, simpler expressions are oftenused. The most elementary approa
h is to use a Hooke's Law formula in whi
h the energy varies withthe square of the displa
ement from the referen
e bond length l0:
VB (l) =

1

2
kl. (l − l0)

2 (2.14)The Hooke's Law fun
tional form is a reasonable approximation to the shape of the potential energy
urve at the bottom of the potential well, at distan
es that 
orrespond to bonding in ground-statemole
ules. It is less a

urate away from equilibrium (Fig. 2.7 dotted line).
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urve more a

urately, 
ubi
 and higher terms 
an be in
luded whi
hgive a better model 
loser to the equilibrium stru
ture than the quadrati
 form but also 
reate apotential passing through maxima further away from l0. This 
an lead to a 
atastrophi
 lengtheningof bonds. Resear
hers in the team have used su
h a 
ubi
 potential to better approximate the energyof the S-Cu and S-Hg bonds [59℄ added to the CHARMM for
e �eld. A plot of energy versus r1 =28



S-Cu(I) distan
e is shown in Fig. 2.8. A 
omparison is done with a quantum 
hemi
al 
al
ulation(ab initio) run with the program Gaussian. There is a good agreement between the ab initio andCHARMM energies for values of r extending plus or minus 0.3 Å away from the minimum. Thedis
repan
y between the ab initio and CHARMM energies for large r is due to the fa
t that eitherthe 
orre
tive anharmoni
 term in r3 is too strong (and negative : (r0 − r) ≤ 0 for large r) or higherorder anharmoni
 terms are missing in the potential.

Figure 2.8: Plot of energy versus S-Cu(I) distan
e. The points 
orresponding to the ab initio andCHARMM 
al
ulations, evenly spa
ed every 0.1 Å , are shown as triangles and diamonds respe
tively.An additional point at r=2.121 Å 
orresponds to the minimum of the ab initio energy. The dashed
urve 
lose to the CHARMM points represents the �tted potential in r2 + r3 and a dotted 
urverepresents the 
ontribution of the harmoni
 term only to this potential.2.6.2.2 Angle BendingThe deviation of valen
e angles from their referen
e values (Fig. 2.9) is also frequently des
ribed usinga harmoni
 potential:
VA (θ) =

1

2
kθ (θ − θ0)

2 (2.15)The for
e 
onstant kθ and the referen
e value θ0 depend on the 
hemi
al type of atoms 
onstitutingthe angle. Rather less energy is required to distort an angle away from equilibrium than to stret
hor 
ompress a bond, and thus for
e 
onstants are smaller here. As with the bond-stret
hing terms,the a

ura
y of the for
e �eld 
an be improved by the in
orporation of higher-order terms. Thesetwo terms, the bond-stret
hing and angle-bending, des
ribe the deviation from an ideal geometry;e�e
tively, they are penalty fun
tions and the sum of them should be 
lose to zero in a perfe
tly29



Figure 2.9: Bond Angle θoptimized stru
ture. Most of the variation in stru
ture and relative energies is due to torsional andnon-bonded 
ontributions.2.6.2.3 Torsional TermsThis term represents the torsion angle potential fun
tion whi
h models the presen
e of steri
 barriersbetween atoms separated by three 
ovalent bonds. The existen
e of barriers to rotation about 
hemi
albonds is fundamental to understanding the stru
tural properties of mole
ules and 
onformationalanalysis. The three minimum energy staggered 
onformations and the three maximum-energy e
lipsedstru
tures of ethane are a 
lassi
 example of the way in whi
h the energy 
hanges with a bond rotation[60℄.Quantum me
hani
al 
al
ulations suggest that the rotation-barrier arises from antibonding in-tera
tions between the H-atoms on opposite ends of the mole
ule; they are minimized when the
onformation is staggered. Not all mole
ular me
hani
s for
e �elds use torsional potentials; it maybe possible to rely on non-bonded intera
tions between the atoms at the end of ea
h torsion angle.However, most for
e �elds for organi
 mole
ules do use expli
it torsional potentials with a 
ontributionfrom ea
h bonded quartet of atoms A-B-C-D in the system (Fig. 2.10).

Figure 2.10: A torsion angle (dihedral angle) A-B-C-D is de�ned as the angle Phi between the planes(ABC) and (BCD). A torsion angle 
an vary through 360 degrees.Thus, there would be nine individual torsional terms for ethane. Torsional potentials are almost30



always expressed as a 
osine series expansion. One fun
tional form is:
VT (φ) =

1

2
kφ.[1 + cos (nφ− δ)] (2.16)where the quantity kφ is often referred to as the barrier height. The value of kφ gives a qualitativeindi
ation of the relative barriers to rotation; for example kφ for an amide bond (A-C=N-D) will belarger than for a bond between two sp3 
arbon atoms (A-C-C-D). n is the periodi
ity; its value givesthe number of minimum points in the fun
tion as the bond is rotated through 360◦C. δ (the phasefa
tor) sets the minimum energy angle.2.6.2.4 Improper Torsions / Out-of-Plane BendingSeveral 
hemi
al groups involve arrangements of 4 or more atoms in a plane like the peptide bondin proteins. For these groups it is sometimes advantageous to have an additional term enfor
ingplanarity.The simplest way to a
hieve the desired geometry is to use an out-of-plane bending term. Oneapproa
h is to treat the four atoms as an improper torsion angle i.e., a torsion angle in whi
h the fouratoms are not bonded in the sequen
e A-B-C-D. (Fig. 2.11).

Figure 2.11: The improper dihedral term is designed to maintain planarity about 
ertain atoms. Thepotential is des
ribed by a harmoni
 fun
tion. α is the angle between the plane formed by the 
entralatom and two peripheral atoms and the plane formed by the peripheral atoms only.A value of 0◦ 
orresponds to all four atoms being planar. The deviation of the out-of-plane 
oor-dinate 
an be modeled using a harmoni
 potential of the form:
V (α) =

1

2
kα.α

2 (2.17)We are now going to have a look at the non-bonded terms whi
h 
onsist at least of the ele
trostati
and the van der Waals intera
tions in the system.31



2.6.3 NonBonded terms2.6.3.1 Ele
trostati
 Intera
tionsIntera
tions between atoms due to their permanent dipole moments are des
ribed approximately bytreating the 
harged portions as point 
harges. Then we use the Coulomb potential for point 
hargesto estimate the for
es between the 
harged atoms. The Coulomb potential is an e�e
tive pair potentialthat des
ribes the intera
tion between two point 
harges. It a
ts along the line 
onne
ting the two
harges. It is given, in SI units, by the equation:
VE (i, j) =

qiqj
4πǫ0rij

. (2.18)or, in more useful AKMA units
VE (i, j) = 332

qiqj
rij

. (2.19)
rij is the distan
e between qi and qj, the ele
tri
 
harge in 
oulombs 
arried by 
harge i and jrespe
tively, and ǫ0 is the ele
tri
al permittivity of spa
e. Alternative approa
hes to the 
al
ulation ofele
trostati
 intera
tions, e.g. the 
entral multipole expansion whi
h is based on the ele
tri
 moments,may provide more exa
t solutions to the ele
trostati
 intera
tions [61℄.2.6.3.2 Van der Waals Intera
tionsThe van der Waals intera
tion between two atoms arises from a balan
e between repulsive and at-tra
tive for
es. The repulsive for
e arises at short distan
es where the ele
tron-ele
tron intera
tion isstrong (Pauli repulsion). The attra
tive for
e, also referred to as dispersion for
e, arises from �u
tua-tions in the 
harge distribution in the ele
tron 
louds. The �u
tuation in the ele
tron distribution onone atom gives rise to an instantaneous dipole whi
h, in turn, indu
es a dipole in a se
ond atom givingrise to an attra
tive intera
tion. Ea
h of these two e�e
ts is equal to zero at in�nite atomi
 separationand be
omes signi�
ant as the distan
e de
reases. The attra
tive intera
tion is longer range than therepulsion but as the distan
e be
omes short, the repulsive intera
tion be
omes dominant. This givesrise to a minimum in the energy (see Fig. 2.12).The best known of the van der Waals potential fun
tions is the Lennard-Jones 12-6 fun
tion, whi
htakes the following form for the intera
tion between two atoms:

Vvdw (r) = 4ǫ.

[

(σ

r

)12

−
(σ

r

)6
] (2.20)The Lennard-Jones 12-6 potential 
ontains just two adjustable parameters: the 
ollision diameter

σ (the separation for whi
h the energy is zero) and the well depth ǫ. These parameters are graphi
allyillustrated in Fig. 2.12. The need for a fun
tion that 
an be rapidly evaluated is a 
onsequen
e ofthe large number of van der Waals intera
tions that must be determined in many of the systemsthat we would like to model. The 12-6 potential is widely used, parti
ularly for 
al
ulations on largesystems, as r−12 
an be qui
kly 
al
ulated by squaring the r−6 term. The r−6 term 
an also be
al
ulated from the square of the distan
e without having to perform a 
omputationally expensivesquare root 
al
ulation. The 6-12 term between hydrogen-bonding atoms is repla
ed by an expli
ithydrogen bonding term in some for
e �elds, whi
h is often des
ribed using a Lennard-Jones 10-1232
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tively.potential. The most time 
onsuming part of a mole
ular dynami
s simulation is the 
al
ulation ofthe non-bonded terms in the potential energy fun
tion. In prin
iple, these energy terms should beevaluated between every pair of atoms; in this 
ase, the number in
reases as the square of the numberof atoms for a pair-wise model. To speed up the 
omputation two approa
hes are applied. In the�rst approa
h the intera
tions between two atoms separated by a distan
e greater than a pre-de�neddistan
e, the �
uto�� distan
e, are ignored. The intera
tions are simply set to zero for interatomi
distan
es greater than the 
uto� distan
e (Trun
ation-Method) or the entire potential energy surfa
eis modi�ed su
h that at the 
uto� distan
e the intera
tion potential is zero (Shift-Method). The otherway is to redu
e the number of intera
tion sites. The simplest way to do this is to subsume some orall of the atoms (usually just the hydrogen atoms) into the atoms to whi
h they are bonded (United-Atom-Method). Considerable 
omputational savings are possible; for example, if butane is modeledas a four- site model rather than one with twelve atoms, the van der Waals intera
tion between allthe atoms involves the 
al
ulation of six terms rather than 78.2.7 The CHARMM program and for
e �eld2.7.1 The CHARMM for
e�eldThe CHARMM (Chemistry at HARvard Mole
ular Me
hani
s) program is a general purpose mole
-ular me
hani
s simulation program. Besides energy minimization, dynami
s simulation, vibrationalanalysis and thermodynami
 
al
ulations whi
h are all performed with the use of the empiri
al po-tential energy fun
tion (the for
e �eld), there are interfa
es to several quantum me
hani
al programsallowing mixed QM and MM 
al
ulations. The program 
an treat systems ranging in size from small33



individual organi
 mole
ules to large proteins and DNA mole
ules either isolated, in solutions or in
rystalline solids. In this se
tion we expli
itly des
ribe the 
ore of the CHARMM program, the for
e�eld, and some important �les whi
h the program works with. We start with an introdu
tion into
hara
teristi
s of for
e �elds before dealing with the single portions of the fun
tion.The CHARMM For
e Field is a simple Mole
ular Me
hani
s for
e �eld whi
h in
ludes energy termspreviously des
ribed:
Up =

∑

bonds

kr(r − r0)
2 +

∑

angles

kθ(θ − θ0)
2 +

∑

dihedrals

kφ(1 + cos(nφ− δ))

+
∑

impropers

kω(ω − ω0)
2 +

∑

UB

kξ(ξ − ξ0)
2

+
∑ ∑

nonbonded

{[

(

Aij

rij

)12

−
(

Bij

rij

)6
]

+
1

4πǫ0ǫr

qiqj
rij

} (2.21)
2.7.2 Data Stru
turesData Stru
tures in
lude information about the mole
ule, its 
omposition, its 
hemi
al 
onne
tivity,
ertain atomi
 properties and parameters for the energy fun
tion and more. This information for aparti
ular 
lass of mole
ules, e.g. proteins or nu
lei
 a
ids, is 
ontained in the topology �le and theparameter �le. For a spe
i�
 mole
ule, the ne
essary data is stored in the Protein Stru
ture File andthe Coordinate File, respe
tively.2.7.2.1 Residue Topology File (RTF)The RTF 
ontains lo
al information about atoms, bonds, angles et
. for ea
h possible type of monomerunit (residue) that 
an be used in building a parti
ular type of ma
romole
ule. For ea
h residue the
ovalent stru
ture is de�ned, i.e., how the atoms are 
onne
ted to one another to form amino a
ids,DNA bases or lipid mole
ules.2.7.2.2 Parameter File (PARAM)The parameter File is asso
iated with the RTF �le as it 
ontains all the ne
essary parameters for
al
ulating the energy of the mole
ule(s). These in
lude the equilibrium bond lengths and angles forbond stret
hing, angle bending and dihedral angle terms in the potential energy fun
tion as well asthe for
e 
onstants and the Lennard-Jones 12-6 potential parameters. As already mentioned, theseparameters are asso
iated with parti
ular atom types.For our parti
ular study of metalloproteins, new parameters had been added to the CHARMMpotential following previous work by resear
hers in the laboratory [59℄. Some of the new CHARMMparameters for metals Cu(I) and Hg(II) are listed in Table 2.1. 4 atom types have been added : CUfor 
opper(I) and HG for mer
ury (II), SCU for a 
harged sulfur atom bonded to 
opper(I) and SHGfor a 
harged sulfur atom bonded to mer
ury (II).Nonbonded parameters for the 4 new atom types are given in Table 2.234



Bond distan
e For
e 
onstant (k
al/mol/Å 2) Equilibrium value (Å )SCU CU 82 2.135SHG HG 97 2.319Bond angle For
e 
onstant (k
al/mol/rad2) Equilibrium value (degrees)SCU CU SCU 18 182SHG HG SHG 26 178.5Table 2.1: New CHARMM bonded parameters for metalsAtom Charge R (Å ) (= σ/25/6) ǫ (k
al/mol)HG 0.31 1.60 1.0SHG -0.27CU 0.15 1.40 0.19SCU -0.60Table 2.2: Charges and van der Waals parameters for a new metal for
e �eld in CHARMM.2.7.2.3 Protein Stru
ture File (PSF)The PSF is the most fundamental data stru
ture used in CHARMM. It is generated for a spe
i�
mole
ule or mole
ules and 
ontains the detailed 
omposition and 
onne
tivity of the mole
ule(s). Itdes
ribes how mole
ules are divided into residues and mole
ular entities (segments), whi
h 
an rangefrom a single ma
romole
ular 
hain to multiple 
hains solvated by expli
it water mole
ules.2.7.2.4 Coordinate File (CRD)The CRD �le 
ontains the Cartesian 
oordinates of all atoms in the system. Those are most oftenobtained from X-ray 
rystal stru
tures or from NMR stru
tures. Missing 
oordinates 
an be builtwithin the CHARMM program.2.7.3 Energy Minimization in CHARMM2.7.3.1 Des
ription of MinimizationMinimization redu
es the energy of the system to the lowest possible point, simulating the system's en-ergy as absolute zero. There are di�erent methods used for 
al
ulating the lowest-energy 
onformationof a given stru
ture.2.7.3.2 Minimization methodsThe simplest minimization algorithm is steepest des
ent (SD). In ea
h step of this iterative pro
edure,the 
oordinates are adjusted in the negative dire
tion of the gradient. It has one adjustable parameter,the step size, whi
h determines how far to shift the 
oordinates at ea
h step. The step size is adjusted35



depending on whether a step results in a lower energy. i.e., if the energy drops, the step size isin
reased by 20% to a

elerate the 
onvergen
e. If the energy rises, overshooting a minimum, the stepsize is halved. Steepest des
ent does not 
onverge in general, but it will rapidly improve a very poor
onformation.A se
ond method is the 
onjugate gradient te
hnique (CONJ) whi
h has better 
onvergen
e 
har-a
teristi
s [62℄. The method is iterative and makes use of the previous history of minimization stepsas well as the 
urrent gradient to determine the next step. It 
an be shown that the method 
onvergesto the minimum energy in N steps for a quadrati
 energy surfa
e where N is the number of degrees offreedom in the energy. Sin
e several terms in the potential are quadrati
, it requires less evaluations ofthe energy and gradient to a
hieve the same redu
tion in energy in 
omparison to steepest des
ent. Itsmain drawba
k is that with very poor 
onformations, it is more likely to generate numeri
al over�owsthan steepest des
ent. The algorithm used in CHARMM has a slightly better interpolation s
hemeand automati
 step size sele
tion.A third method involves solving the Newton-Raphson (NRAP) minimization equations iteratively.This pro
edure requires the 
omputation of the derivative of the gradient whi
h is a matrix of sizeO(n2). The pro
edure here is to �nd a point where the gradient will be zero (hopefully a minimumin energy) assuming that the potential is quadrati
. The Newton-Raphson equations 
an be solvedby a number of means, but the method adopted for CHARMM involves diagonalizing the se
ondderivative matrix and then �nding the optimum step size along ea
h eigenve
tor. The advantages ofthis method are that the geometry 
annot remain at a saddle point, as sometimes o

urs with theprevious pro
edures, and that the pro
edure 
onverges rapidly when the potential is nearly quadrati
(or 
ubi
). The major disadvantage is that this pro
edure 
an require ex
essive storage requirements,O(n2), and 
omputation time, O(n3), for large mole
ules. Thus we are 
urrently restri
ted to systemswith about 200 atoms or less for this method. IMAGES and SHAKE are 
urrently unavailable withthis method.Finally, the most generally used method is an adopted basis Newton-Raphson method (ABNR).This routine performs energy minimization using a Newton-Raphson algorithm applied to a subspa
eof the 
oordinate ve
tor spanned by the displa
ement 
oordinates of the last (MINDim) positions.The se
ond derivative matrix is 
onstru
ted numeri
ally from the 
hange in the gradient ve
tors, andis inverted by an eigenve
tor analysis allowing the routine to re
ognize and avoid saddle points in theenergy surfa
e. At ea
h step the residual gradient ve
tor is 
al
ulated and used to add a steepestdes
ent step onto the Newton-Raphson step, in
orporating new dire
tion into the basis set. Thismethod is the best for most 
ir
umstan
es.2.8 Solvation2.8.1 Expli
it solvationSolvating 
onsists in surrounding the solute, generally a protein or DNA strand, with a solvent. Thisis very useful in biomole
ular simulations sin
e bio
hemi
al rea
tions generally take pla
e in a vis
ousenvironment. To deal with the problem of a theoreti
ally �in�nite� bulk solvent 
ompared to the sizeof the ma
romole
ule, one usually employs periodi
ity and so-
alled �Periodi
 boundary 
onditions�.36



2.8.1.1 Periodi
 boundariesPeriodi
 boundary 
onditions (PBC) are a set of boundary 
onditions that are often used to simulatea large system by modelling a small part that is far from its edge. Periodi
 boundary 
onditionsresemble the topologies of some video games; a unit 
ell or simulation box of a geometry suitable forperfe
t three-dimensional tiling is de�ned, and when an obje
t passes through one fa
e of the unit
ell, it reappears on the opposite fa
e with the same velo
ity. The simulation is of an in�nite perfe
ttiling of the system. The tiled 
opies of the unit 
ell are 
alled images, of whi
h there are in�nitelymany. During the simulation, only the properties of the unit 
ell need be re
orded and propagated.The minimum-image 
onvention shown in Fig. 2.13 is a 
ommon form of PBC parti
le bookkeepingin whi
h ea
h individual parti
le in the simulation intera
ts with the 
losest image of the remainingparti
les in the system.

Figure 2.13: Two-dimensional view of the minimum-image 
onvention for Periodi
 boundary 
ondi-tions. Ea
h parti
le in the simulation 
ell (
enter) intera
ts with images in the 8 neighbouring 
ells (26in 3-D). When a parti
le A lives the 
entral simulation 
ell, for instan
e by the left, it automati
ally�reenters� by the right side through its periodi
 
opy A4.In CHARMM, to solvate a protein prior to a simulation using PBC, we generally embed it inside aparallelepipedi
 box of TIP3P waters. Then we delete all waters with O atom 
loser than 2.4 Å fromany heavy atom of the protein. Then, we minimize the energy of the system and run equilibration MDphases where protein atoms are harmoni
ally restrained to their original positions with de
reasing for
e
onstants. Alternatively, for a simulation inside a spheri
al droplet of water, the system is immersedinside a sphere of pre-equilibrated water mole
ules and equilibrated after removing overlapping waters.The immersion pro
edure 
an be repeated several times so as to prevent solvent holes.In CHARMM, there is no spe
i�
 
ommand for solvation, but all the pre
eding stages 
an be donethrough a series of 
ommands and s
ripts. 37



2.8.2 Impli
it solvationImpli
it solvation (sometimes known as 
ontinuum solvation) is a method of representing solvent asa 
ontinuous medium instead of individual �expli
it� solvent mole
ules most often used in mole
ulardynami
s simulations and in other appli
ations of mole
ular me
hani
s (see above). The method isoften applied to estimate free energy of solute-solvent intera
tions in stru
tural and 
hemi
al pro
esses,su
h as folding or 
onformational transitions of proteins, DNA, RNA, and polysa

harides, asso
iationof biologi
al ma
romole
ules with ligands, or transport of drugs a
ross biologi
al membranes.The impli
it solvation model is justi�ed in liquids, where the potential of mean for
e 
an beapplied to approximate the averaged behavior of many highly dynami
 solvent mole
ules. However,the interiors of biologi
al membranes or proteins 
an also be 
onsidered as media with spe
i�
 solvationor diele
tri
 properties. These media are 
ontinuous but not ne
essarily uniform, sin
e their properties
an be des
ribed by di�erent analyti
al fun
tions, su
h as �polarity pro�les� of lipid bilayers [63℄. Thereare two basi
 types of impli
it solvent methods: models based on a

essible surfa
e areas (ASA)that were histori
ally the �rst, and more re
ent 
ontinuum ele
trostati
s models, although variousmodi�
ations and 
ombinations of the di�erent methods are possible.The a

essible surfa
e area (ASA) method is based on experimental linear relations between Gibbsfree energy of transfer and the surfa
e area of a solute mole
ule [64℄. This method operates dire
tlywith free energy of solvation, unlike mole
ular me
hani
s or ele
trostati
 methods that in
lude onlythe enthalpi
 
omponent of free energy. The 
ontinuum representation of solvent also signi�
antlyimproves the 
omputational speed and redu
es errors in statisti
al averaging that arise from in
ompletesampling of solvent 
onformations [65℄ so that the energy lands
apes obtained with impli
it and expli
itsolvent are di�erent [66℄. Although the impli
it solvent model is useful for simulations of biomole
ules,this is an approximate method with 
ertain limitations and problems related to parameterization andtreatment of ionization e�e
ts.2.8.2.1 A

essible surfa
e area based methodThe free energy of solvation of a solute mole
ule in the simplest ASA-based method is given by:
∆Gsolv =

∑

i

σiASAi (2.22)where ASAi is the a

essible surfa
e area of atom i, and σi is the solvation parameter of atom i,i.e. a 
ontribution to the free energy of solvation of the parti
ular atom i per surfa
e unit area. Therequired solvation parameters for di�erent types of atoms (C, N, O, S, et
.) are usually determinedby least squares �t of the 
al
ulated and experimental transfer free energies for a series of organi

ompounds. The experimental energies are determined from partition 
oe�
ients of these 
ompoundsbetween di�erent solutions or media using standard mole 
on
entrations of the solutes [67℄.It is noteworthy that solvation energy is free energy required to transfer a solute mole
ule from asolvent to �va
uum� (gas phase). This solvation energy 
an supplement the intramole
ular energy inva
uum 
al
ulated in mole
ular me
hani
s. Therefore, the required atomi
 solvation parameters wereinitially derived from water-gas partition data [68℄. However, the diele
tri
 properties of proteins andlipid bilayers are mu
h more similar to those of nonpolar solvents than to va
uum. Newer parameters38



have therefore been derived from water-o
tanol partition 
oe�
ients [69℄ or other similar data. Su
hparameters a
tually des
ribe transfer energy between two 
ondensed media or the di�eren
e of twosolvation energies.2.8.2.2 Poisson-BoltzmannAlthough this equation has solid theoreti
al justi�
ation, it is 
omputationally expensive to 
al
ulatewithout approximations. The Poisson-Boltzmann equation (PB) des
ribes the ele
trostati
 environ-ment of a solute in a solvent 
ontaining ions. It 
an be written in 
gs units as:
~∇.

[

ǫ(~r)~∇Ψ(~r)
]

= −4πρ(~r) − 4π
∑

i

ciziqλ(~r).exp

[−ziqΨ(~r)

kBT

] (2.23)where ǫ(~r) represents the position-dependent diele
tri
, Ψ(~r) represents the ele
trostati
 potential,
ρ(~r) represents the 
harge density of the solute, ci represents the 
on
entration of the ion i at a distan
eof in�nity from the solute, zi is the valen
e of the ion, q is the 
harge of a proton, kB is the Boltzmann
onstant, T is the temperature, and λ(~r) is a fa
tor for the position-dependent a

essibility of position
r to the ions in solution (often set to uniformly 1). If the potential is not large, the equation 
an belinearized to be solved more e�
iently [70℄.A number of numeri
al Poisson-Boltzmann equation solvers of varying generality and e�
ien
y havebeen developed [71℄, in
luding one appli
ation with a spe
ialized 
omputer hardware platform [72℄.However, performan
e from PB solvers does not yet equal that from the more 
ommonly used gener-alized Born approximation [73℄.2.8.2.3 Generalized BornThe Generalized Born (GB) model is an approximation to the exa
t (linearized) Poisson-Boltzmannequation. It is based on modeling the protein as a sphere whose internal diele
tri
 
onstant di�ersfrom the external solvent. The model has the following fun
tional form:

Gs =
1

8π

(

1

ǫ0
− 1

ǫ

) N
∑

i,j

qiqj
fGBwhere

fGB =
√

r2ij + a2
ije

−Dand
D =

(

rij
2aij

)2

, aij =
√
aiajwhere ǫ0 is the permittivity of free spa
e, ǫ is the diele
tri
 
onstant of the solvent being modeled,

qi is the ele
trostati
 
harge on parti
le i, rij is the distan
e between parti
les i and j, and ai is aquantity (with the dimension of length) known as the e�e
tive Born radius [74℄. The e�e
tive Bornradius of an atom 
hara
terizes its degree of burial inside the solute; qualitatively it 
an be thoughtof as the distan
e from the atom to the mole
ular surfa
e. A

urate estimation of the e�e
tive Bornradii is 
riti
al for the GB model [75℄. 39



2.8.2.4 GBSAGBSA is simply a Generalized Born model augmented with the hydrophobi
 solvent a

essible surfa
earea SA term. It is among the most 
ommonly used impli
it solvent model 
ombinations. Theuse of this model in the 
ontext of mole
ular me
hani
s is known as MM/GBSA. Although thisformulation has been shown to su

essfully identify the native states of short peptides with well-de�ned tertiary stru
ture [76℄, the 
onformational ensembles produ
ed by GBSA models in otherstudies di�er signi�
antly from those produ
ed by expli
it solvent and do not identify the protein'snative state [66℄. In parti
ular, salt bridges are overstabilized, possibly due to insu�
ient ele
trostati
s
reening, and a higher-than-native alpha helix population was observed. Variants of the GB modelhave also been developed to approximate the ele
trostati
 environment of membranes, whi
h have hadsome su

ess in folding the transmembrane heli
es of integral membrane proteins [77℄.2.8.2.5 Ad-ho
 fast solvation modelsAnother possibility is to use ad-ho
 qui
k strategies to estimate solvation free energy. A �rst generationof fast impli
it solvents is based on the 
al
ulation of a per-atom solvent a

essible surfa
e area. Forea
h of group of atom types, a di�erent parameter s
ales its 
ontribution to solvation ("ASA-basedmodel" des
ribed above). [78℄Another strategy is implemented for the CHARMM19 for
e-�eld and is 
alled EEF1 [79℄. EEF1 isbased on a Gaussian-shaped solvent ex
lusion. The solvation free energy is
∆Gsolv

i = ∆Gref
i −

∑

j

∫

V j
fi(r)dr (2.24)The referen
e solvation free energy of i 
orresponds to a suitably 
hosen small mole
ule in whi
hgroup i is essentially fully solvent-exposed. The integral is over the volume Vj of group j and thesummation is over all groups j around i. EEF1 additionally utilizes a distan
e-dependent (non-
onstant) diele
tri
, and ioni
 side-
hains of proteins are simply neutralized. It is only 50% slowerthan a va
uum simulation. This model was later augmented with the hydrophobi
 e�e
t and 
alledCharmm19/SASA. [80℄2.8.3 Hybrid impli
it/expli
it solvation modelsIt is possible to in
lude a layer or sphere of water mole
ules around the solute, and model the bulkwith an impli
it solvent. Su
h an approa
h is proposed by M.S. Lee and 
oworkers [81℄. The bulksolvent is modeled with a Generalized Born approa
h and the multi-grid method used for Coulombi
pairwise parti
le intera
tions. It is reported to be faster than a full expli
it solvent simulation withthe parti
le mesh Ewald (PME) method of ele
trostati
 
al
ulation.2.8.4 E�e
ts not a

ounted for2.8.4.1 The hydrophobi
 e�e
tModels like PB and GB allow estimation of the mean ele
trostati
 free energy but do not a

ount forthe (mostly) entropi
 e�e
ts arising from solute-imposed 
onstraints on the organization of the water40



or solvent mole
ules. This is known as the hydrophobi
 e�e
t and is a major fa
tor in the foldingpro
ess of globular proteins with hydrophobi
 
ores. Impli
it solvation models may be augmentedwith a term that a

ounts for the hydrophobi
 e�e
t. The most popular way to do this is by takingthe solvent a

essible surfa
e area (SASA) as a proxy of the extent of the hydrophobi
 e�e
t. Mostauthors pla
e the extent of this e�e
t between 5 and 45 
al/(2 mol). [82℄ Note that this surfa
earea pertains to the solute, while the hydrophobi
 e�e
t is mostly entropi
 in nature at physiologi
altemperatures and o

urs on the side of the solvent.2.8.4.2 Vis
osityImpli
it solvent models su
h as PB, GB, and SASA la
k the vis
osity that water mole
ules impart byrandomly 
olliding and impeding the motion of solutes through their van der Waals repulsion. In many
ases, this is desirable be
ause it makes sampling of 
on�gurations and phase spa
e mu
h faster. Thisa

eleration means that more 
on�gurations are visited per simulated nanose
ond, on top of whateverCPU a

eleration is a
hieved in 
omparison to expli
it solvent. But it 
an lead to misleading resultswhen kineti
s are of interest. Vis
osity may be added ba
k by using Langevin dynami
s instead ofHamiltonian dynami
s and 
hoosing an appropriate damping 
onstant for the parti
ular solvent [83℄.2.8.4.3 Hydrogen-bonds with waterThe average energeti
 
ontribution of protein-water hydrogen bonds may be reprodu
ed with animpli
it solvent. However, the dire
tionality of these hydrogen bonds will be missing.
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Chapter 3Metal-Binding Membrane ProteinsIn this 
hapter, I will present ioni
 
hannels and transporters introdu
ing a modelling study we havere
ently published [84℄. Then, I will give an overview of the 
urrent knowledge on metal transportingATPases, subje
t of the major part of this thesis.3.1 Ioni
 Channels and Transporters3.1.1 OverviewMembrane transport proteins are 
ru
ial for life. They regulate the �uxes of ions, nutrients andother mole
ules a
ross the membranes of all 
ells, and their a
tivities underlie physiologi
al pro
essesas diverse as brain ele
tri
al a
tivity, mus
le 
ontra
tion, water and solute transport in the kidney,hormone se
retion and the immune response. Mutations in membrane transport proteins, or defe
tsin their regulation, are responsible for many human diseases. Consequently, these proteins are targetsfor widely used therapeuti
 drugs.Traditionally, membrane transport proteins have been divided into two groups: 
hannels and trans-porters. Channels are membrane-spanning water-�lled pores through whi
h substrates passively dif-fuse down their ele
tro
hemi
al gradients whenever the regulatory gate is open. Transporters undergoa 
y
le of 
onformational 
hanges linked to substrate binding and disso
iation on opposite sides of themembrane. This 
onformational 
y
le 
an be 
oupled to energy sour
es like pre-existing ion gradientsor ATP hydrolysis, thus allowing substrates to be moved �uphill� against their 
on
entration gradients,as in nutrient and ion a

umulation into the 
ell or export from the 
ell of ions, drugs or xenobioti
s.All transporters must e�e
tively have two �gates� that 
ontrol a

ess from either side of the mem-brane to the substrate-binding sites as well as a 
onformational 
y
le that prevents both these gatesfrom being open at the same time. It is obvious that if both gates were open simultaneously, theprotein would then operate as a 
hannel. And, owing to the orders-of-magnitude higher �ow ratesthrough 
hannels than through transporters, even a �eeting moment of 
hannel-like behaviour wouldrender a transporter useless. To obviate any su
h o

urren
e, the 
onformational 
y
les of manytransporters in
orporate o

luded states in whi
h both gates are shut, en
losing the bound substrate,before one of the gates opens to release it. 43



3.1.2 Spe
ial ATP-binding 
assette transportersATP-binding 
assette (ABC) transporters are ubiquitous membrane proteins that 
ouple the energyof ATP hydrolysis to translo
ation of diverse substrates a
ross 
ell membranes. It has long beenre
ognized that the sulphonylurea re
eptor SUR and the 
ysti
 �brosis transmembrane 
ondu
tan
eregulator CFTR are ex
eptional among ABC proteins in that they do not serve as pumps. Instead, theyhave hija
ked the ATP-binding and hydrolyti
 a
tivity of the nu
leotide-binding domains (NBDs) togate an intrinsi
 
hloride 
hannel (CFTR) or to regulate the gating of a separate inward-re
ti�er KATPpotassium 
hannel (SUR). Re
ent 
rystal stru
tures of ba
terial ABC transporters have suggested a
ommon mole
ular me
hanism by whi
h binding and hydrolysis of ATP are 
oupled to 
onformational
hanges in the membrane-spanning domains, as dis
ussed by [85℄.3.1.3 KATP-
hannelsATP-sensitive potassium (KATP) 
hannels are non-voltage-dependent, potassium-sele
tive 
hannelsgated by the intra
ellular nu
leotides ATP and ADP. Gating is 
omplex and thought to re�e
t thestati
 and dynami
 nature of the 
ellular metaboli
 status. Thus KATP 
hannels are postulated to a
tas sensors of intra
ellular metabolism, tuning the potassium permeability, and therefore the ele
tri
ala
tivity, of a 
ell to its energeti
 balan
e. These 
hannels are present in most ex
itable 
ells. Inpan
reati
 β 
ells, they play a key role in 
oupling insulin se
retion to plasma glu
ose. In mus
leand neuronal 
ells, their fun
tion is not as �rmly established but eviden
e is strengthening for animpli
ation in the prote
tive response to various metaboli
 insult.The KATP 
hannel is made up of two proteins: the ∼ 160 kDa sulfonylurea re
eptor SUR whi
his a member of the ATP binding 
assette (ABC) transporter family, and a smaller ∼ 40 kDa proteinKir6.2 (Uniprot entry IRK11-HUMAN) or Kir6.1 whi
h belongs to the inward re
ti�er K+ 
hannelfamily. Four Kir6.x subunits assemble to form a K+-sele
tive pore, whi
h is 
onstitutively asso
iatedto four SUR subunits, (Fig. 3.1).The ultrastru
ture of the KATP 
hannel is unique for an ion 
hannel as it is the only knowninstan
e of su
h an intri
ate partnership between members of the ion 
hannel and ABC protein genefamilies. Kir6.x 
hannels are already endowed with an inhibitory site for ATP, whi
h is modulatedby phospholipids. SUR adds two nu
leotide binding sites able to bind and hydrolyze ATP. Theresulting 
hannel 
omplex is predi
ted to have 96 transmembrane heli
es and 12 nu
leotide bindingsites. Another pe
uliar trait of the KATP 
hannel is its pharma
ologi
al repertoire, whi
h is the ri
hestof all known potassium 
hannels and in
ludes both blo
kers and openers.3.1.4 Biomole
ular sensors based on SURProtein-based bio mole
ule sensors engineered by 
ovalent assembly of natural ion 
hannels and re
ep-tors forming nanos
ale ele
tri
al biosensors, are promising tools for diagnosti
s and high-throughputs
reening systems. The ele
tri
al signal (
urrent through the 
hannel) allows label-free assays withhigh signal/noise ratio and fast real-time measurements that are well adapted to mi
roele
troni
 
hips.The 
hallenge in developing su
h biosensors lies in fun
tionally 
onne
ting a mole
ule dete
tor to anele
tri
al swit
h. Advan
es in this �eld has relied on syntheti
 ion-
ondu
ting pores and modi�ed44



Figure 3.1: Hypotheti
al stru
tural organization of the 
ardia
 KATP 
hannel. Kir6.2 (390 aminoa
ids) and SUR2A (1549 amino a
ids) are the 
onstitutive subunits of the 
ardia
 KATP 
hannel. Foursubunits of the inwardly-re
tifying K+ 
hannel, Kir6.1 or Kir6.2, asso
iate with four ABC proteins,SUR, to form a fun
tional KATP 
hannel o
tamer. Kir6.x has two transmembrane heli
es M1 and M2,and a large 
ytoplasmi
 domain harboring an inhibitory binding site for ATP. SUR possesses threetransmembrane domains (TMD0, 1 and 2), and two 
ytoplasmi
 nu
leotide binding domains (NBD1and 2) Bottom representation is a bird's eye view of the assembled 
omplex.
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ion 
hannels that are not yet suitable for biomole
ule s
reening. Based on the example of the 
han-nel 
oupled to SUR, resear
hers in M. Vivaudou's team (Institut de Biologie Stru
turale, Grenoble)have designed and 
hara
terized novel bioele
tri
 sensing elements engineered by 
oupling an ion
hannel to G-Protein-Coupled Re
eptors (GPCRs). These Ion Channel Coupled Re
eptors (ICCRs)may potentially dete
t a wide range of ligands re
ognized by natural or altered GPCRs. GPCRs aremajor pharma
euti
al targets, and ICCRs 
ould form the basis of a unique platform for label-freeGPCR-drug s
reening.As dis
ussed earlier, the ICCR model, the inward-re
ti�er K+ 
hannel Kir6.2 and the ATP- binding-
assette (ABC) protein SUR are stru
turally unrelated membrane proteins that asso
iate naturallyto form the ATP-sensitive K+ 
hannel (KATP), a sensor of 
ellular metabolism. In the KATP 
hannel,Kir6.2 and SUR are fun
tionally 
oupled so that binding of metabolites or pharma
ologi
al agents toSUR modulates the opening and 
losing of Kir6.2. Inspired by this rather unique design, the ideawas that if SUR 
ould be repla
ed by another re
eptor su
h as a GPCR, an ion 
hannel sensitive toGPCR ligands 
ould be 
reated and utilized to 
onvert 
hemi
al information into an ele
tri
al signal(Fig. 3.2)3.1.5 Model of an ICCRThe GPCR whi
h was 
hosen for this study is HM2 (Uniprot entry ACM2-HUMAN), the humanmus
arini
 re
eptor whi
h 
ounts 466 amino a
ids, while Kir6.2 was 
hosen as the K+ 
hannel. Ex-perimentally, the binding of a
etyl
holine to HM2 e�e
tively indu
es a 
urrent �owing through Kir6.2.To shed some light on the me
hanism of signal transdu
tion between HM2 and Kir6, models ofHM2, Kir6 monomer, Kir6 tetramer and HM2 monomer linked to Kir6 tetramer were built.Initial models of HM2 monomer and Kir6 (mono- and tetra-mer) were �rst built by homologymodeling with the program Modeller (see se
tion 2.2.3). HM2 was modeled from the stru
ture of theadrenergi
 re
eptor (PDB 
ode 2RH1) (See Fig. 3.3) and Kir6 was modeled from a 3D stru
tural align-ment with 3 known stru
tures: 
himera between kirBa
 and Kir3.1 (PDB 
ode 1N9P), 
ytoplasmi
parts of Kir2.1 (PDB 
ode 2GIX) and Kir3.1 (PDB 
ode IN9P) (See Fig. 3.4).10 models of ea
h protein were built and the model with lowest obje
tive fun
tion retained. Initialstru
tures of HM2 and Kir6 were then re�ned with program CHARMM with several stages of energyminimization with de
reasing restraints on the atomi
 position of ba
kbone atoms. In parti
ular, two
onstraints were added in the Kir6 model to maintain the two β strands between residues V36 andS37 for �rst strand and between N41 and C42 for the se
ond.Then the two proteins were linked, C-terminal residue of HM2 bonded to the N+25 terminalresidue of Kir6. The 
hoi
e of deleting the 25 NTER residues of Kir 
orresponds to a su

essfully
oupled experimental 
onstru
t. The two proteins were oriented with their transmembrane heli
alregion perpendi
ular to the XY plane (membrane region). HM2 and Kir6 were rotated around the Zaxis so that their sliding heli
es (residues 447 to 456 for HM2 and 57 to 66 for Kir6) lay In the same Xaxis orientation. HM2 was translated away from Kir6 so that the linker region (residues 457 to 522 ofthe 
omplete 
onstru
t) was totally extended. Indeed, in this simple me
hanism, we assumed that the�signal� is transmitted from HM2 to Kir6 by me
hani
al work on the 
ompletely extended and almoststi� linker. After model building sket
hed in Fig. 3.5, we used the program AMD (See se
tion 2.4) to46



Figure 3.2: a, Upon binding of its ligand at an extra
ellular site, a transmembrane G-protein-
oupledre
eptor (GPCR) adopts a new 
onformation that triggers a
tivation of intra
ellular G-proteins. b, Inan ICCR, the GPCR is atta
hed to an ion 
hannel in su
h a way that both proteins are me
hani
ally
oupled. When the GPCR binds a ligand and 
hanges 
onformation, this 
hange is dire
tly transmittedto the 
hannel and results in a 
hange in gating and in the ioni
 
urrent through the 
hannel
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Figure 3.3: Alignment between HM2 (ACM2) and the human adrenergi
 re
eptor (ADRE) done withthe program CLUSTALW [86℄.
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Figure 3.4: Alignment between Kir6.2 a 
himera between kirBa
 and Kir3.1, Kir2.1 and Kir3.1 donewith the program CLUSTALW [86℄.
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intera
tively apply for
es on HM2 transmembrane helix VII (residues 424-443) and on the linker.

Figure 3.5: Hypotheti
al me
hanism of intermole
ular gating 
ontrol. Transmembrane view of amole
ular model of the HM2-Kir6.2 
hannel 
omplex where the front and ba
k subunits of the tetramerhave been removed. GPCR 
onformational 
hanges upon ligand binding 
ould trigger a movement ofhelix VII that would pull on the Kir6.2 N-ter. The exerted for
e 
ould be transmitted to the Kir6.2C-ter, via the region of intera
tion between Kir6.2 C-ter and N-ter (
ir
led in yellow), and to theatta
hed transmembrane inner helix that 
ontrols 
hannel gating.A 
lear e�e
t on the gating of Kir6 
ould not be observed for several possible reasons:- The model of HM2 or Kir6 may not be optimal; espe
ially the interfa
e region- The stru
ture of the linker region, 
rudely modeled as extended, may be wrong- Transmission of the signal may be more 
ompli
ated than just me
hani
al work on the linker- For
es applied were probably too strong. Smaller for
es should be added 
ontinuously and forlarger times (not intera
tively).This proje
t will be pursued in the 
oming years with M. Vivaudou's team. The program AMD,under development in S. Redon's team (INRIA, Grenoble), will be more performing with a lot of newfun
tionalities, like a

ounting for symmetries in the systems and improved user interfa
e.Let's now 
ome to other ATP-dependant ion transporters: P-Type ATPases50



3.2 Generalities about P-Type ATPases3.2.1 Introdu
tionHomeostasis and extrusion of solutes were pro
esses developed early by the 
ells in order to survive[87℄. The plasma membrane is the essential permeability barrier that separates the inside of the 
ellfrom the outside. However, it should also allow the transport of desired solutes. Transmembranetransport proteins are ubiquitous proteins that regulate intra
ellular 
on
entrations of solutes byeither extrusion or a

umulation in sub-
ellular organelles. P-Type ATPases are a ubiquitous familyof transmembrane proteins involved in the 
ation transport against ele
tro
hemi
al gradients . Themain stru
tural 
hara
teristi
s of these enzymes are six to ten transmembrane α-heli
es (H1-H10) andone ATP binding domain. A highly 
onserved sequen
e (DKTGT) is present in the large 
ytoplasmi
loop, and phosphorylation of the asparti
 a
id residue drives the key 
onformational 
hanges in theprotein [88℄.The P-type ATPase is an extensive and expanding family of proteins that is divided into �ve groups(and some sub-groups) based on sequen
e alignments and putative ion spe
i�
ity [89℄. In this way,the group P1 is divided into: A: K+ and B: heavy metals (Cu+, Ag+, Cu2+, Cd2+, Zn2+, Pb2+,Co2+) transporters. Group P2: A: Ca2+, Mn2+ in
luding SERCA pumps; B: Ca2+; in
luding PMCApumps; C: Na+/K+; H+/K+ and D: possible Na+; Ca2+ pumps. Group P3: A: H+ and B: Mg2+transporters. P4 and P5 are groups with unknown sele
tivity but it was proposed that P4 
ould berelated to the transport of lipids.3.2.2 Catalyti
 Me
hanism of P-type ATPasesA
tive transport of the metal by P-type ATPases follows the E1-E2 Albers-Post model by alternatingthe a�nities of intra
ellular metal binding sites from high (E1) to low (E2) (Fig. 3.6) [90℄.In the E1 state the ATPase has a high a�nity for the metal and the Trans-Membrane BindingDomains (TMBDs) are a

essible only from the 
ytoplasmi
 side. In 
ontrast, an enzyme in the E2state has low a�nity for the metal and in this 
onformation the metal binding site fa
es the oppositeside of the membrane. A

ording to this model, the enzyme in E1 state is phosphorylated by Mg-ATPwith metal ion binding to the TMBD from the 
ytoplasmi
 side (E1.ATP.nM+n). The phosphorylationo

urs with the transfer of the terminal phosphate of ATP to a 
onserved Asp residue lo
ated in theP-domain followed by the subsequent release of ADP (E1.P.nM+n). This phosphorylation 
auseso

lusion of the bound metal ion at the TMBD. The enzyme is unstable in the E1.P state and
onverts rapidly to the E2.P state. This transition leads to the release of the metal ions into theextra
ellular/luminal 
ompartment. Finally, dephosphorylation takes pla
e and the enzyme returnsto the unphosphorylated and metal free form (E2). The enzyme then returns to the E1 
onformationupon ATP (mM) binding to E2. Bio
hemi
al studies with eukaryote, prokaryote and ar
heal P-typeATPases have provided eviden
e for individual steps of the 
atalyti
 me
hanism. ATPase a
tivity,phosphorylation, dephosphorylation and metal transport studies have been 
arried out with isolatedor membrane preparations of ATPases [91℄ [92℄. 51



Figure 3.6: Catalyti
 Me
hanism of P-type ATPases. E1 and E2 represent the di�erent 
onformationsof the enzyme. M+n represent the di�erent metals that are transported by P-type ATPases. n indi
atesthe un
ertainty on the stoi
hiometry of the metal transport. M+n (in) represents the 
ytoplasmi
 andM+n (out) represents the extra
ellular or luminal lo
alization of the transported metal.3.3 SERCA : A P-type ATPase of known tri-dimensional stru
ture3.3.1 Stru
ture of SERCAThe Ca2+ ATPase from rabbit skeletal mus
le sar
oplasmi
 reti
ulum ( SERCA1a ) is an integralmembrane protein of 110 kda and stru
turally and fun
tionally the best 
hara
terized member of theP-type ion translo
ating ATPases superfamily (more spe
i�
ally P2A). The sar
oplasmi
 reti
ulumCa2+ ATPase transports Ca2+ from the 
ytoplasm of mus
le 
ells into the Sar
oplasmi
 Reti
ulum(SR) lumen. Transport of two Ca2+ is 
oupled to the hydrolysis of one mole
ule of ATP. In ex
hangefor Ca2+, two to three protons are 
ounter-transported. Crystal stru
ture of most major transportintermediates or analogs thereof have been obtained [93℄. The stru
tures 
orresponding to the fourstates in the 
atalyti
 
y
le are shown on Fig. 3.7. The ATPase 
onsists of a transmembrane domain(M) with 10 transmembrane heli
es and three 
ytoplasmi
 domains: phosphorylation (P), nu
leotidebinding (N) and a
tuator (A) domain. The P domain 
ontains the phosphorylation site ASP-351 andthe N domain intera
ts with ATP. In the Ca2+-ATPase SERCA, the Ca2+ binding sites in the Mdomain are formed by residues in transmembrane heli
es TMH4, TMH5, TMH6 and TMH8 whi
hrequires that TMH4 and TMH6 are unwound near the Ca2+ binding sites. Heli
es TMH7 to TMH10keep their position in the di�erent transport intermediates and seem to an
hor the protein in themembrane. In 
ontrast, TMH1 to TMH6 move 
onsiderably upon Ca2+ binding and disso
iation andupon nu
leotide binding (See Fig. 3.7). 52



Figure 3.7: Stru
tures of Ca2+ ATPase in the 4 states of its 
atalyti
 
y
le. From work by Nissen etal. [94℄.3.4 P1B-type ATPases3.4.1 Stru
tural Features of P1B-type ATPasesP1B-type ATPases, a subfamily of P-type ATPases, transport a variety of monovalent and divalentheavy metals a
ross membranes using the energy of hydrolysis of the terminal phosphate bond of ATP[89℄ [95℄. They are thought to appear in early evolution and are key proteins in the maintenan
e ofmetal homeostasis in a number of organisms in
luding ar
hea, ba
teria, fungi, and eukarya [89℄.Analysis of P1B-type ATPases sequen
es suggests that most have 8 transmembrane heli
es (TM)(Fig. 3.8) [96℄. However, a small subgroup of P1B-type ATPases appears to have 6 TMs [96℄. Thepresen
e of 8 TMs has been experimentally 
on�rmed for two ba
terial enzymes, Heli
oba
ter pyloriCadA and Staphylo
o

us aureus CadA [97℄ [98℄. The 
onserved residues in TMs H6, H7 and H8 formthe transmembrane metal binding domain (TMBD) and provide signature sequen
es that predi
t themetal sele
tivity of P1B-type ATPases [96℄ [99℄. A large 
ytoplasmi
 loop responsible for ATP bindingand hydrolysis is lo
ated between TMs H6 and H7. This loop, referred to as ATP binding domain(ATP-BD), en
ompasses the nu
leotide binding (N) and phosphorylation (P) domains (Fig. 3.8) [100℄.These two domains are separated by a �hinge� region. The smaller 
ytoplasmi
 loop betweenTM H4 and H5 forms the a
tuator (A) domain [100℄. In the Ca2+-ATPase, SERCA1, this loop hasbeen shown to intera
t with the P-domain during the 
atalyti
 
y
le [104℄ [93℄. In addition to theTMBD, most P1B-type ATPases have regulatory 
ytoplasmi
 metal binding domains lo
ated in theN-terminus (N-MBDs), C-terminus (C-MBDs), or both. Most N-MBDs are 
hara
terized by one tosix 
opies of a highly 
onserved domain 
ontaining the CXXC sequen
e [96℄. These Cys residues 
anbind both monovalent and divalent 
ations (Cu+, Cu2+, Zn2+ and Cd2+) [105℄ [106℄. In some 
asesthese sequen
es are repla
ed by His repeats or other diverse sequen
es [96℄ [107℄.53



Figure 3.8: S
hemati
 representation of the membrane topology of P1B-type ATPases. Transmem-brane heli
es, H1-H8, are indi
ated. The relative lo
ations and stru
ture of Ar
haeoglobus fulgidusCopA a
tuator (A) domain and phosphorylation (P) and nu
leotide (N) domains [101℄ [100℄ are shown.To represent one of the repeats present in the N-terminus the human Menkes disease protein (MNK)�fth N-terminal metal binding domain (N-MBD) [102℄ is depi
ted. The 
onserved amino a
ids in H6,H7 and H8 forming the transmembrane metal binding sites (TMBDs) are symbolized by red dots.The C-terminal metal binding domains (C-MBDs) with likely diverse stru
tures are represented byyellow re
tangles. (Adapted from a �gure by Arguello et al. [103℄)
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3.4.2 Physiologi
al Roles of P1B-Type ATPasesP1B-type ATPases were �rst identi�ed in ba
teria like Staphylo
o

us aureus plasmid pI258 [108℄,Rhizobium meliloti [109℄, Es
heri
hia 
oli [110℄, Entero
o

us hirae [111℄ and Syne
ho
o

us PCC 6803[112℄. Gene kno
kout studies with most ba
terial P1B-ATPases resulted in sensitivity of ba
teria tohigh 
on
entrations of metals indi
ating these ATPases have roles in maintaining metal quotas in theorganism [111℄ [113℄. These studies together with fun
tional 
omplementation assays enabled the ini-tial determination of substrate spe
i�
ity of P1B-type ATPases. Cu+-ATPases, Zn2+-ATPases and aCo2+-ATPase have been identi�ed in ba
teria. Interestingly, fun
tional and bio
hemi
al assays showedthat these ATPases 
an also transport non-physiologi
al substrates. For instan
e, Cu+-ATPases alsotransport Ag+. Similarly, Zn2+- ATPases 
an transport Cd2+ and Pb2+ [110℄ [114℄. Ar
haeoglobusfulgidus has two P1Btype ATPases, CopA and CopB, that transport Cu+ and Cu2+ respe
tively,suggesting the need to extrude alternative Cu forms depending on the organism's redox status [115℄.In yeast the Cu+-ATPase C

2p drives Cu+ export to a late- or post-Golgi 
ompartment in the se-
retory pathway. Exported Cu+ is eventually in
orporated into a multi-
opper oxidase Fet3p, whi
htranslo
ates to the plasma membrane and works in 
onjun
tion with the iron permease to mediatehigh a�nity Fe uptake [116℄ (See Fig. 1.3). In humans there are two genes (ATP7A and ATP7B)
oding for Cu+-ATPases: Menkes disease protein (MNKP) and Wilson disease protein (WNDP), thatare asso
iated with geneti
 Cu transport disorders. MNKP and WNDP mutant proteins manifest dis-tin
t phenotypes due to their di�erential expression patterns in human tissues. MNKP is expressedin almost all the 
ells ex
ept the hepati
 
ells. Mutations in MNKP lead to poor Cu uptake fromthe intestine resulting in severe neurologi
al disorders and 
onne
tive tissue abnormalities. WNDP ismainly expressed in hepato
ytes and mutations in this ATPase result in high Cu levels in the liver,blood and brain 
ausing 
onsequent neurologi
al disorders and 
irrhosis. In the 
ell, both proteins arelo
alized in a trans-Golgi 
ompartment and undergo Cu-dependent tra�
king [117℄. Under 
onditionsof high Cu, MNKP is lo
ated to the plasma membrane in various tissues [117℄ while WNDP is targetedto vesi
les proximal to the plasma membrane of liver 
ani
ular 
ells where they fun
tion in Cu e�ux[118℄.3.4.3 Catalyti
 Me
hanism of P1B-type ATPasesTransport experiments indi
ate that P1B-type ATPases drive the metal e�ux from the 
ytoplasm [91℄[92℄. This is in agreement with a me
hanism where the enzyme binds to ATP and the metal in theE1 state (TMBDs are open to the 
ytoplasmi
 site). Some earlier reports suggested that some Cu+-ATPases might drive metal in�ux into the 
ytoplasm [111℄. However, this would require an alternativeme
hanism where the binding of another substrate would be required in the E1 state to trigger ATPhydrolysis and enzyme phosphorylation followed by subsequent 
onformational 
hanges to allow metalin�ux. The stoi
hiometry of transport has not been determined for any of the P1B-type ATPases.However, a study of Es
heri
hia 
oli Zn2+-ATPase ZntA has shown that Zn2+ binds to the TMBDwith a stoi
hiometry of 1 metal bound per enzyme [119℄. Although it 
an be argued whether all theTM metal binding sites were o

upied, this is the �rst study towards determination of stoi
hiometryof metal transport by P1B-type ATPases. 55



3.4.4 Transmembrane Metal Binding Sites and Classi�
ationStru
tural and fun
tional 
hara
terization of Ca2+- and Na+/K+-ATPases of P2-type ATPases indi-
ate that 
onserved amino a
ids in their TMs H4, H5 and H6 are responsible for ion binding duringtransport [120℄ [121℄. Sequen
e alignment and homology studies show that TMs H6, H7 and H8 ofP1B-type ATPases are stru
turally similar to P2-type ATPases TMs H4, H5 and H6 [96℄. Most P1B-type ATPases 
ontain a CPX signature sequen
e in their TM H6 where the Pro is 
onserved in allP-type ATPases. This sequen
e has been proposed to parti
ipate in metal binding and transport [96℄[89℄. Mutations in the CPC sequen
e of some Cu+-ATPases in
luding Caenorhabditis elegans CUA-1,E.
oli CopA, Ar
haeoglobus fulgidus CopA and Sa

haromy
es 
erevisiae C

2p yielded proteins thatwere either unable to 
omplement for the Cu+-ATPase de�
ient yeast mutant R


2 or had no ATPasea
tivity [92℄ [122℄. For some of these proteins, it was shown that they still bind to ATP but are unableto hydrolyze it, suggesting that the turnover of the enzyme is prevented by the la
k of metal binding tothe TMBD [92, 123℄. Alternative sequen
es (SPC, CPS, CPT, CPA, CPG, CPD and CPH) have alsobeen observed in some P1B-type ATPases. P1B-type ATPases 
ontain 
onserved amino a
id residuesin TMs H7 and H8 whi
h were proposed to form transmembrane metal binding domains (TMBDs)together with CPX sequen
es in the TM H6 and determine the metal spe
i�
ity of these enzymes [96℄.The signature sequen
es in TMs H6, H7 and H8 allow the 
lassi�
ation of P1B-type ATPases into 5subgroups with distin
t metal sele
tivity and fun
tional 
hara
teristi
s.Subgroup 1B-1 involves the Cu+/Ag+-ATPases. Some of the Cu+ transporting members of thisgroup have been well 
hara
terized. Proteins belonging to this subgroup are found in eukaryotes,prokaryotes and ar
hea. These in
lude Menkes and Wilson disease proteins whi
h are asso
iatedwith geneti
 Cu transport disorders in humans [124, 125℄, Arabidopsis thaliana RAN1 [126, 127℄, E.
oli CopA [92, 110℄ and A. fulgidus CopA [99℄. These Cu+- ATPases have been shown to transportnon physiologi
al substrate Ag+ and drive the e�ux of the metal from the 
ytoplasm [92, 99, 110℄.Proteins in subgroup 1B-1 have a 
onserved CPC sequen
e in TM H6. In addition, these proteins
ontain the 
onserved residues, Asn, Tyr in TM H7 and Met, Ser in TM H8. The parti
ipation ofthese residues in metal transport has been shown by site dire
ted mutagenesis studies in AfCopA [99℄.Mutant AfCopAs were not phosphorylated by ATP in the presen
e of Cu+ and therefore were ina
tive.However, these were phosphorylated by inorgani
 phosphate (Pi) indi
ating that they retained theoverall stru
ture and 
ould undergo major 
onformational transitions. These observations suggestedthe parti
ipation of 
onserved residues (two Cys of 
onserved CPC and Asn, Tyr, Met and Ser in H7and H8) in Cu+ transport by P1B-type ATPases.Subgroup 1B-2 involves the Zn2+-ATPases. Interestingly, these ATPases have been found in ar-
haea, prokaryotes and plants, but not in other eukaryotes [96℄. Proteins in this subgroup also havethe 
onserved CPC sequen
e in TM H6. However, 
onserved residues in TM H7 and H8 are 
learlydistin
t from that of subgroup 1B-1 proteins. Subgroup 1B-2 ATPases 
ontain a 
onserved Lys inTM H6 and Asp and Gly in TM H8. Mutations of Asp714 (Asp714His and Asp714Glu) of E.
oliZntA yielded ina
tive enzymes that were still able to bind Zn2+ and undergo phosphorylation in thepresen
e of Pi [128℄. However, mutant proteins 
ould not be phosphorylated by ATP in the presen
eof Zn2+ supporting that 
onserved residues in TMs H6, H7 and H8 
ontribute to TMBD.Members of Subgroup 1B-3 are Cu2+-ATPases that are found in ar
haea and ba
teria but not in56



eukaryotes. These have a CPH sequen
e in TM H6 while amino a
ids in TM H7 and H8 are similarto those in subgroup 1B-2. These ATPases also transport Cu+ and Ag+ [115, 111℄. However, studieswith AfCopB indi
ate that Cu2+ produ
es �ve times more a
tivation of this enzyme 
ompared tothat driven by Cu+ [115℄. This is not surprising 
onsidering that imidazolium (in 
onserved CPH; ahard Lewis base) prefers to bind Cu2+ (an intermediate Lewis base) rather than Cu+ [96, 115℄. Amutation in the CPH sequen
e (CPH U SPH) in Entero
o

us hirae CopB resulted in la
k of a
tivitysuggesting probable 
ontribution of this sequen
e to TMBD [129℄.Members of Subgroup 1B-4 have only 6 putative TMs [96℄. In these, the large 
ytoplasmi
 loopis lo
ated between TM H4 and H5. TM H4 (
orresponding to TM H6 of other P1B-type ATPases)
ontains a 
onserved SPC sequen
e. The substrate spe
i�
ity of these enzymes has not been 
hara
-terized. One member of this subgroup, Syne
ho
ystis PCC6803 CoaT, seems to be involved in Co2+transport sin
e disruption of 
oat gene redu
ed Syne
ho
ystis Co2+ toleran
e and in
reased 
ytoplas-mi
 Co2+ levels [130℄. Another subgroup 1B-4 protein, Arabidopsis thaliana HMA1, is impli
atedin Cu+ transport into the 
hloroplast [131℄. Further 
hara
terization studies of other members arene
essary to delineate the metal spe
i�
ity of subgroup 1B-4 proteins.Finally, Subgroup 1B-5 in
ludes only a few proteins that appear to be P1B-type ATPases basedon the presen
e of typi
al stru
tural 
hara
teristi
s in
luding the 
ytoplasmi
 phosphorylation site(DKTGT), an APC, CPC, or CPS sequen
e and signi�
ant sequen
e similarity (30-40%) to otherP1B-ATPases. Further studies are required to reveal the metal sele
tivity of these enzymes and theresidues that parti
ipate in metal 
oordination.3.4.5 Cadmium ATPasesThe fo
us of one of my studies has been to understand the fun
tional role and the stru
tural fun
-tional relationships of another P1 type ATPase the Cadmium ATPase from Listeria mono
ytogenes(See 
hapter 4). The 
admium 
ation is toxi
 to most mi
ro organisms, probably by binding to es-sential respiratory proteins and through oxidative damage by produ
tion of rea
tive oxygen spe
ies.Cadmium enters ba
terial 
ells by the transport systems for essential divalent 
ations su
h as Mn2+or Zn2+. Mi
robial resistan
e to 
admium is usually based on energy- dependent e�ux me
hanisms.One of the best 
hara
terized ba
terial 
admium resistan
e me
hanisms is determined by the 
admiumtransporting ATPase found initially in gram positive ba
teria. The 
admium transporting ATPase isa P1-type ATPase. It is widespread in Staphylo
o

us and Listeria mono
ytogenes. The ATPase isen
oded by 
adA, whi
h is usually plasmid-borne and asso
iated with transposons in Listeria mono-
ytogenes. The tertiary stru
ture of the Cadmium ATPase is not known and has been one of myresear
h topi
s (See 
hapter 4). The experimental studies 
arried out so far on the transport site ofCadmium ATPase reveals the amino a
ids involved in the transport site of CadA. The two 
ysteinesof the Cys-Pro-Cys motif (TM6) a
t at distin
t steps of the transport pro
ess, Cys 354 being dire
tlyinvolved in Cd2+ binding, whereas Cys356 is required for Cd2+ o

lusion; Asp 692 in TM8 would bedire
tly involved in Cd2+ binding; Glu 164 in TM4 would be required for Cd2+ release. In additionit has been proposed that two Cd2+ ions are involved in the rea
tion 
y
le of CadA.57



3.4.6 Cytoplasmi
 Metal Binding Domains3.4.6.1 Stru
ture of 
ytoplasmi
 MBDsIn addition to TMBD most P1B-ATPases have 1-6 
ytoplasmi
 metal binding domains (MBD) lo-
ated either in the N-terminus (N-MBD) (Fig. 3.9) or C-terminus or both. Most typi
al ones arethe N-MBDs observed in Cu+-ATPases and ba
terial Zn2+- ATPases of subgroups IB-1 and IB-2.These are usually 60-70 amino a
id domains 
hara
terized by a highly 
onserved CxxC sequen
e [96℄.Both 
onserved Cys have been shown to bind both monovalent and divalent 
ations in
luding Cu+,Cu2+, Zn2+ and Cd2+. The high resolution stru
tures of several of the Cu+-ATPases N-MBDs showa βαββαβ fold that is similar to the well-des
ribed Cu+-
haperones like human Atox1, yeast Atx1and prokaryote CopZ [105℄. N-MBDs have been shown to re
eive the metal from these 
haperones.So far no Zn2+-
haperone has been identi�ed. Some Zn2+-ATPases of subgroup IB-2 have His ri
hMBDs [(Hx)n (n=2-3)℄ alone or together with the typi
al N-MBDs (Fig. 3.9). Similar sequen
es havebeen observed in ZIP and Cation Di�usion Fa
ilitator (CDF) families lo
ated in loops joining TMs.In ba
terial Zn2+-ATPase ZntA a unique CCCDGAC motif in the N-terminus has been shown to
oordinate Pb2+ indi
ating that di�erent metals might o

upy di�erent 
oordination environmentsin the same protein. Eukaryoti
 (plant) Zn2+-ATPases 
ontain unique sequen
es in both N and C-termini. All plant Zn2+- ATPases la
k the typi
al N-MBDs. In these the 
onserved CxxC sequen
esare repla
ed with CCxSE (x = S,T,P) sequen
es (Fig.3.9). In addition, Zn2+-ATPases have unusuallylong C-termini that are either ri
h in His or CysCys repeats or both. Cu2+-ATPases of subgroupIB-3 and only a few members of subgroup IB-4 have distin
t His ri
h MBDs instead of the typi
alN-MBDs [96℄. These domains 
ontain His stret
hes instead of HX repeats.
3.4.6.2 Regulatory Roles of 
ytoplasmi
 MBDsThe absen
e of 
ytoplasmi
 MBDs in some P1B-ATPases suggests that these are likely regulatorydomains [96℄. Removal of N-MBD by trun
ation or inhibition of metal binding 
apability by mutationresults in redu
ed enzyme a
tivity with small or no 
hanges in metal a�nity [115℄. It has beenshown that N-MBDs of Ar
haeglobulus fulgidus Cu+-ATPase CopA and Cu2+-ATPase CopB 
ontrolthe enzyme turnover rate through the rate limiting 
onformational 
hange asso
iated with metalrelease/dephosphorylation. In yeast, there is no doubt, on the other hand, on the involvment of atleast one of the MBDs in the transfer of the metal to another binding site in the protein in vivo.Morin et al. showed re
ently that the N-terminus of the ATPase plays a dual role of re
eiving 
opperfrom the metallo
haperone Atx1 and 
onveying it to another domain of C

2 [132℄. Other studieshave shown the Cu+ dependent intera
tion of Wilson's disease protein N-MBDs with the large ATPbinding 
ytoplasmi
 loop [133℄. Studies of the human Cu+-ATPases, Menkes and Wilson Diseaseproteins showed that at least one inta
t N-MBD is required for targeting of these ATPases to theplasma membrane and a vesi
ular 
ompartment, respe
tively. Similar to Cu+-ATPases, trun
ation ofZn2+-ATPase ZntA N-MBD results in a de
rease in overall rate of the enzyme without altering metalbinding a�nity. Morin2009 58



Figure 3.9: Cytoplasmi
 N-terminus Metal Binding Domains of P1B-ATPases. Subgroups 1B-1, 1B-2,1B-3 and 1B-4 refer to higher a�nity for Cu+, Zn2+, Cu2+ and Co2+, respe
tively. Menkes (Q04656)and Wilson (P35670) disease proteins belong to subgroup 1B-1 (from [103℄).
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3.4.7 The ATP Binding (ATP-BD) and A
tuator (A) DomainsThe 
rystal stru
tures of the isolated N-domain of human Cu+-ATPase Wilson's disease protein(WNDP) and A-domain and ATP-BD of Ar
haeoglobus fulgidus Cu+- ATPase CopA (AfCopA) havebeen re
ently solved. AfCopA A-domain shows a 10 β-strand 
ore with 2 α-heli
es 
onne
ting theTMs and its folding shows signi�
ant similarity to that of the A-domain of SERCA1, the P2-typeCa2+-ATPase in spite of their little sequen
e homology [93℄.In both, the 
onserved (S/T)GE(P/S) appears to be lo
ated at the tip of a solvent a

essible loop onthe side of the A-domain. In SERCA1, it has been shown that this loop intera
ts with the P-domainduring phosphorylation/dephosphorylation driving the rotation of the A-domain with subsequentrearrangement of TMs [93℄. This arrangement results in metal release. Stru
tural similarity of theP1B-type ATPases A-domain with that of SERCA1 might point to a similar me
hanism for metalrelease. The ATP-BD domain stru
ture shows that the P- and N-domains are joined by two shortloops 
alled the hinged region [100℄. The P-domain 
onsists of a 6 stranded parallel β-sheet sandwi
hedbetween 3 short α-heli
es. This domain 
ontains the 
onserved DKTGT sequen
e and shows similarfolding to the P-domain of SERCA1 [121℄. The N-domains of both AfCopA and WNDP 
onsistsof 6 antiparallel β-sheets �anked by 4 α-heli
es. Although the N-domains of both proteins show abasi
 similar folding to that of SERCA1, the sequen
e analysis reveals that the ATP binding site ofP1B-type ATPases is distin
t from that of P2-type ATPases. Stru
tural analysis of the N-domains ofWNDP and KdpB, a P1A-type ATPase, in the presen
e of nu
leotides shows that these have uniquehomologous ATP binding sites [134, 100℄. The residues that parti
ipate in nu
leotide binding havebeen identi�ed in WNDP (His1069, Gly1099, Gly1101, Gly1149, and Asn1150) and the involvementof some of these residues in ATP binding is supported by mutagenesis studies in WNDP, Entero
o

ushirae Cu+- ATPase CopB [129℄ and Es
heri
hia 
oli Zn2+-ATPase ZntA.3.4.8 Human Copper ATPases3.4.8.1 OverviewThe human Cu-ATPases ATP7A and ATP7B are essential for intra
ellular 
opper homeostasis. TheCu-ATPases use the energy of ATP hydrolysis to transport 
opper from the 
ytosol into the se
retorypathway and thus supply the metal for subsequent biosyntheti
 in
orporation into various 
opper-dependent enzymes. ATP7A is required for formation of fun
tional tyrosinase [135℄, peptidyl-α-monooxygenase [136℄, lysyl oxidase [137℄, and possibly some other enzymes [138℄, while ATP7B isessential for the biosynthesis of holo-
eruloplasmin, a 
opper- dependent ferroxidase [139℄. In additionto their biosyntheti
 role, human Cu-ATPases parti
ipate in the export of ex
ess 
opper from the 
ells.Overexpression of ATP7A in transgeni
 animals is asso
iated with the de
rease of 
opper 
ontent intissues, whi
h is parti
ularly apparent in the heart and the brain [140℄. The essential role of ATP7Ain 
opper export from intestinal epithelium is best illustrated by the phenotype of Menkes disease. Inthis lethal human disorder, the fun
tional ATP7A is lost due to various mutations in the 
orrespondinggene, resulting in greatly impaired export of 
opper from the entero
ytes [141℄.In hepato
ytes, a 
opper exporting role belongs to ATP7B [142℄. Liver is the major organ of 
opperhomeostasis in the body and is involved in removal of ex
ess 
opper [143℄. Copper is exported from60



the liver into the bile and then to the fe
es in a pro
ess that requires the a
tivity of ATP7B. Geneti
ina
tivation of ATP7B results in a

umulation of 
opper in the liver and a severe human disorder,Wilson disease. The disease is 
hara
terized by a spe
trum of liver pathologies ranging from hepatitisand 
irrosis to liver failure [143℄. In both Menkes disease and Wilson disease, the la
k of fun
tionalCu-ATPase is also asso
iated with the disrupted delivery of 
opper to the se
retory pathway. Thela
k of 
opper in
orporation into 
eruloplasmin in Wilson disease is utilized as a bio
hemi
al markerfor diagnosing the disease. In Menkes disease, the de�
ien
y of a
tive 
opper-dependent enzymes, forexample lysyl oxidase, greatly 
ontributes to the severity of the disease phenotype [144℄.Two fun
tions of human 
opper-transporting ATPases 
an be des
ribed as biosyntheti
 (the deliveryof 
opper to the se
retory pathway for metallation of 
uproenzymes) and homeostati
 (the exportof ex
ess 
opper from the 
ell). These two fun
tions are asso
iated with the distin
t intra
ellulartargeting of the transporters (Fig. 3.10). The lo
alization in the trans-Golgi network (TGN), whi
h isobserved for both ATP7A and ATP7B under low 
opper 
onditions, re�e
ts their role in the deliveryof 
opper to 
opper-dependent enzymes. Su
h enzymes as tyrosinase, peptidyl-α-monooxygenase, and
eruloplasmin have been shown to 
o-lo
alize with Cu-ATPases in the TGN and require the ATPase-mediated 
opper transport for formation of holo-enzyme.It is not known whether the metallation of 
uproenzymes o

urs only in the TGN or if smallquantities of Cu-ATPases are also present along the se
retory pathway for re-metallation of se
retedenzymes, if the latter looses 
opper. Su
h a s
enario is possible in the 
ase of ATP7A, sin
e thisCu-ATPase (unlike ATP7B) 
an migrate towards the basolateral membrane in the same dire
tionas se
reted proteins. In fa
t, in the rat parotid a
inar 
ell ATP7A is found not only in the TGN(predominant lo
alization), but also in immature and mature se
retory granules [146℄, where it mayparti
ipate in 
opper delivery to peptidyl-α-monooxygenase and/or other 
opper-binding proteins.The se
ond fun
tion of Cu-ATPases - the export of 
opper from the 
ell for further utilization inthe blood, milk, or for removal into the bile - requires tra�
king of Cu-ATPases from the TGN tovesi
les (Fig. 3.10). This relo
alization o

urs in response to 
opper elevation, hormone release, orother signaling and developmental events [117, 147℄. It is thought that in response to these signals theCu-ATPases sequester 
opper into the vesi
les. The vesi
les then fuse with the membrane releasing
opper into the extra
ellular milieu [148℄. Therefore, the regulation of intra
ellular lo
alization ofCu-ATPases represents the key me
hanism that determines whether the Cu-ATPases perform theirhomeostati
 or biosyntheti
 fun
tion at a given moment.Another level of regulation of 
opper transport must exist in 
ells where both Cu-ATPases aresimultaneously 
o-expressed. While 
ertain 
ells have only one Cu-ATPase (for example, ATP7B inhepato
ytes), a number of 
ells and tissues (su
h as brain, mammary gland, and pla
enta) express bothATP7A and ATP7B. In this latter 
ase, it is not known whether a preferen
e exists in the distributionof 
opper between ATP7A and ATP7B and whether or not the same me
hanisms regulate the Cu-ATPases fun
tion. Re
ent data from several laboratories suggest that two human Cu-ATPases di�erin their enzymati
 
hara
teristi
s, tra�
king properties, intera
ting partners, and regulation. It isalso 
lear that unique sequen
e elements are present in the stru
ture of two human 
opper pumpsthat may 
ontribute to their distin
t properties. Below, I summarize what is 
urrently known aboutstru
ture, fun
tion, and regulation of ATP7A and ATP7B, and spe
ulate about possible 
ontributionof unique sequen
e elements in the Cu-ATPase to their a
tivity and regulation.61



Figure 3.10: The dual role of 
opper-transporting ATPase ATP7B in hepato
yte. From work byLutsenko et al. [145℄. Copper enters the 
ell from the basolateral membrane via high-a�nity 
oppertransporter Ctr1 and is delivered to various 
ell targets with the help of 
opper 
haperones. Atox1(Hah1) transfers 
opper to ATP7B lo
ated in the trans-Golgi network (TGN). ATP7B transports
opper into the lumen of TGN, where 
opper is in
orporated into 
eruloplasmin (CP), whi
h is subse-quently ex
reted into the blood. When 
opper is elevated (arrow), ATP7B tra�
s to vesi
les. Vesi
les�lled with 
opper fuse with the api
al (
anali
ular) membrane, 
opper is exported, and ATP7B israpidly endo
ytosed. When 
opper is de
reased ATP7B returns ba
k to the TGN. It is possible thatAtox1 regulates both 
opper delivery to ATP7B when 
opper is high and 
opper removal from ATP7Bwhen 
opper is low.
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3.4.8.2 ATP7A and ATP7B are representatives of the P1B-family of ion-transportingATPasesAt the bio
hemi
al level, the fun
tion of Cu-ATPases is to translo
ate 
opper a
ross the membranefrom the 
ytosol into the lumen of appropriate intra
ellular 
ompartment (either TGN or vesi
les).The ve
torial 
opper translo
ation a
ross the membranes is driven by the hydrolysis of ATP; thenumber of 
opper ions transported per one hydrolyzed ATP is 
urrently unknown. Both ATP7A andATP7B belong to the P1B-subfamily of the P-type ATPases (See se
tion 3.4). Similarly to all membersof the P-type ATPase family, the human Cu-ATPases hydrolyze ATP with the formation of a transienta
yl-phosphate intermediate (Fig. 3.11). Phosphorylation takes pla
e at the invariant Asp residue inthe signature motif DKTG (Fig. 3.11A). The rea
tion requires the transfer of 
opper from the 
ytosolto the intra-membrane portion of the transporter; while the release of 
opper to the opposite side ofthe membrane is a

ompanied by dephosphorylation [149℄. Cu-ATPases 
an also be phosphorylatedby inorgani
 phosphate at the same aspartate residue within the DKTG motif. This rea
tion is reverseto the dephosphorylation step and is inhibited by 
opper binding to the intra-membrane site(s) fromthe luminal milieu [150℄.During the 
atalyti
 
y
le, the Cu-ATPases are likely to undergo signi�
ant 
onformational 
hanges[151℄. By analogy with other P-type ATPases, the binding of 
opper from the 
ytosoli
 side is thoughtto take pla
e when the protein is present in the so-
alled E1-state, whi
h is 
hara
terized by higha�nity of the intramembrane sites for the transported ion. The measurements of 
opper-dependen
eof 
atalyti
 phosphorylation yielded apparent a�nity of these sites for 
opper in the range of 0.7-2.5
µM [152℄. Copper binding to the intra-membrane sites is asso
iated with the transfer of γ-phosphateof ATP to the Cu-ATPase and transient stabilization of the phosphorylated state of the protein E1P(Fig. 3.11B). In this state, a

ess to intra-membrane sites from the 
ytosol is blo
ked and 
opper issequestered in the �o

luded� form. Subsequently, the Cu-ATPase undergoes 
onformational 
hange tothe E2P state, and the a�nity for 
opper is de
reased. It is thought that in this state 
opper is releasedfrom the transporter and is taken up by an a

eptor protein. Intermediate proteins are not requiredfor 
opper transfer from the transporter to a

eptors [153℄, however intera
tion between ATP7Aand SOD3, a putative target protein of ATP7A a
tivity, has been reported. This latter observationsuggests that the donor-a

eptor intera
tion, although not obligatory, may fa
ilitate metal transferto the 
opper-requiring enzymes in the se
retory pathway. After 
opper is released, the Cu-ATPasedephosphorylates (E2 state) and then undergoes 
onformational transition into a high-a�nity state,E1, for initiation of the next transport 
y
le.3.4.8.3 Fun
tional a
tivity of human Cu-ATPases is 
oupled to their ability to tra�
The 
onformational 
hanges, that take pla
e when 
opper is bound to and released from the transportsite(s), appear to be intimately linked to the ability of the Cu-ATPase to tra�
 between the intra
el-lular 
ompartments. Mutation of the invariant sequen
e motif TGE>AAA stabilizes the protein inthe E2P-like state and also triggers the redistribution of Cu-ATPases from the TGN to the vesi
lesmimi
king the response of the transporter to elevated 
opper [154℄. Additional mutation of 
atalyti
Asp to Glu in the ba
kground of the TGE>AAA mutant of ATP7A abolishes this e�e
t and disruptsthe tra�
king from TGN under either low or high 
opper 
onditions. Similar inhibition of tra�
king63



Figure 3.11: Transmembrane organization and 
atalyti
 
y
le of human Cu-ATPases: From work byLutsenko et al. [145℄. (A) Cartoon illustrating the major fun
tional domains of Cu-ATPases. TheN-terminal domain 
ontains six 
opper-binding MBDs (MBD1-6). The transmembrane portion haseight TransMembrane Segments (TMS); the position of residues predi
ted to be involved in 
opper
oordination (CPC, YN, and MxxS) is indi
ated. The A-domain may link 
hanges in the N-terminaldomain with those in the ATP-binding domain and in the transmembrane portion. The ATP-bindingdomain 
onsists of the P-domain and the N-domain. The domains of ATP7B for whi
h stru
turehas been experimentally determined are indi
ated by dashed 
ir
les and 
orresponding stru
tures areshown. Two Leu residues in the C-terminal tails required for endo
ytosis and/or return to TGN areindi
ated by �LL�. (B) The simpli�ed 
atalyti
 
y
le of human Cu-ATPases. Two major 
onformationalstates asso
iated with high a�nity for ATP and Cu (E1) and lower a�nity for these ligands (E2) aswell as phosphorylated intermediates (E1-Pi-Cu and E2-Pi-Cu) are shown
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is observed when 
atalyti
 Asp is mutated to Glu in the wild-type ba
kground. Consequently, it hasbeen proposed that the 
opper-dependent exit of Cu-ATPases from the TGN �requires a 
atalyti
allya
tive enzyme and is asso
iated with formation of the phosphorylated 
atalyti
 intermediate� [154℄.Subsequent experiments utilizing the TGE>AAA mutant demonstrated that this mutant is hy-persensitive to 
opper and tra�
s even when all known 
opper-binding sites ne
essary for 
atalyti
a
tivity and phosphorylation are ina
tivated [155℄. Altogether, these studies pointed to the presen
eof additional 
opper binding sites in Cu-ATPases that may a
t as 
opper sensors and be involved inthe initiation of tra�
king. Su
h sites 
ould be present in the luminal loops of the transporter andstabilization of a 
opper-bound 
onformation of Cu-ATPase (that may resemble the E2P state) 
ouldbe 
riti
al for the ability of Cu-ATPases to relo
ate from the TGN to vesi
les.3.4.8.4 Domain organization of human Cu-ATPasesThe mole
ular ar
hite
ture of human Cu-ATPase is similar to that shown in Fig. 3.8. Both ATP7A andATP7B have 8 predi
ted transmembrane segments (TMS or inde�erently TMH for TransMembraneHelix) that form a 
opper translo
ation pathway. The highly 
onserved residues CPC in TMS6 
on-tribute to the intramembrane 
opper-binding site(s). The experimental data obtained for prokaryoti

opper-transporting ATPases, the disease-
ausing mutations, and the modeling of TMS1-6 using ho-mology with Ca2+-ATPase suggest that other possible 
andidates for 
opper 
oordination are residuesYN in TMS7 and MxxxS in TMS8 [99℄. Mutation of the 
orresponding residues in Cu-ATPase CopAfrom A. fulgidus disrupts 
opper-dependent phosphorylation of CopA in the presen
e of ATP, whilephosphorylation by inorgani
 phosphate remains inta
t in all mutants ex
ept Y682S [99℄. Theseobservations strongly support the role of 
orresponding residues in 
opper 
oordination within themembrane (although in the absen
e of high-resolution stru
ture indire
t 
onformational e�e
ts ofmutations 
annot be fully ex
luded).The transmembrane segments of Cu-ATPases are 
onne
ted by loops of di�erent length, whi
hare fairly short at the luminal side of the transporters. The major bulk of Cu-ATPases and theirkey fun
tional domains (the N-terminal domain, the ATP-binding domain, the A-domain, and the C-terminal tail) are all 
ytosoli
 (Fig. 3.11A). The N-terminal domain 
ontains six 
opper-binding sitesand serves as a regulatory 
enter of human Cu-ATPases. The ATP-binding domain and the A-domainare essential for enzymati
 a
tivity of ATP7A and ATP7B and 
ontain sequen
e motifs 
ommon to allP-type ATPases. Beyond these 
ommon sequen
e motifs, the Cu-ATPases show little primary sequen
esimilarity to other well-known ion-pumps, su
h as Ca2+-ATPase or Na+, K+-ATPase. Nevertheless,the three-dimensional fold of their ATP-binding domain and the A-domain is very similar to the
orresponding domains of other P-type ATPases. This has been experimentally demonstrated bythe re
ently determined solution stru
ture for the nu
leotide-binding domain of ATP7B [156℄ and by
rystal stru
tures of the ATP-binding domain and A-domain for ba
terial Cu-ATPase CopA [101℄.ATP7A and ATP7B share signi�
ant stru
tural homology with ea
h other, parti
ularly in the 
oreportion of their mole
ules, whi
h is 
ommon to all P-type ATPases. At the same time, there areseveral regions in whi
h ATP7A and ATP7B are quite di�erent, while their orthologues display highsequen
e 
onservation in the same regions. It is tempting to spe
ulate that the stru
tural variabilitybetween ATP7A and ATP7B may 
ontribute to their di�eren
es in enzymati
 a
tivity, regulation,65



and/or tra�
king to di�erent membranes in polarized 
ells. In addition to amino-a
id variations (forexample, in the C-termini of ATP7A and ATP7B), the stru
tural di�eren
es between human Cu-ATPases are manifested by the presen
e of well-de�ned inserts 
ontaining sequen
es unique for ea
hATPase. Su
h inserts are observed in the N-terminal domain, in the �rst luminal loop, and withinthe nu
leotide-binding domain of ATP7A and ATP7B.3.4.8.5 ATP7A and ATP7B have distin
t fun
tional propertiesWhen 
ompared under identi
al 
onditions in vitro, the membrane-bound ATP7A shows faster phos-phorylation from ATP and it also dephosphorylates more rapidly. This observation suggests that theATP7A turnover and 
opper transport rates are probably higher. Although transport rates have notbeen 
ompared dire
tly for ATP7A and ATP7B, it appears that ATP7B is indeed a slower transporter[157℄.Whi
h stru
tural features are responsible for the distin
t rates of phosphorylation and dephospho-rylation of ATP7A and ATP7B? The role of the N-terminal domain in regulating enzyme turnoverhas been suggested for ba
terial Cu-ATPases [158℄, however, the step of the 
y
le whi
h is a�e
tedby the N-terminus remains in dispute. For human ATP7A, it was shown that simultaneous mutationof all metal binding sites within the N-terminal domain slows the rate of ATP7A dephosphorylation.This e�e
t 
ould be due to disregulation of 
onformational transitions and/or ine�
ient delivery of
opper to the transport site(s) when 
ytosoli
 metal-binding sites are mutated. Consistent with therole of the N-terminal domain in 
onformational transitions, the CxxC>AxxA mutation within MBD6of ATP7B results in the apparent shift of the E1-E2 equilibrium towards E1; the shift is evident fromthe in
rease in the apparent a�nity of intra-membrane sites of ATP7B for 
opper [159℄. These resultssupport the notion that the MBDs that are 
losest to the transmembrane portion of Cu-ATPase maymodulate the a�nity of intra-membrane sites for 
opper by regulating 
onformational transitions ofthe enzyme. The sites unique for human Cu-ATPases (MBD1-4) are not involved in regulation ofa�nity for 
opper, but appear to play an auto-inhibitory role via inter-domain intera
tions [159℄.3.4.9 Chara
teristi
 transmembrane hairpin TMS1,2 in P1B-ATPasesSix trans-membrane segments (TMS3-8) in the membrane portion of Cu-ATPases have equivalentsin the stru
ture of other P-type ATPases; while the �rst transmembrane hairpin (TMS1,2) is uniquefor the P1B-ATPases and is not found in other P-type pumps. TMS1,2 is dire
tly linked to thelarge N-terminal 
opper-binding domain via TMS1. The sequen
e of the TMS1,2 hairpin is not
onserved in various Cu-ATPases, therefore this hairpin is unlikely to play a dire
t role in 
opper
oordination within the membrane during 
opper o

lusion and phosphorylation steps. At the sametime, the hairpin is important for the Cu-ATPase folding or fun
tion as eviden
ed by the �toxi
 milk�phenotype resulting from the Gly712Asp substitution in TMS2 [160℄.3.4.10 The diverse roles of the metal-binding sites within the N-terminal domainof Cu-ATPasesThe N-terminal domain of human 
opper transporting ATPases 
onsists of 6 repetitive sequen
es(Fig. 3.11A) that are 
hara
terized by an invariant GMxCxxC motif. Ea
h of these sequen
es fold into66



individual domains and bind single 
opper ion in the redu
ed Cu(I) form via two 
ysteine residues. Therole of individual metal-binding domains (MBDs) has been a subje
t of intense investigations [161℄ anda 
onsensus has begun to emerge. It seems �rmly established that the very N-terminal metal-bindingsites, MBD1-4, are not required for transport fun
tion. In fa
t, the deletion of these MBDs in ATP7Bdoes not alter the apparent a�nity of the transporter for 
opper but stimulates 
opper-dependent
atalyti
 phosphorylation. This result is 
onsistent with the inhibitory role of this region in regulatingthe a
tivity of Cu-ATPase. Su
h regulation is likely to be mediated through the domain-domainintera
tions within the transporter. The intera
tions between the N-terminal domain and the ATP-binding domain of ATP7B, whi
h are weakened by 
opper binding to the former, were experimentallydemonstrated [133℄. Although MBDs1-4 are not essential for the transport a
tivity of Cu-ATPases,their regulatory role is important and may 
ontribute to a �ne-tuned regulation of ATPase tra�
king.The role of MBD5 and MBD6 seems to in�uen
e the a�nity of the intra-membrane 
opper-bindingsite(s), most likely by shifting the E1-E2 equilibrium upon 
opper binding/disso
iation. Copperbinding to isolated MBD5,6 of ATP7B does not signi�
antly alter their stru
ture [162℄ and only smallrearrangements are dete
ted in proximity to the metal binding site. Nevertheless, mutations of metal-
oordinating Cys to Ala in a single MBD6 alter the apparent a�nity of intra-membrane site(s) for
opper. These observations suggest that the metal-binding site of MBD6 is lo
ated in 
lose proximityto (and perhaps intera
ts dire
tly with) the other domains of ATP7B, thus in�uen
ing 
onformational
hanges of the entire protein and the a�nity of intramembrane sites.An important part of my work has been the study of the MBDs of the Menkes protein (ATP7A)(See 
hapter 5). I have 
hosen to study the relations between stru
ture and fun
tion of these do-mains, for whi
h NMR stru
tures have been obtained, with a theoreti
al approa
h involving 
omputersimulations.
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Chapter 4Stru
ture and dynami
s of TheTransMembrane region of a Cd2+ ATPase
4.1 Introdu
tionThe 
admium 
ation, Cd2+, is toxi
 to most organisms and this toxi
ity is an interesting topi
 ofresera
h for several laboratories in my organization (CEA). In our laboratory, experimentalists havebeen studying the Cadmium ATPase from Listeria mono
ytogenesi, a P1-type ATPase en
oded bythe gene 
adA (hen
e the name CadA I will use for the protein) and involved in Cd2+ transport (Seese
tion 3.4.5). Understanding the me
hanism of ion translo
ation in CadA requires knowledge of themembrane topology of the pump. The present work aims at identifying the TransMembrane Heli
es(TMH) (or membrane topology) of CadA, �nding the 3D stru
ture of these heli
es and espe
ially thespatial arrangement of amino a
ids involved in Cd2+ binding during the transport 
y
le. Experimentalstudies have shed some light on the stru
ture of CadA espe
ially on the residues involved in Cd2+binding but the three-dimensionnal (3D) arrangement of the heli
es remains spe
ulative.4.2 Se
ondary stru
ture predi
tionObtaining a 
orre
t sequen
e alignment is the 
ornerstone of su

ess in all homology modelling pro
e-dures. Sequen
e alignment methods are ubiquitous tools for the predi
tion of stru
ture and fun
tion;they are primarily used to identify related sequen
es via database sear
hes and to dete
t templatestru
tures needed for the 
onstru
tion of homology models (10). Here we have done sequen
e align-ment between Ser
a and CadA and the result has less than 25 % similarity. Though Ser
a and CadAare fun
tionally homologous.4.2.1 From WEB serversWe have used online transmembrane predi
tion servers, listed in Table 4.1 to predi
t the transmem-brane heli
es of CadA. Most transmembrane predi
tion servers use the evolutionary information frommultiple sequen
e alignments either dire
tly or indire
tly (11) and they often predi
t di�erent sets ofsequen
es as Transmembrane heli
es. 69



Server Referen
e URLS1 DAS-TM�lter [82℄ http://mendel.imp.a
.at/sat/DAS/DAS.htmlS2 HMMTOP 2.0 [86℄ http://www.enzim.hu/hmmtop/S3 MEMSAT3 [150℄ http://bioinf.
s.u
l.a
.uk/psipred/S4 MINNOU [151℄ http://minnou.

hm
.org/S5 OrienTM [152℄ http://o2.biol.uoa.gr/orienTM/S6 Phobius [100℄ http://phobius.
gb.ki.se/S7 SOSUI [83℄ http://sosui.proteome.bio.tuat.a
.jp/sosuiframe0.htmlS8 Split4 [88℄ http://split.pmfst.hr/split/4/S9 THUMBU http://phyyz4.med.bu�alo.edu/servi
e.htmlS10 TMAP [90℄ http://bioinfo.limbo.ifm.liu.se/tmap/index.htmlS11 TMHMM [84℄ http://www.
bs.dtu.dk/servi
es/TMHMM/S12 TOP-PRED [153℄ http://bioweb.pasteur.fr/seqanal/interfa
es/toppred.htmlTable 4.1: Servers used for predi
tionsThe Quality or a

ura
y of predi
tion of these servers in the parti
ular 
ase of P-ATPase, is
al
ulated by 
omparing the position of TMH in the X-ray determined stru
ture of Ser
a with theserver predi
tion. PDB stru
ture 1SU4 for Ser
a with two bound 
al
ium ions has been used. Toavoid introdu
ing biases due to the fa
t that some servers were not spe
ialized in TMH predi
tions,we deleted from the pdb all ATOM lines 
orresponding to residues whi
h were not listed as belongingto a TMH (leaving 4 extra residues before and after ea
h identi�ed TMH).The formula for 
al
ulating the quality of the predi
tion is :
Q =

RTMPTM − (RTMNPTM +NRTMPTM)

RTMwhere[-℄ RTMPTM = Number of AA in Real TMH Predi
ted in TMHRTMNPTM = Number of AA in Real TMH Not Predi
ted in TMH-- NRTMPTM = Number of AA in Not Real TMH Predi
ted in TMH- RTM = Total Number of AA in Real TMHThe quality of predi
tion (Q) for Ser
a TMH is listed in Table 4.2. Q has a maximum value of 1when all AA in TMH are predi
ted in TMH and a minimum value of -TOTR/RTM if TOTR is thetotal number of residues in the sequen
e. In the 
ase of Ser
a, the total number of residues was 304and RTM was 204, so that Q 
ould theoreti
ally vary between -1.39 and 1.The same servers were used to predi
t the number of TMHs of CadA whi
h we know by experimentshould be 8. The 5 servers with predi
tion quality Q > 0 found 8 TMH for CadA.The predi
tion results for the TMHs of CadA by the 3 servers with highest Q value (S4, S6 andS7) are given in Table 4.3. The results from the 3 servers agree for TM1, 2, 3 and 5 but problems arevisible for 
orre
tly identifying the other 4 TMHs. However Server S6 seems to show a good 
onsensus70



Server Predi
ted number of TMH PTM RTMPTM RTMNPTM NRTMPTM QS1 8 115 91 59 24 0.04S4 11 259 182 25 77 0.39S6 8 181 132 20 49 0.31S7 5 255 177 27 78 0.35S12 10 210 132 52 78 0.009Table 4.2: Server predi
tions for TMH in Ser
a. Only those servers are listed with Q value greaterthan zero. Total number of amino a
id residues in real TM of ser
a (RTM) is 204. PTM = Totalnumber of residues whi
h were predi
ted as belonging to TMHs.between all 3 servers: it agrees with S7 for TM4 and 6 and with S4 for TM7 and 8. Therefore, resultsfrom S6 only will be dis
ussed in the following.S4 S6 S7W89 - Q105 (TM1) W89 - M107(TM1) R90 - Q105 (TM1)D111 - L138 (TM2) Y113 - F131(TM2) Y113 - G134 (TM2)E146 - S182 (TM3) F143 - G160(TM3) L139 - G160 (TM3)T311 - L334 (TM5) S166 - M183(TM4) E164 - R180 (TM4)E340 - P355 (TM6?) Y315 - F335(TM5) A313 - F335 (TM5)A357 - K375 (TM6?) L347 - G371(TM6) G346 - N372 (TM6)I660 - G681 (TM7) I659 - I679(TM7) P611 - A625 (TM7?)L683 - R705 (TM8) L685 - L704(TM8) N663 - A688 (TM8?)Table 4.3: Sequen
e ranges of the predi
ted TMHs of CadA by the three servers S4 (Minnou) S6(Phobius) and S7 (Sosui). TMHs whi
h 
ould not be identi�ed 
learly due to absen
e of 
onsensusare marked with ? signs.
4.2.2 From experimentsPlasmid Pl258 
arries the 
adA gene that 
onfers resistan
e to 
admium, lead and zin
. The membranetopology of CadA was experimentally determined by 
onstru
ting fusions with the reporter genes phoAor la
Z [98℄. A series of C-terminal trun
ated CadAs were fused with one or the other reporter gene andthe a
tivity of ea
h 
himeri
 protein determined. Alkaline phosphatase and β-gala
tosidase a
tivityassays allowed the authors to mark some spe
i�
 residues as 
ytoplasmi
 or periplasmi
 and thus havea rough estimate of the TMH lo
ation as shown in Fig. 4.1. From these results, the authors identi�edTMHs as shown in Table 4.4 
olumn 4. 71



Figure 4.1: Membrane topology of CadA. The 
ylinders represent motifs 
onserved in all P-typeATPases. The �lled 
ir
les indi
ate the residues identi�ed as extra-membranous in the Pl258 CadA-ATPase. (This is Fig.5 of Ref; [98℄)4.2.3 By homology with CopACopA, a P1B-type ATPase plays a major role in the resistan
e of the 
ell to 
opper by e�e
ting theexport of the metal a
ross the 
ytoplasmi
 membrane. CopA is predi
ted to have eight transmembranesegments and two N-terminal soluble domains.The topology of the TMHs of CadA, �where they begin and end in sequen
e�, has been derived froma homology model built from CopA and dis
ussed in detail in se
tion 4.3.2. The results are summarizedin Table 4.4 
olumn 5. Results between the Web server and the CopA model are 
omparable. TMH8is predi
ted signi�
antly longer in the CopA model than from the server (26 amino a
ids instead of20). This is due to a large tilt of TMH8 in Ser
a used to build the CopA model. De�nition of theTMHs of CadA from the Web server (
olumn 3) have been used in the 3D models of CadA de�ned inthe next se
tions.4.3 3D stru
ture predi
tion by homology with other ATPasesAs already mentioned, the sequen
e identity between CadA and other proteins of known 3D stru
tureis low and falls below the authorized region for homology modelling des
ribed in Fig. 2.3. If we restri
tourselves to the sole TM part, fun
tional and stru
tural homology 
an be found between CadA andSer
a or a model of the 
opper ATPase CopA whose TMHs are themselves dedu
ed from a stru
tureof Ser
a. 72



TMH Uniprot Web server P1258 CadA CopA modelTM1 89 - 109 89 :107 105:123 87:111TM2 111 - 131 113:131 131:151 113:133TM3 151 - 171 143:160 164:180 141:160TM4 - 162:178 182:192 162:182TM5 317 - 337 315:335 332:356 315:335TM6 347 - 367 347:371 363:391 346:371TM7 669 - 689 659:679 677:697 661:683TM8 - 685:704 699:719 684:709Table 4.4: Predi
tions of CadA TransMembrane Heli
es (TMH): Column 2 : results from the Uniprotweb server (http://www.uniprot.org) for a

ession number Q60048 (CadA2-LISMO); Column 3 :result from best TMH predi
tion server S6 (See Table 4.3); Column 4 : result from the experimentalsetup by Rosen et al. [98℄ and Column 5 : predi
tion from a homology model based on CopA (SeeTable 4.6 and se
tion 4.3.2.4.3.1 Homology with Ser
aSequen
e alignments between Ser
a, the Ca2+ ATPase and CadA are una

urate be
ause the homologyis very low between the 2 proteins. A slightly larger homology has been found between the TMHs 1 to6 in Ser
a and TMHs of CadA. In Ser
a, amino a
ids in heli
es 4, 5, 6 and 8 
onstitute the 2 bindingsites for Ca2+. These heli
es would then be fun
tionaly homologous to TMHs 3, 6, 7 and 8 in CadA(See se
tion 4.4.1). Model building of CadA dire
tly from the stru
ture of Ser
a was not attempted.We used instead results from other authors who built the stru
ture of a 
opper ATPase: CopA whoseTMH part was inferred from the 
oordinates of Ser
a TMHs. We wrote a CHARMM s
ript �ndwidthas yet another method to �nd the limits of the TMHs of a protein knowing its 3D stru
ture and theassumed width of the membrane. This s
ript is explained in the legend of Table 4.5 where it is appliedto the stru
ture of Ser
a with two bound Ca2+ ions (PDB 
ode 1SU4). Comparison between 
olumns2,3 and 4 show that the results of ��ndwidth� are valid for �nding TM helix ranges in a TM protein.They are 
lose to results from sequen
e analysis and the residues predi
ted in TMH are really part ofa TMH as 
on�rmed by the analysis of the PDB.4.3.2 Homology with CopAAlignments between all types of P1B ATPases in the region of TMHs 3, 6, 7 and 8 of CadA are shownin Fig. 4.2. Some homology is visible between CadA (line CadALm) and CopA (line CopAEh). The
onserved CPC motif in helix 6 is 
learly visible. As mentioned above, the stru
ture of CopA fromAr
haeoglobus Fulgidus has been solved experimentally but for its extra-membrane part only [163℄.The 
oordinates of the amino a
ids in the TM part have been adjusted from those of 
orrespondingresidues in Ser
a. TMH1 and TMH2 of CopA have no 
ounterpart in Ser
a whereas TMH4 to TMH8of CopA have been ��tted� to TMH2 to TMH6 of Ser
a in its E2 form (See Table 4.6). The assignmentof TMH1 to TMH3 by Wu et al. [163℄ was then somewhat arbitrary; they were pla
ed su
h as to bridge73



TMH Uniprot PDB ��ndwidth� Cαz1 49 : 69 48:54 + 54:79 50:70 -14.3 to 13.52 90 : 110 85:118 + 119:123 90:109 -13.4 to 14.73 254 : 273 247:274 + 275:279 256:276 -15.7 to 14.74 296 : 313 289:307 + 310:329 293:311 -15.2 to 14.45 758 : 777 739:782 762:782 -14.0 to 14.26 788 : 808 788:800 + 801:808 784:805 -15.1 to 13.87 829 : 851 830:857 834:857 -14.1 to 13.78 898 : 917 887:892 + 893:916 895:914 -14.2 to 14.19 931 : 949 926:929 + 930:950 + 951:957 933:952 -14.0 to 14.010 965 : 985 963:975 + 975:992 960:982 -13.3 to 15.2Table 4.5: De�nition of Ser
a TMHs and the �ndwidth s
ript: Col 2 Uniprot predi
tion for entryP04191 Ser
a1A; Col 3 From information 
ontained in the PDB �le: 1SU4; 
ol 4 
al
ulated by��ndwidth� from 1SU4. The �ndwidth s
ript works as follows: The 
oordinates of the protein are readfrom the PDB and, if ne
essary, a �redu
ed� model of the TMHs is built, where big extramembraneloops of the protein are deleted (See se
tion 4.6.1.2 in the 
ase of Ser
a). 1 (or a few) helix:TMH
,in the resulting TMH bundle, is then 
hosen as having its prin
ipal axis 
losest to the normal to themembrane (z). This 
an be done in an iterative way by 
al
ulating the helix tilt angle a posterioriand 
he
king that the 
hosen helix was indeed a good �model� of the membrane normal. Then thebundle is oriented by aligning the prin
ipal axis of TMH
 with z and pla
ing the 
enter of mass ofthe bundle in (0,0,0). Finally, and for a membrane width of w Å , the Cα atoms with Z-
oordinate
losest to −w/2, w/2 are sele
ted as belonging to the residues de�ning the �ends� of the TMHs. These
oordinates are shown in 
olumn 5 in the 
ase of Ser
a and for a membrane thi
kness w = 28 Å .
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the metal binding domain (MBD) reasonably to the rest of the mole
ule.TMH Ser
a ��ndwidth� on Ser
a CadA �equivalent�1 Y36 - W77 (1) V53 - W77 K87 - D111 (25)2 W967 - A988 (10) T967 - I987 Y113- E133 (21)3 W832 - W854 (7) L833 - W854 F141- G160 (20)4 T86 - A115 (2) T86 - V106 W162- S182 (21)5 E243 - H278 (3) K252 - W272 Y315- F335 (21)6 I289 - L336 (4) T295 - T317 G346- G371 (26)7 E749 - A780 (5) M757 - A779 K661- L683 (23)8 P789 - F809 (6) P784 - P809 T684- V709 (26)Table 4.6: Predi
tion of the range of residues 
onstituting CadA TMHs from a homology with CopA.The stru
ture of the TMHs of CopA were themselves dire
tly dedu
ed from the stru
ture of Ser
a(PDB 
ode 2EAR). Col2: sequen
e of Ser
a used in the CopA model (TMH number in parentheses);Col.3: sele
ted range of residues forming Ser
a TMHs found with the �ndwidth s
ript for a membranewidth of 28 Å ; Col.4: 
orresponding range of residues in CadA (number of residues in parentheses).We built a model of CadA TMHs by homology with the TMHs used in the CopA model and thusindire
tly from the stru
ture of Ser
a in its E2 form with bound thapsigargin (PDB 
ode 2EAR).The mat
hing between amino a
ids in Ser
a and in CadA is done a

ording to Table 4.6. We ran the��ndwidth� s
ript on the TMH bundle of the 8 heli
es of Ser
a (TMH1 to 7 + TMH10) (See Table 4.6),for a membrane width of 28 Å . Then we used the 
oordinates of the residues in the bundle as templateto build the model of CadA. As many atom 
oordinates as possible were dire
tly transfered from theSer
a sequen
e to the CadA sequen
e (all ba
kbone atomes + Cβ atoms + ...) In the 
ase of TMH3and TMH6 a dire
t mat
hing was not satisfa
tory. TMH3 was a little bit shortened be
ause a
idi
residues K140 and E161 (See Fig. 4.9) are likely to lie outside the membrane. TMH6, on the 
ontrarywas a little bit extended due to the big kink found in the Ser
a stru
ture.4.4 Ab initio Stru
ture predi
tionAb initio 3D stru
ture predi
tion of a protein is a tremendous task. The problem of predi
ting theTMHs of a TM protein, although mu
h simpler, remains very di�
ult in pra
ti
e. Considering thatall TMHs are orthogonal to the membrane plane, the 3D problem 
an be turned into a 2D equivalentwhere the X-Y 
enter of ea
h TMH o

upies a point on a 2D-grid as shown in Fig. 4.3. Our 
hoi
e ofa triangular grid 
omes from the inspe
tion of the proje
tion of the TMHs of Ser
a on the X-Y planeshown in Table 4.7(Left). The 
orresponding 2D-grid representation is shown in Table 4.7(Right).Ea
h helix seems to intera
t mainly with 2 to 5 or 6 neighbour heli
es whi
h 
an be easily modelledon a triangular or hexagonal grid. This is 
on�rmed by an analysis of the intera
tion energies betweenSer
a heli
es 
al
ulated using the CHARMM for
e �eld in va
uum and shown in Table 4.8. TMH1intera
ts mainly with TMHs 4 and 2. TMH7 intera
ts mainly with TMHs 5 and 8. TMH 8 intera
tswith TMHs 5,6,7,9 and 10... 75



Figure 4.2: Alignment of TMHs 3, 6, 7 and 8 of several members of P1B-type ATPases of subgroupIB-1 (CopAE
 to ATP7B), IB-2 (CadALm = CadA to HMA3), IB-3 (CopBAf to CopBEh), IB-4(CoAT to HMA1) and IB-5,6 (S
oel4 to Aper2). (See 
lassi�
ation in se
tion 3.4.4). The proteins ofmain interest in this work are named: CadALm for CadA from Listeria mono
ytogenes, CopAAf forCopA from Ar
haeoglobus Fulgidus and ATP7A for the Menkes ATPase.
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Table 4.7: Left: S
hemati
 representation of the proje
tion of Ser
a TMHs on the X-Y membraneplane. The 
enter of ea
h ellipse 
orresponds to the 
enter of the helix prin
ipal axis 
al
ulated fromthe 
oordinates of Cα atoms. The short axis of ea
h ellipse is 
onstant for all TMHs. The longaxis 
orresponds to the proje
tion of the prin
ipal axis on the X-Y membrane plane. Right: Gridrepresentation of Ser
a X-ray stru
ture.
TMH 2 3 4 5 6 7 8 9 101 -13.90 -11.74 -44.07 -0.24 -0.51 0.00 0.00 0.00 0.002 - 0.00 -2.82 0.01 -30.16 0.00 0.00 -0.18 0.003 - - -18.55 -10.26 -1.11 -0.35 0.00 0.00 0.004 - - - -24.52 -21.78 -0.00 0.25 0.00 0.005 - - - - -27.33 -32.13 -30.17 -0.23 -6.396 - - - - - -3.30 -25.24 -27.15 -0.047 - - - - - - -28.97 0.00 -25.408 - - - - - - - -16.04 -38.669 - - - - - - - - -20.49Table 4.8: Intera
tion energies (k
al/mol) between TMHs of Ser
a 
al
ulated from the X-ray stru
turewith two bound Ca2+ ions (PDB 1SU4). 77



4.4.1 Core TM bundle responsible for metal bindingFrom the example of Ser
a, we have learnt that ea
h TMH intera
ts signi�
antly with at least twoother heli
es. Then, what are the possible arrangements of 8 TMHs on a 2D-grid under the 
onstraintthat ea
h TMH should intera
t with at least two other TMHs? An upper bound to the number ofthese arrangements (topologies) 
an be easily estimated. Starting from the single arrangement of 3TMHs forming a triangle; a fourth helix 
an be added at 3 di�erent positions from the 3 verti
esof the triangle; similarly a �fth helix 
an be added at 4 di�erent positions... Finally the numberof arrangements will be slightly less than (NTMH - 1)!/2 = 2520 in the 
ase of NTMH = 8 TMHs.Building and testing all these models thoroughly would be di�
ult to a
hieve. Fortunately, in the 
aseof P-type ATPases, experimental results allow us to further simplify the problem. Indeed, experimentsshow that 4 TMHs are always involved in metal binding. Moreover, these heli
es 
an be pla
ed in the2D-grid representation, on the summits of a diamond as shown in the 
ase of Ser
a TMHs (3, 4, 6and 8) in Table 4.7.Similarly and based on experimental results by Catty et al. [164℄, CadA TM residues M149 inTMH3, C354, P355 and C356 in TMH6 and D692 in TMH8 play a signi�
ant role in 
admium binding.E164 in TMH4, on the other hand is probably important for 
admium transport. Very re
ently,Lubben et al. proposed a stru
ture of CopA from Entero
o

us hirae [165℄ by 
ombining topologi
alinformation obtained by intramole
ular 
ross-linking with mole
ular modelling. These authors �ndimportant residues for Cu+ binding in TMH7 of CopA. Under the hypothesis of 2 
admium bindingsites in the TM part of CadA, C354, C356 and D692 
ould form site I while M149, C354 and D692proposed to be at the interfa
e with the extra
ellular medium would 
onstitute site II. From theseresults, we 
onstru
ted models of CadA around a basis 
onstituted of TMHs 3,6,7 and 8. Startingfrom this basis of 4 TMHs whi
h bind the metal, a homemade C++ program �buildtopo� was runto �nd all possible arrangements of the other 4 TMHs of CadA. For instan
e, as shown in Fig. 4.3,starting from TMH labelled A, part of the basis (A,B,C,D), 4 possible lo
ations are a

essible to aTMH helix de�ned as neighbour to A.
Figure 4.3: Sele
tion of possible model topologies from a 4-TMH basis. In this grid representation,basis TMHs are lo
ated at the summits of a diamond. If A is one of these basis heli
es, 4 possiblelo
ations are a

essible to a TMH helix de�ned as neighbour to A.4.4.2 Topology of CadA TM bundle: program �buildtopo�The �ow
hart of the program �buildtopo� is shown in Fig. 4.4.The program uses two arrays: 
M [i℄[j℄ whi
h 
ontains the 
oordinates of helix i (integer 
oordinates78



Figure 4.4: Flow
hart of the program �buildtopo� applied to the stru
ture of CadA with basis heli
es3, 6, 7 and 8.
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in grid spa
e, line 
oordinate for j = 0, 
olumn 
oordinate for j = 1). and 
G[i℄[j℄ whi
h 
ontains thehelix number found in line i and 
olumn j of the hexagonal grid. Ea
h helix on the grid lo
ated atposition (
M [i℄[0℄,
M [i℄[1℄) may have a maximum of 6 neighbour heli
es (at the same arbitrary distan
e1 of i) lo
ated at positions (
M [i℄[0℄,
M [i℄[1℄+1), (
M [i℄[0℄,
M [i℄[1℄-1), (
M [i℄[0℄+1,
M [i℄[1℄), (
M [i℄[0℄-1,
M [i℄[1℄), (
M [i℄[0℄+1,
M [i℄[1℄-1), (
M [i℄[0℄-1, 
M [i℄[1℄+1). The program is initialized with the �xed
oordinates of the basis (TMHs 8,3,6,7). Then the program attempts to pla
e TMH2 neighbourto TMH3, TMH1 neighbour to TMH2, TMH5 neighbour to TMH6 and �nally TMH4 neighbour toTMH3. Every time, the attempt is a su

ess if the helix just pla
ed has at least two neighbour heli
es.Finally, the radius of the attempted model (fun
tion averageRadius) is 
al
ulated as the averageeu
lidian distan
e of all heli
es to the 
enter of gravity of the bundle. Ea
h side of the trianglemeasures 1 in arbitrary units. We �rst need to transform helix 
oordinates from grid spa
e to realworld. The �rst 
olumn on the grid s
heme is shifted to the right by 1/2 every new line (See programoutput in 
hapter 7). The abs
issa hx(i) of helix i in real world is then 
M [i℄[0℄/2 + 
M [i℄[1℄ while itsordinate hy(i) is 
M [i℄[0℄.√3/2 (√3/2 being the height of a triangle). The 
oordinates of the 
enter ofgravity are then
xG(resp.yG) = 1/8

∑

i

hx(i)(resp.hy(i))Then the radius R is given by
R = 1/8

∑

i

√

((hx(i) − xG)2 + (hy(i) − yG)2)A listing of the program is given in the supplementary material se
tion together with the �rst pageof output of the grid s
hemes. In the 
ase of CadA, 27 models were found and are shown in thesupplementary material se
tion and 12 out of 27 
an be 
onsidered as more �
ompa
t� with radius
R ≤ 1. I present in Fig. 4.5 a grid diagram of 4 sele
ted models.4.4.3 Derivation of model restraints for X-PLORAs mentionned in a previous 
hapter (See se
tion 2.1.1), NOE-type distan
e restraints 
an be derivedfrom the topologies of the models.Ea
h TMH 
orresponds to a regular NA amino a
id long α-helix by de�nition. This allows thede�nition of NA − 4 hydrogen bonds and thus distan
e restraints between O atom of residue i and Hatom of residue i+ 4. In the 
ase of TMH1 of Ser
a, for instan
e, extending from residue W5 to C25(See Fig. 4.7), we de�ne distan
e restraints between W5-O and I9-H, E6-O and E10-H... until L21-Oand C25-H. The form of the restraining potential is given in Eq. 2.1, with S = 1, d = 2Å , dminus =

dplus = 0.2Å .Similarly and equivalent to the NMR-J-
oupling derived restraints, we 
an de�ne for the same NAamino a
id long right-handed α-helix 2.(NA − 1) angle restraints 
orresponding to φ and ψ dihedralangles. In the example of Ser
a TMH1, we de�ne restraints for dihedrals formed by atoms W5C-E6N-E6Cα-E6C (φ), E6N-E6Cα-E6C-L7N (ψ)... until A23C-A24N-A24Cα-A24C (), A24N-A24Cα-A24C-C25N. The form of the restraining potential is given in Eq. 2.2, with φo = −60 and ψo = −50 degrees,
∆φ = 5 degrees. 80



Figure 4.5: 2D-grid diagrams for CadA: we present 4 topologies extra
ted from the 27 models 
al-
ulated with the program �buildtopo�, namely models 16, 21, 24 and 27. All these models are basedupon the work by Catty et al. [164℄ whi
h leads to a basis for binding Cd2+ 
onstituted of TMHs 3,6,7and 8. The Last model (noted CopACadA) is based on the 
ontrary on the work by Wu et al. [163℄whi
h appears to pla
e TMHs 8,4,1 and 6 as basis for binding Cu+ (See Fig. 6 in their work).
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NOE-like distan
e restraints were also introdu
ed between atoms whi
h are known to bind themetal. These restraints are listed in Table 4.9 in the 
ase of models of Ser
a and CadA. The form ofthe restraining potential is given in Eq. 2.1, with S = 1, d = 5Å , dminus = dplus = 1Å .Ser
a E116 OE* - E139 OE* - E233 OE* - E116 OE* - E116 OE* - E139 OE* -D168 OD* D168 OD* D168 OD* E139 OE* E233 OE* E233 OE*CadA K181 NZ - M60 SD - M60 SD - C144 SG- C146 SG - M60 SD -D202 OD* C144 SG C146 SG D202 OD* D202 OD* D202 OD*Table 4.9: X-PLOR restraints on residues involved in metal binding: the �rst restraint, for example,means that a distan
e restraint is applied between ǫ-Oxygens of Glu 116 (E116 OE*) and δ-Oxygensof Asp 168 (D168 OD*). (SD = δ-Sulfur, SG = γ-Sulfur)Most importantly, the distan
e restraints whi
h de�ne and di�erentiate the models were also appliedbetween Cα atoms of terminal residues of TMHs. There is one su
h restraint per vertex in the 2D-gridrepresentation of ea
h model. For instan
e in the 
ase of the Ser
a X-ray grid model (See Table 4.7Right), there are 16 su
h restraints. The form of the restraining potential is given in Eq. 2.1, with
S = 1, d = 10(resp.11)Å , dminus = dplus = 1(resp.2)Å for the CadA and Ser
a models, respe
tively.Finally, planar restraints were added during the simulated annealing and re�nement phases in X-PLOR to ensure that the heli
es are built orthogonal to the membrane plane. These restraints wereapplied on TMH terminal Cα atoms using a harmoni
 potential des
ribed in Eq: 2.3.4.4.4 Model buildingA �ow 
hart of our model building strategy is shown in Fig. 4.6.Distan
e and dihedral angle restraints being properly set, the standard X-PLOR s
ripts for build-ing models from distan
e geometry (See se
tion 2.1.4) were run. For ea
h topology, we 
onstru
ted100 models and kept the model with lowest X-PLOR energy. Protein models built with X-PLOR orCHARMM 
orrespond to a 
ontinuous sequen
e of amino a
ids linked together through the peptidebond. ATPases are proteins with large 
ytoplasmi
 loops, we did not model in our studies. Conse-quently, so-
alled �redu
ed� models of the protein were used where only the TMHs are kept pre
ededand followed by 4 amino a
ids from the real sequen
e. All interheli
al loops in
luding the so-
alled�small� and �big� loops of the proteins are repla
ed by 3 gly
ine residues. The de�nitions of the TMHsof �redu
ed� sequen
es of Ser
a and CadA whi
h were used in X-PLOR models and MD simulationsare shown in Table 4.10. These de�nitions are, of 
ourse, dire
tly dedu
ed from our previous results:Table 4.5 
ol.4 for Ser
a and Table 4.4 
ol.3 for CadA. The 
orresponding sequen
es are shown inFig.4.7 and Fig. 4.8 for Ser
a and CadA, respe
tively. The sequen
e using real numbering for CadAis also shown in Fig. 4.9.4.4.5 Model re�nement with CHARMMDue to the appli
ation of planar restraints, X-PLOR models deliver TMH bundles already orientedalong the Z-axis orthogonal to the X-Y membrane plane. In the 
ase of simulations from X-ray82



Figure 4.6: Flow 
hart showing the proto
ol of model building. A basis is �rst 
hosen that is a seriesof TMHs that will bind the metal and whose topology will be 
onstant in all models. Then modeltopologies are generated using a homemade C++ program: �buildtopo�. Then for ea
h of these models,3D 
oordinates are built using X-PLOR and re�ned using MD simulation with CHARMM inside animpli
it membrane after the introdu
tion of 2 Cd2+ ions.TMH Ser
a (211/304) CadA (149/217)1 5:25 4:222 37:56 28:463 68:88 58:754 100:118 77:935 130:150 105:1256 152:173 137:1617 185:208 173:1928 220:239 195:2149 251:270 -10 278:300 -Table 4.10: Ranges of residues de�ning the TMhs for Ser
a and CadA. These de�nitions of the TMHshave been used for de�ning restraints for X-PLOR modelling and re�nement and CHARMM MD. 211amino a
ids are in αhelix 
onformation out of 304 in Ser
a. 149 amino a
ids are in αhelix 
onformationout of 217 in CadA. 83



Figure 4.7: Redu
ed sequen
e of Ser
a used in MD simulations. TMHs are highlighted with 
olourboxes as well as 
harged or polar amino a
ids.
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Figure 4.8: Redu
ed sequen
e of CadA used in MD simulations. TMHs are highlighted with 
olourboxes as well as 
harged or polar amino a
ids.

Figure 4.9: Extra
t of the sequen
e of CadA from Listeria mono
ytogenes with amino a
id numberingof the full-length sequen
e. TMHs are highlighted with 
olour boxes as well as 
harged or polar aminoa
ids. 85



stru
tures the TMH bundle is oriented along the Z-axis with the CHARMM �
oor orient� statement.This statement �nds the prin
ipal axes of the protein and automati
ally orients the axis with largesteigenvalue towards Z. NOE-like and dihedral angle restraints are introdu
ed in the for
e �eld. TwoCd2+ ions are introdu
ed in the models 2 Å away from the 2 CYS sulfur residues of the CPC motif(C144 and C146). The same distan
e and dihedral angle restraints are applied as in the 
ase of modelbuilding with X-PLOR. Then the stru
tures are energy minimized in va
uum with CHARMM. In ase
ond step, the impli
it solvent method EEF1 (See se
tion 2.8.2.5) is setup for a neutral (zwitterioni
)membrane of 28 Åwidth. Drift of the protein in the X-Y plane is avoided with the introdu
tion of a�MMFP� restraining potential (basi
ally harmoni
) applied on the X and Y 
omponents of the 
enterof mass of the TMH bundle with for
e 
onstant 100 k
al/mol/Å 2. Then 50 steps SD followed byABNR minimizations (See se
tion 2.7.3.2) down to an energy gradient of 0.1 k
al/mol/Å are run.Finally 5 ns MD simulations are run using Langevin dynami
s (See se
tion 2.3.2.3) with a time stepof 2 fs. To 
he
k the in�uen
e of the restraints on the results 1 more ns MD simulation is run afterremoving all NOE-like and dihedral angle restraints.4.5 Model 
he
king using standard methods4.5.1 Using Pro
he
kQuality of the models of CadA was 
he
ked using PROCHECK-NMR [166℄ The results are shown inTable 4.11. Models 11, 16, 21 and 24 seem parti
ularly interesting in terms of good positioning ofthe residues in the Rama
handran plot. The disallowed residues are listed in Table 4.12. Y105 at thebeginning of TMH5 seems problemati
 to most models. All disallowed residues belong to loop regionsin the sequen
e (See Fig. 4.8).4.5.2 Using strideProgram stride [167℄ was used to 
he
k the integrity of transmembrane heli
es after model buildingwith XPLOR and re�nement with CHARMM. First, the output of stride in the 
ase of Ser
a modelsis summarized in Table 4.13. We 
an see a good 
onservation of the se
ondary stru
tures of the TMHseven though a loss of α-helix 
onformation is sometimes observed: In the 
ase of the X-ray model andTMH4, this is easily explained by the presen
e of a proline residue at position 115.We used the same analysis in the 
ase of CadA. Results of these analyses after CHARMM MDand minimization in the presen
e of restraints and after removing the restraints are shown in Ta-bles 4.14 and 4.15, respe
tively. Clearly and not surprisingly, in the presen
e of restraints, all TMHsare preserved. TMH5 in model 17 is even 4 residue longer than imposed by the restraints. Whenthe restraints are removed, many heli
es lose their α-heli
al 
onformation at the predi
ted ends ofthese TMHs, espe
ially in the 
ase of models 13, 16 and 17. Loss of α-heli
es is most of the time
ompensated by the appearan
e of turns, bridges and π-heli
es. Models 21 and 27 seem ex
eptionnallystable regarding the maintaining of the α-heli
al 
onformation of their TMHs.86



Model After X-PLOR After CHARMMCore+allowed (%) disall. Core+allowed (%) disall.7 91.2 11 95.6 88 91.6 9 95.6 511 95.2 1 98.4 412 94.5 5 94.6 1213 97.3 3 95.7 514 94.6 2 95.2 815 90.7 9 95.6 816 96.7 3 97.9 417 98.9 1 97.3 619 97.3 2 96.8 621 96.7 2 97.3 522 95.7 6 97.3 623 96.2 5 97.8 424 95.7 0 97.3 425 94.9 5 96.7 627 91.6 10 94 8Table 4.11: Pro
he
k results for the 16 models of CadA: Per
entage of 
ore and allowed residues inthe Rama
handran plot are shown in 
ol.2 and 4 after X-PLOR re�nement and CHARMM MD andminimization respe
tively. Corresponding number of disallowed residues are listed in 
ol. 3 and 5.
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Model Residue nameCada m16 R215, Y105, L137, L193Cada m21 A164, K47, Y105, N52, W77Cada m24 K47, L93, W129Cada m27 E48, E57, E94, D26, Y105, L137, L93, W192Ser
a m1 M273, L277Ser
a m2 S3, K64Ser
a m3 F68, F128Ser
a m4 V21, I6, I88, I122, Q127, L241, L251, C25Ser
a m5 L302, A174, K276, E153Ser
a X-Ray I301, E67, L184, W183BR m1 Y131, Y133, D104, S193, A228BR m2 D102, T170, T67, E161, I229BR m3 R227, M163, W12, E166, Q75, V167, D102, I4, T128BR m4 D102, T128, S162, L66, Y79BR X-ray -Table 4.12: List of disallowed residues found by Pro
he
k analysis for sele
ted models of CadA, Ser
aand bR. Coordinates after CHARMM MD and minimization have been used. In the initial X-raystru
ture of Ser
a, we found 8 disallowed residues namely E67, R97, F128, W183, L184, F216, K276and I301.
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Model TMH1 TMH2 TMH3 TMH4 TMH5(5-25) (37-56) (68-88) (100-118) (130-150)1 6-21 37-56 68-76 + 79-90 101-114 131-1492 6-21 40-54 69-73 + 79-92 99-114 128-1493 5-24 38-60 70-88 101-113 129-1494 4-22 39-54 64-76 + 79-88 100-117 132-1485 6-24 35-55 67-87 99-117 127-137 + 140-149X-ray 3-22 35-58 68-90 99-114 + 119-122 127-149Model TMH6 TMH7 TMH8 TMH9 TMH10(152-173) (185-208) (220-239) (251-270) (278-300)1 151-172 185-212 221-232 251-268 277-3032 156-166 186-207 221-238 255-269 278-3003 156-175 184-208 222-234 251-268 277-2994 154-165 + 168-172 185-207 221-238 255-268 279-3015 154-170 185-209 221-240 255-268 279-299X-ray 155-175 185-208 219-231 249-269 279-299Table 4.13: Ranges of residues found in α-helix by the program stride for 5 models of Ser
a + theX-ray stru
ture. Coordinates are taken from the output of CHARMM after MD and minimizationafter removing the NOE-like restraints. (Residue ranges in parentheses represent the de�nitions ofthe TMHs used in the simulations for setting up the restraints. (See Table 4.10)
Model TMH1 TMH2 TMH3 TMH4 TMH5 TMH6 TMH7 TMH8(4:22) (28:46) (58:75) (77:93) (105:125) (137:161) (173:192) (195:214)11 3-22 27-48 58-74 77-92 105-125 137-162 173-192 196-21413 4-22 29-46 58-74 78-95 105-124 136-160 173-191 196-21316 4-23 29-47 58-74 78-93 106-124 138-160 174-192 195-21417 4-22 27-48 59-74 77-93 106-129 137-160 174-191 196-21321 5-21 29-46 58-75 78-94 106-125 136-161 173-192 195-21424 4-23 29-46 59-74 78-92 105-127 136-160 173-192 196-21427 4-21 29-45 58-75 78-92 106-125 138-163 173-191 196-213Table 4.14: Ranges of residues found in α-helix by the program stride [167℄ for 7 sele
ted modelsof CadA. Coordinates are taken from the output of CHARMM after MD and minimization in thepresen
e of NOE-like restraints. 89



Model TMH1 TMH2 TMH3 TMH4 TMH5 TMH6 TMH7 TMH8(4:22) (28:46) (58:75) (77:93) (105:125) (137:161) (173:192) (195:214)11 3-22 27-48 58-74 77-92 105-125 137-162 173-186 196-21413 4-21 29-45 67-72 78-94 105-124 147-160 173-194 196-21316 4-23 29-46 58-74 78-92 106-125 137-156 174-182 195-21417 5-22 27-47 59-73 77-93 106-127 137-160 174-189 203-21321 5-21 29-46 59-70 78-94 106-125 136-161 174-192 195-21424 4-23 32-46 59-74 78-91 106-124 136-160 173-189 196-21427 4-21 29-45 56-75 78-93 106-125 138-162 173-189 199-211Table 4.15: Ranges of residues found in α-helix by the program stride for 7 sele
ted models of CadA.Coordinates are taken from the output of CHARMM after MD and minimization after removing theNOE-like restraints.4.6 Model 
he
king using energy minimization and MD simulations4.6.1 Validation using bR and Ser
aIn order to 
he
k the reliability of our proto
ol des
ribed in Fig. 4.6, to build TMHs of TM pro-teins of unknown stru
ture, we have applied this proto
ol to the prototypi
al membrane protein:ba
teriorhodopsin (bR) and the Ca2+ ATPase Ser
a.4.6.1.1 Ba
teriorhodopsin (BR)BR is a transmembrane protein found in the 
ellular membrane of Haloba
terium salinarium, whi
hfun
tions as a light-driven proton pump. The bR mole
ule 
ontains seven heli
es that surround a
hannel through whi
h ions 
an move. BR is a 247 amino a
id protein of whi
h 2 thirds 
onstitute7 TMHs as shown in Table 4.16. In the absen
e of large 
ytoplasmi
 loops, the total sequen
e of bRwas used in the models and simulations.TMH PDB ��ndwidth�1 8-28 12-282 37-61 40-593 80-101 80-994 105-126 106-1255 133-162 135-1566 165-191 171-1907 201-225 205-225Table 4.16: De�nition of TMHs in bR: 
ol.2: from information in the PDB stru
ture; 
ol.3: from the��ndwidth� s
ript, and used for de�ning restraints in the models.90



The re�ned topology of the TMHs in bR, �where do they begin and end� in sequen
e has beenpredi
ted using the ��ndwidth� CHARMM s
ript des
ribed previously. We then followed the proto
olfor model generation and re�nement shown in Fig. 4.6. Initial grid models for bR are shown inFig. 4.10. A pseudo basis for bR is 
onstituted of TMHs 3,4,5 and 6 (the 4 most buried heli
es). Themodels were built and re�ned using X-PLOR as explained in the 
ase of CadA. Then MD simulationsof bR inside an impli
it membrane were run using CHARMM starting from the 4 models and alsofrom the X-ray stru
ture. A graph of the CHARMM total potential energy vs. time during the 5ns MD simulation is shown in Fig. 4.11. Clearly, the energy of the bR X-ray stru
ture is the lowestwhi
h validates our approa
h based on the idea that a low energy model should have a stru
ture 
loseto the native one and vi
e versa. Model 1, built with X-PLOR with a topology 
losest to the X-raystru
ture of bR equilibrates rapidly to a low energy value.

Figure 4.10: Grid models for ba
teriorhodopsin. Model 
orresponding to X-ray stru
ture is model 1Pro
he
k analysis for bR in Table 4.17 shows a perfe
t positioning of the residues of the X-ray stru
-ture in the Rama
handran plot whi
h is 
onserved after MD simulation. Model 1 whi
h 
orrespondsto X-ray also performs relatively well a

ording to Pro
he
k.After X-PLOR After CHARMMModel Core+allowed (%) disall. Core+allowed (%) disall.1 97.4 2 97 52 96.5 1 97.5 53 96.9 3 95.4 94 99.0 0 96.9 5X-ray 100.0 0 100.0 0Table 4.17: Pro
he
k results for bR models: Per
entage of 
ore and allowed residues in the Rama
han-dran plot are shown in 
ol. 2 and 4 after X-PLOR re�nement and CHARMM MD and minimizationrespe
tively. Corresponding number of disallowed residues are listed in 
ol. 3 and 5. The measureson the X-ray stru
ture are reported in the �X-ray� line and �After X-PLOR� 
olumns.91
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Time [ns]Figure 4.11: Total CHARMM Energy vs Time for Ba
teriorhodopsin simulations: Model 1 : Red;Model 2 : Green; Model 3: Blue; Model 4: Pink while the simulation from X-ray stru
ture is shownin 
yan4.6.1.2 Ser
aModel building and MD simulations were run on a �redu
ed� model of the protein. The redu
edsequen
e is shown in Fig. 4.7. Ranges of residues de�ning the 10 TMHs have been given already inTable 4.5 
ol.4 and Table 4.10 
ol.2 for the real and redu
ed sequen
es, respe
tively. The basis forSer
a is 
onstituted of heli
es 4,5,6 and 8 as shown in Fig. 4.12; the model 
orresponding to the X-raystru
ture and 4 variations have been tested. The same proto
ol as for bR was used for model buildingand re�nement and the same analyses of the results were done.It is surprising to see in Table 4.18 that, in the 
ase of Ser
a, Pro
he
k analysis reveals 9 aminoa
idsin disallowed regions of the Rama
handran plot for the X-ray stru
ture. Model 1 with no disallowedresidue and more than 99 % allowed looks almost perfe
t in terms of positioning of the residues in theplot. Model 3, the 
losest to X-ray, also looks good.The atom 
oordinate Root Mean Square Deviation (RMSD) from the initial 
oordinates has been
al
ulated after MD simulations with CHARMM for the models des
ribed in Fig. 4.12. Results areshown in Fig. 4.13. The large RMSDs denote big rearrangements o

uring in the stru
tures until aplateau and thus equilibration is rea
hed. No signi�
ant in
rease in RMSD o

urs after removing therestraints (last ns).A graph of CHARMM energy vs. time for the 5 models of Ser
a + The X-ray stru
ture is shownin Fig. 4.14. The results are summarized in Table 4.19. A big energy drop o

urs when the restraintsare removed and the systems hardly rea
h a new equilibrium: the X-ray stru
ture does not give thelowest energy stru
ture after 6 ns. On the other hand, when three models are equilibrated for a longer92
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Model3 Model4 Model5Figure 4.12: 2-D grid models of Ser
a. Model 
lose to X-ray stru
ture is model 3
After X-PLOR After CHARMMModel Core+allowed (%) disall. Core+allowed (%) disall.1 99.3 0 98.8 22 98 2 98.8 23 98.8 2 98.4 24 98.4 2 96.5 85 98.4 1 97.6 4X-ray 95.2 9 98.4 4Table 4.18: Pro
he
k results for Ser
a models: Per
entage of 
ore and allowed residues in the Ra-ma
handran plot are shown in 
ol. 2 and 4 after X-PLOR re�nement and CHARMM MD andminimization respe
tively. Corresponding number of disallowed residues are listed in 
ol. 3 and 5.The measures on the X-ray stru
ture are reported in the �X-ray� line and �After X-PLOR� 
olumns.
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time of 11 ns, they rea
h an equilibrtium and the X-ray model yields almost the same energy as theX-PLOR built model whi
h most resembles the X-ray stru
ture: (average energy between 10 and 11ns: -6039 k
al/mol for model 3 and -6032 k
al/mol for X-ray model). Contrary to the 
ase of bRwhere we used the full stru
ture, we used, in the 
ase of Ser
a a �redu
ed� system where big loopshave been deleted. This 
ertainly has a 
onsequen
e on the energy of the system: reintrodu
ing theloops in the model might very well in
rease their energy higher than that of the X-ray model.With restraints Without restraintsModel After mini. < Last ns > After mini. < Last 200 ps >1 -8153 -5812 -8340 -59262 -8139 -5798 -8258 -59033 -8189 -5812 -8388 -60194 -8185 -5840 -8309 -59305 -8179 -5815 -8307 -5942X-ray -8169 -5805 -8310 -5930Table 4.19: CHARMM energies (k
al/mol) for 5 models of Ser
a + the X-ray stru
ture: In thepresen
e of distan
e and dihedral restraints: 
ol.2 and 3 after 5 ns MD and energy minimization andaveraged over the last ns, respe
tively. After removing the restraints: 
ol. 4 and 5 after 1 ns MD,energy minimization and averaged over the last 200 ps, respe
tively.4.6.2 Results on CadA4.6.2.1 EnergyAverage CHARMM potential energy over the last ns of 5 ns MD runs and minimum energy afterminimization of the 16 models of CadA with radius lower than 1 are shown in Table 4.21. Based uponenergy, models 16, 21, 24 and 27 have been 
hosen for further analysis. Note that models 16, 21 and24 had already been sele
ted as good models under the Pro
he
k 
riterions. Models 11, 13 and 17also display low energy and low number of disallowed residues and 
ould be analyzed further. Model27 is interesting be
ause it gives the worst results a

ording to Pro
he
k but the lowest energies.Energies of sele
ted models are reported in Table 4.22 together with average potential energy over 200ps and minimum energy after energy minimization 
al
ulated from an 1 ns MD run after removingall restraints.A graph of total CHARMM potential energy vs. time for the 4 �best energy� models of CadA plus1 model 
oming from the topology of CopA is shown in Fig. 4.15.4.6.2.2 RMSDThe atom 
oordinate RMSD from the initial 
oordinates has been 
al
ulated during the dynami
sfor the sele
ted models. Results for ba
kbone atoms are shown in Fig. 4.16. The same remarks asfor Ser
a apply: RMSDs rea
h a plateau after around 1 ns MD and no big 
hange is observed after94
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TMH Range Extension (Å )1 89:107 (4-22) -12.6 to 10.12 113:131 (28-46) -14.9 to 11.63 143:160 (58-75) -11.8 to 11.84 162:178 (77-93) -12.5 to 11.75 315:335 (105-125) -17.8 to 14.46 345:371 (137-161) -17.1 to 14.77 663:682 (173-192) -12.7 to 12.28 685:704 (195-214) -10.7 to 13.0Table 4.20: Extension of CopA-CadA TMHs (s
ript �ndwidth). The sequen
e range of ea
h helixis given in 
ol.2 following real sequen
e numbering and, in parentheses, numbering relative to theredu
ed sequen
e used for MD simulations and proto
ol 
he
king. After orientation of the 10-helixbundle normal to the X-Y membrane plane, the Z-
oordinates of Cα atoms of the two end-residuesof ea
h TMH are listed in 
ol. 3. Taking the averages of these 
oordinates, we �nd that the width ofthe transmembrane part of CopA-CadA de�ned by its Cα atoms is 12.4 − (−13.7) = 26.1 Å .Model Minimized <Last ns MD>7 -5939 -42788 -5947 -426011 -6009 -430012 -5960 -426313 -6003 -429414 -5983 -428515 -5917 -423516 -6011 -432317 -6012 -430319 -5965 -428121 -6041 -434322 -5960 -428123 -5928 -426624 -6046 -435025 -5982 -429027 -6097 -4405CopA -5911 -4218Table 4.21: Total CHARMM energy (k
al/mol) of 16 CadA models + the model from CopA. Col 2.Energy minimized model after MD. Col. 3 average over the last 1 ns of MD.96



With restraints Without restraintsModel After mini. < Last ns > After mini. < Last 200 ps >16 -6011 -4323 -6150 -443221 -6041 -4343 -6195 -447524 -6046 -4350 -6230 -450827 -6097 -4405 -6241 -4523CopA -5911 -4218 -6142 -4444Table 4.22: CHARMM energy (k
al/mol) for the 4 �best� energy models of CadA + the model builtfrom CopA: In the presen
e of distan
e and dihedral restraints: 
ol.2 and 3 after energy minimizationand averaged over the last ns, respe
tively. After removing the restraints: 
ol. 4 and 5 after energyminimization and averaged over the last 200 ps, respe
tively.
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removing the restraints (last ns). Note, however, that the RMSDs are, on average, higher than inthe 
ase of Ser
a. Model 27 with lowest energy undergoes the largest rearrangements of its stru
turetogether with the model from CopA with high energy whi
h 
ould need further re�nement.
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kbone RMSD with respe
t to initial MD 
oordinates vs time for CadA models. Model16: Red, Model 21: Green, Model 24: Blue, Model 27: Pink, CopACadA: Cyan. Restraints have beenremoved after 5 ns MD.4.6.2.3 TMH tilt anglesTilt angles of the TMHs of CadA with respe
t to the normal ve
tor to the membrane have been
al
ulated from minimized energy stru
tures after 5 ns MD in the presen
e of restraints. Tilt anglesvary from 8 to 30 degrees depending on the TMH. No 
lear di�eren
e between the models appears4.6.2.4 Cadmium sitesTo get an idea of the residues most probably involved in the binding of Cd2+, the CHARMM inter-a
tion energies between Cadmium ions and their surrounding residues have been 
al
ulated. Resultsare summarised in Table 4.23. Removing the restraints dramati
ally lowers the intera
tions. This isdue to ele
trostati
s terms whi
h, in the 
ase of a 
harged ion, will vary sharply with distan
e: in theimpli
it membrane simulation approa
h with CHARMM an r-dependant diele
tri
 
onstant is used(ǫ = r) whi
h makes the ele
trostati
 energy vary like 1/r2. If we take the example of the Cd2+ion intera
ting with a CYS Sulfur atom (
harge -1 in the toph19-eef1 CHARMM topology �le), theele
trostati
 energy of the Cd-S pair will vary from -150 to -74 k
al/mol when the distan
e varies from2.1 to 3 Å . 98



Cd1 Cd2Model NOE No NOE NOE No NOE16 -258 -419 -360 -41121 -221 -377 -254 -34624 -365 -494 -438 -52327 -434 -532 -411 -505CopA -381 -393 -199 -279Table 4.23: Total CHARMM intera
tion energies between 
admium ions (noted Cd1 and Cd2) and allother residues around them from the minimized energy stru
tures after MD runs. Both the stru
turesafter 5 ns in the presen
e of restraints and after 6 ns, after releasing the restraints for 1 ns, have beenused.In models 24 and 27, Cd2+ ions seem to be more stably inserted in their sites. Individual intera
tionswith the neighbouring residues are listed in Tables 4.24 and 4.25, for Cd1 and Cd2, respe
tively. Cd1shows high intera
tions with C144 in all models and with C146 in models 24, 27 and CopA, only.Cd2 shows high intera
tions with C144 in models 16, 24 and 27 and with C146 in all models ex
eptCopA. A small intera
tion energy between M64 in TMH3 (eqv. M149 in the real sequen
e) and Cd1in model 24 or Cd2 in model 16 is visible. Medium size intera
tion energies between both 
admiumions and D202 (eqv. D692) are dete
ted. Cd1 in model 27 and Cd2 in model 24 intera
t signi�
antlywith 
arbonyl oxygens of L140, V141 and V142. Intera
tions between Cd2 and G143 are also 
lear inmodels 16 and 21.Model Residue (Intera
ting Energy)16 C144(-157), C146(-23), L178(-4), K181(-45), D202(-30)21 C144(-158),L195(-5),A198(-37),I199(-7),D202(-12)24 M60(-4),M64(-5),L140(-7),V141(-7),V142(-7),C144(-151),C146(-157),D202(-27)27 V139(-5),L140(-45),V141(-41),V142(-43),C144(-150),C146(-144)CopA S9(-6),F12(-38),13I(-6),G143(-36),C144(-162),C146(-151)Table 4.24: CHARMM Intera
tion energies (k
al/mol) between Cd1 and other residues from theminimized energy stru
tures of CadA models after MD in the presen
e of restraints.4.6.2.5 Role of K181 (eqv. K671)Lysine 671 (K181) in TMH7 is a 
onserved residue in Zn2+ and Cd2+ ATPases whereas in Cu+ATPases, it is repla
ed by an asparagine (See position 48 in the sequen
e shown in Fig. 4.2). Largestintera
tion energies (> 4 k
al/mol) between the important residue K671 in TMH7 and other residuesof the di�erent CadA models are listed in Table 4.26. K181 shows sizeable intera
tions with the
arbonyl oxygens of its neighbours I180 and L182. A small intera
tion with D202 appears in model16. 99



Model Residue (Intera
ting Energy)16 M60(-5), M64(-6), G143(-39), C144(-157), C146(-151), D202(-5)21 V142(-42), G143(-43), C144(-21), C146(-146)24 V139(-6), L140(-46), V141(-42), V142(-44), C144(-147), C146(-144)27 L140(-7),V141(-7),V142(-7),C144(-149),C146(-156),D202(-53),T206(-28)CopA E91(-11),C144(-10),C146(-13),A147(-42),L148(-40),S151(-20),T152(-32),D202(-28)Table 4.25: CHARMM Intera
tion energies (k
al/mol) between Cd2 and other residues from theminimized energy stru
tures of CadA models after MD in the presen
e of restraints.Model Residue (Intera
ting Energy)16 S177(-5), L178(-5), I180(-16), L182(-15), D202(-6)21 T152(-4), S177(-5), L178(-5), I180(-16), L182(-14), L185(-6)24 S177(-5), L178(-5), I180(-14), L182(-14), A184(-4), L185(-7)27 S177(-5), L178(-5), I180(-14), L182(-14), A184(-4), L185(-6)CopA S177(-8), L178(-5), I180(-16), L182(-14), L185(-6)Table 4.26: CHARMM Intera
tion energies (k
al/mol) between K671 in TMH7 (K181) and otherresidues from the minimized energy stru
tures of CadA models after MD in the presen
e of restraints.4.6.2.6 Role of D202 (eqv. D692)In the same manner, Aspartate 692 (D202) in TMH8 is a well 
onserved residue in Zn2+ and Cd2+ATPases whereas in Cu+ ATPases, it is repla
ed by a Methionine (See position 73 in the sequen
eshown in Table 4.2). In their work on D714 in ZntA (eqv. of D692 in CadA), Dutta et al. showedthat four di�erent substitutions at D714 resulted in 
omplete loss of in vivo resistan
e a
tivity and
omplete or large redu
tions in ATPase a
tivity [128℄. Largest intera
tion energies (> 4 k
al/mol)between this important residue D692 and other residues of the di�erent CadA models are listed inTable 4.27. In the same manner as K181, D202 shows moderate intera
tions with its neighbouringresidues A201 and M203 and, of 
ourse, with K181, in model 16.Model Residue (Intera
ting Energy)16 K181(-6), A198 (-6), I199(-5), A201(-13), D202(-8), M203(-14)21 C144(-5), A198 (-4), I199(-8), A201(-13), M203(-16), T206(-8)24 A198 (-7), I199(-6), A201(-13), D202(-6), M203(-15), T206(-8)27 A198 (-6), I199(-8), A201(-14), M203(-16)CopA E91(-7), A198 (-8), I199(-6), A201(-13), M203(-14)Table 4.27: CHARMM Intera
tion energies (k
al/mol) between D692 in TMH8 (D202) and otherresidues from the minimized energy stru
tures of CadA models after MD in the presen
e of restraints.100



4.7 3D-models of CadAClose views of the Cadmium sites in models 16, 21, 24, 27 and CopA des
ribed and studied aboveare shown in Figs. 4.17 to 4.21. Distan
e between the 2 Cd2+ ions is 4.1, 8.9, 3.3, 3.3 and 8.7 Å inmodels 16, 21, 24, 27 and CopA, respe
tively. These distan
es are either short or very long 
omparedto the distan
e between the 2 Ca2+ ions in the 
al
ium ATPase Ser
a. In models 16, 24 and 27 the2 
ysteines of the CPC motif (C144 and C146) are in 
lose proximity with their a

ompanying Cd2+ion nearby. In model 21, the orientations of the 2 
ysteine side
hains are di�erent and thus the twoions are further apart. In the CopA model, Cd2 does not intera
t dire
tly with any of the 2 
ysteineswhi
h makes it unlikely to represent a valid model. The intera
tion between D202 and Cd2 is 
learin model 27. In model 16, the side 
hain of K181 is pointing towards the interior of the TMH bundleand intera
ts with D202 for a good 
harge s
reening.

Figure 4.17: Close view of the 
admium sites from model 16. Stru
tures, built and re�ned withCHARMM inside an impli
it membrane, are shown after 5 ns MD in the presen
e of distan
e restraintsand minimization. Cadmium ions are shown as orange spheres and important residues around theions are represented in CPK models and labelled. A �glass� view of the TMHs to whi
h they belongis also visible.4.8 Dis
ussion and perspe
tivesI have presented a novel method to predi
t the topology and stru
ture of the transmembrane partof a transmembrane protein supposed to be 
ompletely α-heli
al. To 
ope with the di�
ulty ofstudying all possible 
ombinations of the TMHs, I have assumed that 4 heli
es (the basis) were knownfrom experimental data to be in 
lose proximity in the 
enter of the bundle. A dire
t appli
ationto the 
ase of ATPases 
orresponds to the four heli
es suspe
ted to be involved in metal bindingand transport. The 
hoi
e of these basis heli
es is still 
ontroversial. In their study of CopA from101



Figure 4.18: Close view of the 
admium sites from model 21. Same legend as in Fig. 4.17.Entero
o

us hirae [165℄, Lubben et al. used homology modeling based on the assumed stru
turalsimilarity of CopA to the Ca-ATPase, Ser
a in its E2 form in the absen
e of 
al
ium (PDB entry1IWO). To this end, a binary 
omparison of both sequen
es was performed with CLUSTALW [86℄.N-terminal transmembrane heli
es TMH1 and TMH2 of CopA are absent in Ser
a, thus TMH3-TMH8of CopA were 
onsidered homologous to TMH1-TMH6 of Ser
a. This 
hoi
e is not evident from thesequen
e alignments of the proteins but we used their basis heli
es in most of our models of the
admium ATPase: CadA. We also built a model of CadA based on the stru
ture of CopA solved (forits extramembrane part only) by another group (Wu et al.). These authors published their stru
tureof CopA from Ar
haeoglobus Fulgidus under a

ession 
ode 2VOY [163℄ and took the 
oordinates ofthe TM part of their protein (
hains B,C,D,E,G,H,K,L) dire
tly from the X-ray stru
ture of Ser
ain its E2 form with bound thapsigargin (PDB 
ode 2EAR). Their model leads to a di�erent basisfor metal binding but it is based on E2(TG)P21 
rystals of Ser
a used to build stru
ture 2EARwhi
h di�ra
ted to only 3.3 Å resolution [168℄. The two models of bases satisfy a fun
tional homologybetween Ser
a and P1B-type ATPases, whi
h is the presen
e of so-
alled small and big loops in theproteins 
orresponding to the A, N and P domains. Small and big loops of Ser
a are lo
ated betweenTMH 2 and 3 and 4 and 5, respe
tively. In CadA, these loops are lo
ated between TMH 4 and 5 and6 and 7, respe
tively, leading to a dire
t homology of TMHs 2 to 5 of Ser
a with TMHs 4 to 7 ofCadA.Starting from these bases, we produ
ed and analyzed di�erent models of CadA. We used several
riteria to dis
riminate between these models: lowest energy, low RMSds or maximum number ofallowed residues in the Rama
handran plot. These 
riteria seemed relatively e�
ient to dis
riminatebetween models when applied to ba
teriorhodopsin or Ser
a, although, in the latter 
ase, . removing102



Figure 4.19: Close view of the 
admium sites from model 24. Same legend as in Fig. 4.17.

Figure 4.20: Close view of the 
admium sites from model 27. Same legend as in Fig. 4.17.103



Figure 4.21: Close view of the 
admium sites from model CopA. Same legend as in Fig. 4.17.large parts of the protein (small and big loop) may have an in�uen
e on results.I think, however that the proto
ol des
ribed for model building and the produ
ed models of CadA,themselves, will be of interest to the experimentalists for getting a 
learer view of new possible mutantsthat 
ould a�e
t metal binding and transport.The experimental studies 
arried out so far on the transport site of Cadmium ATPase revealthat two Cd2+ ions (hen
e our 
hoi
e of two Cd2+ ions in our models) are involved in the rea
tion
y
le of CadA. The two 
ysteines of the Cys-Pro-Cys motif (TMH6) a
t at distin
t steps of thetransport pro
ess, C354 (C144) being dire
tly involved in Cd2+ binding, whereas C356 (C146) wouldbe required for Cd2+ o

lusion; D692 (D202) in TMH8 would be dire
tly involved in Cd2+ bindingand its intera
tion with 
admium is visible in several of our models. E164 in TMH4 would be requiredfor Cd2+ release and is far from the 
admium sites in our models. Moreover, in their work on theATPase ZntA whi
h transports Zn2+, Pb2+ and Cd2+, Okkeri and Haltia [169℄ show experimentallythat K693 and D714 (eqv. to K671 and D692 in CadA) are fun
tionally essential and appear to
ontribute to the metal spe
i�
ity of the protein, most probably by being parts of the metal bindingsite made up by the CPC motif. Our model 16 is 
ompatible with this idea.Our models and simulations indi
ate, among other results, that mutating K671 into Alanine inCadA seems an interesting idea to see the in�uen
e of this residue on Cd2+ binding and transport.More generally, this proje
t will go on by regular ex
hanges with experimentalists who will put upbonds for realisti
 models.
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Chapter 5Dynami
s and stability of the MetalBinding Domains of the Menkes ATPase
5.1 Introdu
tionAs dis
ussed in a previous 
hapter, there are, in humans, two genes (ATP7A and ATP7B) 
odingfor Cu+-ATPases: Menkes disease protein (MNKP) and Wilson disease protein (WNDP), that areasso
iated with geneti
 
opper transport disorders. Ea
h of these P1B ATPases (subgroup 1B-1), ofunknown three-dimensional stru
ture, possesses 8 TMHs, (like the Cadmium ATPase CadA) and 6
ytoplasmi
 Metal Binding Domains (MBD) (See se
tion 3.4.6). The absen
e of these MBDs in someP1B-ATPases suggests that these are likely regulatory domains. Studies have shown that Menkes andWilson Disease proteins require at least one inta
t MBD for targeting to the plasma membrane and avesi
ular 
ompartment, respe
tively. Ea
h of the MBDs binds a single 
opper ion in the redu
ed Cu(I)form via two 
ysteine residues. The role of ea
h MBD has been a subje
t of intense investigations butremains a point of great interest with no 
lear answer. I have 
hosen to study the relations betweenstru
ture and fun
tion of the Menkes ATPase (ATP7A) MBDs, for whi
h NMR stru
tures have beenobtained. I will present the results I have obtained from mole
ular dynami
s (MD) simulations of the6 MBDs of the Menkes protein, individually, in their Apo (no 
opper) and Holo (with 
opper) forms.5.2 Models and simulation details5.2.1 Simulation parametersAll MD simulations were performed with the CHARMM [48℄ program using the 
harmm27 all-atom for
e �eld [170℄. To 
ope with the la
k of parameters for metals in the CHARMM for
e �eld,resear
hers in our team have developed, in a previous work [59℄, spe
ial parameters for Cu(I) boundto 
ysteine sulfur atoms in proteins, in a �xed linear geometry (See Table 2.1). In our model, 
hargetransfer between thiolate and metal is approximated by a 
ovalent bond between metal and sulfur.The ele
trostati
 �eld around the metal a

urately reprodu
es ab initio 
al
ulations by a 
arefuladjustment of partial atomi
 
harges of thiolates and metals (See Table 2.2).105



5.2.2 Model stru
turesTridimensionnal atom 
oordinates of the Menkes Metal Binding Domains (MBD) were obtained fromthe NMR stru
tures from the Protein Data Bank with PDB entries given in Table 5.1. Sin
e theApo HoloMnk PDB ID RMSD Å Charge PDB ID RMSD Å1 1KVI [171℄ 1.8 -5 1KVJ 2.02 1S6O [172℄ 1.3 +2 1S6U 1.23 2G9O [173℄ 1.03 -1 2GA7 1.24 1AW0 [174℄ 1.00 -5 2AW0 1.05 1Y3K [175℄ 1.7 0 1Y3J 2.46 1YJU [176℄ 1.6 0 1YJV 1.6Table 5.1: List of Menkes Metal Binding Domains used in the simulations. PDB 
odes of the NMRstru
tures are given in 
ol.2 and 5 for the Apo and Holo forms, respe
tively. RMSDs of the Cα atom
oordinates of the 10 models found in ea
h PDB entry are given in 
ol.3 and 5. Total 
harge of ea
hMBD in its Apo form is given in 
ol.4.MBDs of the Menkes ATPase are part of a longer protein, N- and C-terminal residues have been
apped with neutral a
etylated N-terminus and amidated C-terminus (ACE and CT2 as de�ned inthe CHARMM topology �le). A view of the sixth MBD (Mnk6) in the presen
e of 
opper is shown inFig. 5.1. The elements of se
ondary stru
ture, the ferredoxin fold: βαββαβ are highlighted.

Figure 5.1: Stru
ture of Mnk6-Holoi with Cu+ ion represented as an orange sphere. Nter and Cter
apping residues, the βαββαβ se
ondary stru
ture motif and the two CYS residues binding the metalin a linear geometry are highlighted.The �rst model of ea
h of the solution stru
ture PDB �le of the proteins was used as a starting
onformation for all MD simulations. (Models are stru
turally very 
lose and this 
hoi
e is likely106



to have no in
iden
e on the results reported here). Counterions (
hloride or sodium) were added tothe systems when ne
essary to keep them ele
tri
ally neutral. (They were initially pla
ed so as tominimize their ele
trostati
 intera
tion with the protein). A view of Mnk6 in the presen
e of 
opperand with 1 sodium 
ounterion is shown in Fig. 5.2. Charged amino a
ids are highlighted.

Figure 5.2: Stru
ture of Mnk6-Holo with 1 sodium 
ounterion (green sphere), The Cu+ ion is repre-sented as an orange sphere and 
harged amino a
id residues are highlighted in blue (positive LYS andARG) and red (negative GLU and ASP).Proteins were solvated with TIP3P water mole
ules [177℄ in an orthorhombi
 box. Water mole
uleswith oxygen atom 
loser than 2.4Å to any protein heavy atom (i.e. non-hydrogen atom) were deleted.The �nal simulated system in
luding Cu+, sodium 
ounterion and a water box is shown in Fig. 5.3,still in the 
ase of Mnk6.5.2.3 Simulation detailsThe systems were energy-minimized and equilibrated for 30 ps at 
onstant temperature (300K) andpressure (1 atm) with periodi
 boundary 
onditions, and using the parti
le mesh Ewald method [178℄for 
al
ulation of long-range ele
trostati
 intera
tions. Langevin dynami
s (See se
tion 2.3.2.3) andLangevin piston were used to keep temperature and pressure 
onstant, with a fri
tion 
oe�
ient of3 ps−1 for all protein non-hydrogen atoms. The protein heavy atoms were �rst 
onstrained with a har-moni
 for
e 
onstant of 1 k
al.mol−1Å−2 for 5 ps. Then, it was de
reased to zero in 0.2 k
al.mol−1Å−2step every 5 ps. After the 30 ps equilibration, the temperature of the system was kept at 300K witha Nosé-Hoover thermostat and the pressure was maintained around 1 atm with a Langevin piston.shake [179℄ was used to 
onstrain all 
ovalent bonds involving hydrogen atoms at their equilibriumlength. All the simulations employed the leapfrog Verlet algorithm (See se
tion 2.3.2.2) with a 2-fsintegration timestep. The largest box dimension (along the z axis) of ea
h system was allowed to varywith time (NPAT ensemble). All simulations 
onsisted of 30 ps. equilibration followed by 15 ns.107



Figure 5.3: Image of the solvated system: Mnk6-Holo with sodium 
ounterion inside a TIP3P waterbox.produ
tion dynami
s. The simulations were analyzed over the last 5 ns (unless otherwise spe
i�ed).The 
riteria used to determine the 
onvergen
e of the simulations were the total and potential energyterms, the 
rystal dimensions and the time-evolution of the Root Mean Square Deviation (RMSD)of the ba
kbone atom position with respe
t to the 
orresponding experimentally resolved starting
onformation. Simulations of MBDi of the Menkes ATPase will be noted Mnki in the following.5.2.4 RestraintsSimulations were done in the presen
e of 4 mild distan
e restraints aimed at preventing the �opening�(fraying) of the stru
tures between β strands. These restraints of the type �biharmoni
 with well�(See se
tion 2.1.3) are treated as �NOE-like� restraints in CHARMM and have the following form:
ENOE =

∑

restraints,r

kr∆
2with

∆ =











R− (d+ dplus) if d+ dplus < R

0 if d− dminus < R < d+ dplus

d− dminus −R if R < d− dminuswhere the distan
e between the two atoms is R, the target distan
e is d and the restraining potentialis null for d−dminus < R < d+dplus Values of kr = 20 k
al/mol/Å 2, d = 2.0 Åand dminus = dplus = 0.2Åwere used. These restraints 
orrespond to H-bonds between atom O of 1 residue in β-1 and H of 1residue in β-4 and between atom O of 1 residue in β-2 and H of 1 residue in β-3.108



5.2.5 Additional sessions and restraintsAs already explained, all Mnk MBD systems were �rst simulated during 15 ns with 4 mild NOE-typerestraints aimed at preventing fraying of the β-strands: (let's 
all these runs session 1). After initialanalysis of these results, we noti
ed large 
oordinate RMSD with respe
t to initial NMR stru
turesfor several systems. We then de
ided to run additional MD sessions where we would progressively adddistan
e restraints until we have maintained all H-bonds found in the NMR PDB stru
ture. Thesenew sessions are explained in Table 5.2 for Apo and Table 5.3 for Holo Mnk simulations. In the 
aseof Mnk1, session 2, for instan
e, 2 restraints were added between C17-O and I21-H within α-1 andbetween H33-O in β-2 and I46-H in β-3.Session Mnk1 Mnk2 Mnk3 Mnk4 Mnk5 Mnk61 4 (15) 4 (15) 4 (15) 4 (15) 4 (15) 4 (15)2 6 (15) - - 7 (5) - -3, 4 44 (5) 42 (5) 38 (5) 36 (5) 33 (5) 35 (5)Table 5.2: Number of NOEs applied in ea
h session and for all Apo Mnk systems. 4 dynami
s sessionswere run to 
orre
t for large RMSD found in some simulations. Session 1 
orresponds to the �normal�15 ns run with 4 NOE-like distan
e restraints as dis
ussed previously. In Session 3 and 4, all H-bondsdete
ted in the initial NMR stru
tures were translated into distan
e restraints. In session 3, NOEswere kept for the total 5 ns runs while in session 4, they were removed during the last 2 ns. (Simulationtime in ns is given in parentheses.)
Session Mnk3 Mnk52 9 (15) 8 (5)3 11 (6) 9 (5)4 15 (5) 17 (> 2.5)5 17 (> 2.5) 22 (2)6 49 (9) 44 (5)Table 5.3: Number of NOEs applied in ea
h session and for Holo Mnk 3 and 5. Six MD sessions wererun to 
orre
t for large RMSD found in some simulations. Session 1 
orresponds to the �normal� 15ns run with 4 NOE-like distan
e restraints. Simulation time in ns is given in parentheses. �> 2.5'means that we stopped the simulation after 2.5 ns be
ause a large RMSD between �nal and initial
oordinates was rea
hed. The only di�eren
e between sessions is the number of applied restraints.The starting stru
ture remains the original NMR stru
ture after 30 ps. equilibration MD. (Simulationtime in ns is given in parentheses.) 109



5.3 Results5.3.1 Sequen
e alignmentA sequen
e alignment of Menkes Metal Binding Domains Mnk1 to Mnk6 used in this work is shown inFig. 5.4. The alignment was done with the program CLUSTALW [86℄. Conserved sequen
es in
ludethe GMxCxSC (where x represents any residue) metal binding motif in loop L1, I21 and E22 in helix
α1, V36 and L38 in β2, Y47 in β3, and I61 in α2. Clearly Mnk3 presents the sequen
e whi
h showslargest variability 
ompared to others. Mnk3 la
ks T13, a positively 
harge amino a
id in 27, G30,F49, G65, F66 and A68.

Figure 5.4: Sequen
e alignment of Menkes Metal Binding Domains Mnk1 to Mnk6 used in the MDsimulations. Se
ondary stru
ture labelling (A for α, B for β) 
orresponds to the sequen
e of Mnk4.5.3.2 Time evolution of energy and box dimensions5.3.2.1 EnergyEnergy was 
orre
tly equilibrated for all systems after 4 ns. The standard deviations of the totalCHARMM potential energy of the systems measured from the last 5 ns of 15 ns MD simulations areshown in Table 5.4. Standard deviations are similar for all systems.Mnk1 Mnk2 Mnk3 Mnk4 Mnk5 Mnk6Apo Holo Apo Holo Apo Holo Apo Holo Apo Holo Apo Holo76.7 77.2 79.1 80.5 72.9 73.8 76.2 80.8 76.1 79.7 74.0 76.2Table 5.4: Standard deviations (σ in k
al/mol) of the total CHARMM potential energy of the systemsmeasured from the last 5 ns of 15 ns MD simulations.110



5.3.2.2 Box dimensionsTwo periodi
 box dimensions (b and 
) were �xed during the simulations (NPAT ensemble). Thevariable box dimension (a) was rapidly equilibrated as shown in the example 
ase of Mnk5 Holo inFig. 5.5. Average dimension is 48.5 Åwith a very low standard deviation of 0.05 Å .
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Time [ns]Figure 5.5: Variable dimension of the simulation box vs. time for the simulation of Mnk5 with 
opper.5.3.3 Coordinate RMSD from initial stru
ture5.3.3.1 Session 1Ba
kbone atom 
oordinate RMSD from initial NMR stru
tures during the 15 ns MD runs (Session 1)for Apo and Holo Mnk systems, are shown in Fig. 5.6 and Fig. 5.7, respe
tively. Quantitative analysesof the 
urves are given in Tables 5.5 and 5.6 for Apo and Holo Mnk systems, respe
tively. In theApo form, only Mnk6 shows ni
ely low RMSDs around 1.5 Å from its NMR stru
ture, while the 5others depart signi�
antly from the NMR stru
tures with a maximum average deviation of 2.9 Å forMnk1. This high value for Mnk1 agrees with the large experimental RMSD between models observedin stru
ture 1KVI (See Table 5.1). In their Holo (Cu+) forms, Mnk1, Mnk2, Mnk4 and Mnk6 showvery low RMSDs, meaning for Mnk1, Mnk2 and Mnk4 a dramati
 stabilization of the stru
tures when
opper is added. High RMSDs of 2.5 Å remain for Mnk3 and Mnk5, in agreement for the latter withthe experimental RMSD between models of 2.4 Å and also with re
ent simulations of the �fth metalbinding domain of the Wilson protein [180℄.5.3.3.2 Following sessions: ApoThe large RMSDs from initial NMR stru
tures obtained for some Mnk systems motivated us to runother simulations with in
reased number of restraints.111
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System <RMSD-bb> (σ) (Å ) <RMSD-Tot.> (σ) (Å )Mnk1 2.9 (0.28) 4.2 (0.24)Mnk2 2.6 (0.16) 3.9 (0.13)Mnk3 2.4 (0.12) 3.5 (0.11)Mnk4 2.5 (0.25) 3.6 (0.28)Mnk5 2.5 (0.17) 3.7 (0.15)Mnk6 1.5 (0.10) 2.9 (0.12)Table 5.5: Average RMSD (standard deviation in parentheses) of ba
kbone (bb) or all (Tot.) atom
oordinates from their initial values in the NMR stru
tures. Averages were 
al
ulated over the last 5ns of the 15 ns MD runs and for Mnk Apo systems (session 1).
System <RMSD-bb> (σ) (Å ) <RMSD-Tot.> (σ) (Å )Mnk1 1.6 (0.10) 2.8 (0.09)Mnk2 1.2 (0.11) 2.5 (0.09)Mnk3 2.5 (0.17) 3.5 (0.17)Mnk4 1.1 (0.17) 2.1 (0.17)Mnk5 2.5 (0.14) 3.7 (0.13)Mnk6 1.4 (0.15) 2.8 (0.12)Table 5.6: Average RMSD (standard deviation in parentheses) of ba
kbone (bb) or all atom (Tot.)
oordinates from their initial values in the NMR stru
tures. Averages were 
al
ulated over the last 5ns of the 15 ns MD runs and for Mnk Holo systems (session 1).
System <RMSD-bb> (σ) (Å ) <RMSD-Tot.> (σ) (Å )Mnk1 1.9 (0.10) 3.0 (0.07)Mnk2 1.2 (0.08) 2.6 (0.06)Mnk3 1.6 (0.12) 2.8 (0.12)Mnk4 1.8 ( 0.11) 2.9 (0.10)Mnk5 2.4 (0.08) 3.5 (0.09)Mnk6 1.4 (0.13) 2.8 (0.12)Table 5.7: Average RMSD (standard deviation in parentheses) of ba
kbone (bb) or all (Tot.) atom
oordinates from their initial values in the NMR stru
tures. Averages were 
al
ulated over the last nsof the 5 ns MD runs and for Mnk Apo systems in the presen
e of all H-bond restraints (session 3).113



A summary of average RMSDs 
al
ulated from the last ns analysis of 5 ns MDs in the presen
e ofall H-bond restraints (session 3) is shown in Table 5.7. A de
rease of the RMSDs from initial NMRstru
tures is 
learly visible 
ompared to results of session 1 (See Table 5.5). This is espe
ially truefor Mnk1 from 2.9 to 1.9 Å (see Fig. 5.8) and Mnk2 from 2.6 to 1.2 Å (see Fig. 5.9). The RMSDshave also been 
al
ulated with respe
t to the 
entroid of the 10 NMR models of ea
h stru
ture. Theresult is shown in bla
k for Mnk1 in Fig. 5.8. The 
entroid xas 
omputed with the program k
lustof the MMTSB tools [181℄. No signi�
ant di�eren
e was observed 
ompared to RMSDs 
al
ulatedfrom NMR model 1. Session 2 where we introdu
ed 6 distan
e restraints instead of 4 was a 
ompletefailure with a still larger in
rease of the RMSD, and was abandoned. Noti
eably, a large drift ofthe stru
ture of Mnk5 is still visible (See Fig. 5.10), even after all H-bonds are maintained throughNOE-like restraints.
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kbone atom 
oordinate RMSD from initial NMR stru
tures during MD simulations forApo Mnk1: Red: Session 1 with 4 restraints only; Brown: Session 2 with 6 restraints; Blue: Session3 where all possible H-bond restraints are introdu
ed during the 5 ns MD run; Green: Session 4 withall restraints during the �rst 3 ns MD and released during the last 2 ns; Bla
k: same simulation butRMSDs are 
al
ulated from the 
entroid of the NMR stru
tures instead of the �rst model.Running the same simulations of Apo Mnk systems but after release of the restraints during thelast 2 ns (session 4) gives results summarized in Table 5.8. Mnk2, 3, 4 and 6 seem to have rea
hedtheir stable 
onformation. A signi�
ant in
rease of RMSD after removing the restraints is visible inthe 
ase of Mnk1. No big 
hange is visible for Mnk5 whi
h either is not yet equilibrated or tries torea
h an equilibrium far from the NMR stru
ture.5.3.3.3 Following sessions: HoloAdditional MD sessions were run for Mnk3 and Mnk5, only. All other Mnk systems were 
orre
tlyequilibrated after session 1 in their Holo form. In session 6, a 
lear de
rease of the RMSDs from 2.5to 1.6 Å (with respe
t to session 1) is visible for Mnk3 and Mnk5 in Table 5.9. This is illustrated inFig. 5.11 showing the ba
kbone atom 
oordinate RMSDs of Holo-Mnk5 during the di�erent sessions.Thus, in their Holo form, Mnk3 and Mnk5 
ould be stabilized by enfor
ing that H-bonds de�ning114
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System <RMSD-bb> (σ) (Å ) <RMSD-Tot.> (σ) (Å )Mnk1 2.3 (0.13) 3.4 (0.12)Mnk2 1.4 (0.13) 2.8 (0.12)Mnk3 1.6 (0.12) 2.8 (0.12)Mnk4 1.5 (0.12) 2.8 (0.12)Mnk5 2.7 (0.14) 3.9 (0.11)Mnk6 1.2 (0.11) 2.6 (0.10)Table 5.8: Average RMSD (standard deviation in parentheses) of ba
kbone (bb) or all (Tot.) atom
oordinates from their initial values in the NMR stru
tures. Averages were 
al
ulated over the last nsof the 5 ns MD runs and for Mnk Apo systems. Restraints were set during 3 ns and released for thelast 2 ns (session 4).se
ondary stru
tures be 
onserved during the simulations.System <RMSD-bb> (σ) (Å ) <RMSD-Tot.> (σ) (Å )Mnk3 1.6 (0.11) 2.5 (0.09)Mnk5 1.6 (0.15) 2.9 (0.09)Table 5.9: Average RMSD (standard deviation in parentheses) of ba
kbone (bb) or all (Tot.) atom
oordinates from their initial values in the NMR stru
tures for Mnk3 and Mnk5. Averages were
al
ulated over the last ns of the 5 ns MD runs and for Mnk Holo systems in the presen
e of allH-bond restraints (session 6).5.3.4 Conservation of se
ondary stru
tureWe just proved that enfor
ing H-bonds de�ning se
ondary stru
ture elements of the MBDs 
ould havea large in�uen
e on their stabilization, espe
ially in their Apo form. We will now see the dire
t e�e
ton these se
ondary stru
ture elements.5.3.4.1 Session 1ApoA se
ondary stru
ture analysis with stride [167℄ re�e
ts the results 
on
erning RMSDs presentedabove. Graphs of the evolution of se
ondary stru
ture elements of Mnk1, Mnk5 and Mnk6, in theirApo form, versus time, are shown in Fig. 5.12, 5.13 and 5.14, respe
tively. Interesting information
an be drawn from these plots:- As already mentioned, Mnk6 presents a ni
e 
onservation of all its se
ondary stru
ture elementsat all time. 116
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kbone atom 
oordinate RMSD from initial NMR stru
tures during MD simulationsfor Holo Mnk5: Red : Session 1; Green : Session 2; Blue: Session 3; Pink: Session 4; Cyan: Session 5and Bla
k: Session 6- Alpha-helix α-1 shows instabilities in both Mnk1 and Mnk5. The α-helix 
hanges for π- or3-10-heli
es or even β-bridges. Helix α-2, on the other hand, is very stable in all Mnk systems.- Globally, β-strands are 
onserved even though they are shortened most of the time.Quantitative details about the 
onservation of the se
ondary stru
tures for all Menkes MBDs intheir Apo form are given in Table 5.10. A diminution of the number of residues in α-helix from theNMR initial stru
ture to the stru
ture obtained after MD is 
lear for Mnk1, 2 and 3 and 
ompensatedby an equal in
rease of turns (hydrogen bonded turn), or the formation of a π-helix in the 
aseof Mnk1. Mnk4 and Mnk6 appear very stable in terms of se
ondary stru
ture. Mnk5 undergoesdramati
 disappearan
e of β strands turning into 
oils or β bridges (single pair of β-sheet hydrogenbond formation). 3-10 heli
es (3-turn heli
es) when present in the NMR stru
tures disappear afterMD and minimization.Se
. Stru
t. Mnk1 (74) Mnk2 (72) Mnk3 (74) Mnk4 (72) Mnk5 (73) Mnk6 (71)NMR MD NMR MD NMR MD NMR MD NMR MD NMR MD
α-helix 24 20 18 16 23 20 24 24 22 22 23 243-10-helix 3 3 3 - - 3 3
β-strand 20 15 21 22 24 24 25 24 25 17 23 23Turn 7 20 19 19 18 20 15 14 15 14 13 12Coil 20 19 11 12 9 10 8 10 8 16 9 12Table 5.10: Number of residues in ea
h type of se
ondary stru
ture for Apo Mnk. Results of strideare given for the initial PDB and for the 
oordinates obtained after 15 ns MD and minimization withCHARMM (session 1). After MD, 5 residues forming a π-helix (5-turn helix) appear in Mnk1 and 4Bridges appear in Mnk5. 117
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Figure 5.12: Evolution of se
ondary stru
ture elements of Mnk1 Apo with time; 
olor 
ode is red for
α-heli
es, blue for β-sheet, yellow for hydrogen-bonded turns, light red for 3-10 heli
es, magenta for
π-heli
es, light blue for β-bridges and white for 
oils. The βαββαβ fold is 
learly visible.
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Figure 5.13: Evolution of se
ondary stru
ture elements of Mnk5 Apo with time; Same 
olor 
ode asin Fig. 5.12 118
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Figure 5.14: Evolution of se
ondary stru
ture elements of Mnk6 Apo with time; Same 
olor 
ode asin Fig. 5.12HoloIn their Holo forms, Mnk1, 2, 4 and 6 are stable in terms of se
ondary stru
ture. As an example,a graph of the evolution of Mnk2 Holo with time is shown in Fig. 5.15.Noti
eably, for Mnk3, an in
rease of the number of amino a
ids in α-helix and β-strands is observedafter MD at the expense of turns (see Table 5.11 and Fig. 5.16). Logi
ally from the RMSD results,loss of stru
turation for Holo Mnk5 is observed both in Table 5.11 and in Fig. 5.17. Number of aminoa
ids in α-helix, β-strands and turns, all de
rease signi�
antly and are repla
ed by 
oils. Strand β-2almost vanishes.Se
. Stru
t. Mnk1 (74) Mnk2 (72) Mnk3 (74) Mnk4 (72) Mnk5 (73) Mnk6 (71)NMR MD NMR MD NMR MD NMR MD NMR MD NMR MD
α-helix 24 24 24 24 22 24 24 24 23 21 24 24
β-strand 25 21 22 22 18 23 25 25 20 15 24 23Turn 12 16 16 16 26 15 14 14 21 16 16 13Coil 13 13 10 10 7 12 9 9 9 19 7 11Table 5.11: Number of residues in ea
h type of se
ondary stru
ture for Holo Mnk. Results of strideare given for the initial PDB and for the 
oordinates obtained after 15 ns MD and minimization withCHARMM (session 1). 1 additional bridge was found in the NMR stru
ture of Mnk3 and Mnk5 while2 Bridges remain in Mnk5 after MD. 119
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Figure 5.15: Evolution of se
ondary stru
ture elements of Mnk2 Holo with time; Same 
olor 
ode asin Fig. 5.12

 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15

Simulation time [ns]

 5
 10
 15
 20
 25
 30
 35
 40
 45
 50
 55
 60
 65
 70

R
es

id
ue

 N
um

be
r

Figure 5.16: Evolution of se
ondary stru
ture elements of Mnk3 Holo with time; Same 
olor 
ode asin Fig. 5.12 120
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Figure 5.17: Evolution of se
ondary stru
ture elements of Mnk5 Holo with time; Same 
olor 
ode asin Fig. 5.125.3.4.2 Following sessionsAfter session 4 (Apo) and 6 (Holo) a summary of se
ondary stru
ture elements is shown in Table 5.12.Mnk1 and Mnk5-Apo have regained stability of their α-1 helix and β-strands. Consistently with theintrodu
tion of restraints on all H-bonds, most residues in Mnk3 and Mnk5 in their Holo form belongto stru
tured motif, eben more than in the original NMR stru
tures.Se
. Stru
t. Mnk1-Apo Mnk5-Apo Mnk3-Holo Mnk5-Holo
α-helix 26 21 23 22
β-strand 18 23 25 22Turn 10 16 21 20Coil 20 11 5 8Table 5.12: Number of Residues present in di�erent se
ondary stru
tures for some Mnk systems afterCHARMM MD and minimisation: Mnk1-Apo after 5 ns MD, session 4; Mnk5-Apo after 5 ns MD,session 4; Mnk3-Holo after 9 ns MD, session 6; Mnk5-Holo after 5 ns MD, session 6 has 1 additionalbridge5.3.5 Root Mean Square Flu
tuationsRoot Mean Square Flu
tuations (RMSF) of atom 
oordinates 
orrespond to standard deviations ofthese 
oordinates around their average value in time. (RMSDs are averaged over several atoms or121



stru
tures at a given time; RMSFs are averaged over time for a given atom or stru
ture). AverageRMSF values in the MD simulation are usually 
onsidered as the 
riterion for overall �exibility of thesystem. The Cα atom 
oordinate RMSFs averaged over the last 5 ns of 15 ns MD runs (session 1)are plotted in Figures 5.18 to 5.23 for Mnk1 to 6, respe
tively. Logi
ally, the residues in the α and
β-folded regions are the least mobile, with mean RMSF around 0.5 Å in both Apo and Holo forms.More importantly, ex
ept for Mnk3 and Mnk5, a global redu
ed mobility of the residues in the Holoform is 
learly visible in the loops 
ompared to the Apo form, notably for residues in and aroundthe Metal Binding Site (MBS), in agreement with NMR results, with a maximum redu
tion of the�u
tuations around 2 Å for Mnk1.Mnk3 and Mnk5 show a greater mobility in the presen
e of Cu, with average RMSFs 0.5 Å largerthan in the Apo form. Mnk6 is the MBD with lowest average �u
tuations of its ba
kbone atomswith the ex
eption of its loop L2 whi
h, in its Holo form, exhibits RMSFs larger than 2 Å . Thisagrees with re
ent simulations of the sixth metal binding domain of the Wilson protein [180℄. Ingeneral, in the Apo forms, large �u
tuations are observed in loop L1 between β1 and α1, in agreementwith the frequent absen
e of experimental NOEs in this region. Although NMR measurements andMD simulations generally re�e
t dynami
al properties of proteins in the same pi
ose
onds to sub-mi
rose
ond times
ales, the line broadening observed experimentally, in the region of residues 11-16, isvery probably due to 
onformational averaging o

urring on time s
ales mu
h longer than nanose
ondsand thus di�
ult to 
ompletely reprodu
e using MD simulations.

 0

 0.5

 1

 1.5

 2

 2.5

 3

 5  10  15  20  25  30  35  40  45  50  55  60  65  70

R
M

S
F

 [Å
]

Mnk1 sequence

α1 β2 β3 α2 β4L1 L2 L3 L4 L5β1Figure 5.18: Root mean square �u
tuations of the Cα atom positions of Mnk1 averaged over the 5last ns of a 15 ns MD simulation. Empty 
ir
les for the Apo form and �lled squares for the Cu+ Holoform. Se
ondary stru
ture elements are highlighted.An analysis of the RMSFs of the two 
ysteines (noted Cys1 and Cys2) involved in matal bindingis shown in Table 5.13. For all MBDs, in both their Apo and Holo forms, Cys1 whi
h always belongsto loop L1 has a higher RMSF than Cys2. This is in 
omplete agreement with NMR results forMnk MBDs and also for the metallo
haperones ApoCopZ, CuCopZ, Atx1 and Hah1, where the �rst
ysteine residue was found more mobile than the se
ond one. In general, both 
ysteines exhibit aredu
tion of their �u
tuations when Cu+ is bound. Mnk5 is an ex
eption with an in
rease of the122
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Mnk6 sequence

α1 β2 β3 α2 β4L1 L2 L3 L4 L5β1Figure 5.23: Root mean square �u
tuations of the Cα atom positions of Mnk6 averaged over the 5last ns of a 15 ns MD simulation. (Same legend as in Fig. 5.18)�u
tuations of these 
ysteines upon metal binding. Mnk1 is outstanding in terms of dynami
s of the
ysteines of its MBS: both 
ysteines show the largest �u
tuations of all MBDs in their Apo form andthe largest redu
tion leading to the smallest �u
tuations of all MBDs in their Holo form.Cys Mnk1 Mnk2 Mnk3 Mnk4 Mnk5 Mnk6Holo Apo Holo Apo Holo Apo Holo Apo Holo Apo Holo ApoCys1 0.55 2.63 0.68 1.23 0.83 1.16 0.94 1.38 1.34 1.09 0.67 0.79Cys2 0.44 1.37 0.54 1.22 0.83 0.63 0.62 1.04 0.99 0.88 0.47 0.57Table 5.13: RMSFs of the Cα atom positions of the two metal binding 
ysteine residues of the CxxCmotif. RMSFs are averaged over the 5 last ns of a 15 ns MD simulation.5.3.6 Radial Distribution Fun
tion of water around CopperA radial distribution fun
tion (RDF), g(r), des
ribes the probability: g(r).δr of �nding an atom(oxygen of water mole
ule) at a distan
e between r and r+ δr from another atom (Cu+) as a fun
tionof the atom separation r. RDF has been widely used to study the dynami
al stru
tural modi�
ationof dense systems, the dynami
al properties of metal ion hydration, and to sear
h metal binding sites inproteins during MD simulations. The exa
t nature of the 
opper 
oordination sphere in Menkes MBDshas remained for years the subje
t of several pungent questions. Results of the radial distributionfun
tion of water oxygen around Cu+ are presented in Figure 5.24 for all Menkes MBDs and a summaryof the results is shown in Table 5.14. From the �rst peak in the radial distribution fun
tion, we observethat a �rst �shell� of water mole
ules is lo
ated between 3.1 and 3.2 Å (xH) away from the 
opper ion.A notably low number of two water mole
ules (NW) hydrate the Cu+ ion in Mnk1, 2, 4 and 6. Thisnumber be
omes 3 or 4, reliably and signi�
antly higher in the 
ase of Mnk3 and Mnk5 for whi
h the
opper then appears more solvent-exposed than for the other MBDs. There appears to be some kind125



of relation between the RMSDs of the MBDs with respe
t to their initial stru
ture (See Table 5.6)and the number of bound waters in proximity to the 
opper ion: the more mobile the stru
ture is,the more solvent exposed is the Cu+ ion. Note also that 7.5 Å away from Cu+, in Mnk2 Mnk4 andMnk6, the distribution of water mole
ules around the ion is already that of the bulk.
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tion for all HoloMnk systems from 5 last ns of 15 ns MD runs(session 1): Red : Mnk1; Green : Mnk2; Blue : Mnk3; Pink : Mnk4; Cyan : Mnk5; Bla
k : Mnk6g(r) data Mnk1 Mnk2 Mnk3 Mnk4 Mnk5 Mnk6
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NW 2.4 2.3 3.9 1.9 3.4 1.5Table 5.14: Analysis of radial distribution fun
tions of the Holo Mnk simulations (from the last 5 nsof 15 ns MD runs, session 1): xH is the distan
e between water oxygen and Cu+ 
orresponding to the�rst peak in g(r):gH; xL and gL are the distan
e and g values 
orresponding to the following minimumof g(r). The position of this minimum is used as higher bound for the integration of the �rst peakyielding the average number of water mole
ules in the �rst hydration sphere of Cu+: NW; Finally,

< g > is the average value (for r between 10 and 12 Å ) of the plateau rea
hed by g(r) for large r.I also 
al
ulated the radial distribution fun
tion of water oxygens around Cu+ for Mnk3 and Mnk5in the MD simulation run in the presen
e of all H-bond restraints, 
orresponding to session 6. Theresults 
ompared to those obtained in session 1 are shown in Figure 5.15 and summarized in Table 5.25.Signi�
ant variations exist between the results in the two sessions meaning that either MD runs in126



session 6 were too short or that restraints on the se
ondary stru
ture of the MBDs has a non negligiblein�uen
e on the distribution of waters around Cu+. However, the main result of a higher hydrationof Mnk3 and Mnk5 by 3 to 4 water mole
uls in �rst sphere is still valid.Information Mnk3 Mnk5
xH 3.15 3.05
gH 0.69 0.63
xL 4.65 4.15
gL 0.24 0.38
< g > 0.58 0.63
NW 4.43 3.84Table 5.15: Analysis of radial distribution fun
tions of Holo Mnk3 and Mnk5: session 6 after 5 ns MDwith full restraints. Same legend as for Table 5.14.
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e of the number of restraints on radial distribution fun
tions for Holo Mnk3 andMnk5 (from 1 ns of MD runs in session 6). Orange: Mnk3 session 1; Cyan: Mnk5 session 1; Red:Mnk3 session 6; Blue: Mnk5 session 6.5.3.7 Average stru
turesFinally, to illustrate the previous results, I show in Tables 5.16 and 5.17 average stru
tures of the 6Mnk systems 
al
ulated over the last 5 ns of the 15 ns MD runs (session 1) for Apo and Holo Mnk,respe
tively. The �gures ni
ely summarize and 
omplete results obtained from the analysis of RMSFs.We observe:- Large �u
tuations of loops L1 and L3 and beginning of helix α-1 for all Mnk MBDs in their Apoform, ex
ept Mnk6. 127



- High stabilization of L1 and α-1 in Mnk1 to Mnk4 upon Cu+ binding.- Large movement of helix α-2 in Mnk5 Apo stabilized upon Cu+ binding.- Large �u
tuations in general at the C-terminal.- Large movement of loop L2 in Mnk6 Holo.Globally, Mnk6 Apo and Mnk5 with bound Cu+ appear as the most and least stable stru
tures,respe
tively.5.4 Summary, dis
ussion and perspe
tivesWe have 
arefully simulated and analyzed the dynami
s of the six MBDs of the Menkes proteinstarting from the 
oordinates of their solution stru
ture. All the simulations were run on isolatedMBDs whereas they are probably tightly pa
ked in the real protein. This 
ould explain why someof them were unstable showing large 
oordinate RMSDs from the initial stru
ture; we 
orre
ted thisproblem by introdu
ing NOE-like distan
e restraints maintaining the se
ondary stru
ture elementsof the proteins through their H-bonds. We noti
ed, in some 
ases, like for Mnk1 (session 2), thata slight in
rease in the number of restraints 
ertainly lowered the probability of intra-helix or intra-strand fraying but, at the same time, introdu
ed dramati
 loss of inter-se
ondary stru
ture elementintera
tions.From the published stru
tures of Mnk MBDs [183℄ and from our simulations, ea
h domain 
onsistsof four β-strands and two α-heli
es folded into a stable βαββαβ �ferredoxin-like� stru
ture. Thestru
tures of the individual domains are quite similar. The third metal binding domain, Mnk3,whi
h has the greatest amount of sequen
e variation (as shown in se
tion 5.3.1), has some notabledi�eren
es in the metal binding region, but retains the same general fold. In all MBDs, the 
onservedGM(T/H)CxxC 
opper binding motif lies at the surfa
e of the domain in the β1-α1 loop, with these
ond 
opper-
oordinating 
ysteine at the beginning of the α1 helix. Apo-stru
tures of MBDs showthat this loop is �exible and relatively unstru
tured. Ex
ept for Mnk3 and Mnk5, upon binding ofCu(I), the loop a
quires rigidity with the 
opper atom bound between the two 
ysteine residues in alinear 
oordinate environment. The S-Cu(I)-S linear geometry has been suggested by X-ray absorptionspe
tros
opy with S-Cu(I) bond lengths of 2.2-2.3 Å [184, 185℄. In Mnk1, the experimental averageS-Cu-S bond angle for the 
al
ulated stru
tures of Mnk1 is 170 degrees [171℄. Other experiments onMnk4 show that Cu+ is strongly 
oordinated to the two 
ysteines and is weakly bound to a third sulfuratom of an exogenous thiol or a Met side 
hain [174℄. In addition to Cys residues dire
tly involvedin 
opper 
oordination, several other amino a
ids 
ontribute to 
opper binding environment withinindividual MBDs. Mutations of the �X� residues in the CxxC motif have been shown to alter the�exibility of the metal binding loop [171℄. The loop is situated near a 
ore of hydrophobi
 residues,whi
h provide a stable asso
iation between the β1 strand and the α1 helix regardless of whether or not
opper is bound. Four 
onserved residues 
ontribute to this 
ore - Met12 in the β1- α1 loop, Ile21 inthe α1 helix, Leu38 in the β2- β3 loop, and Phe66 in the α2- β4 loop (see Fig. 5.4). In all N-terminalMBDs, ex
ept Mnk3, Phe66 is 
onserved. 128



Table 5.16: Average stru
tures of the 6 Mnk systems, in their Apo form, 
al
ulated over the last 5 nsof the 15 ns MD runs (session 1). Mnk1 to 6 from top to bottom and left to right. Only se
ondarystru
ture elements and the two Cys residues forming the MBS are represented. Atoms are 
olor 
odedfrom blue to red 
orresponding to ba
kbone atom 
oordinate RMSDs from the initial NMR stru
turesfrom 0.5 to 1.5 Å . Figures have been drawn with program VMD [182℄.
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Table 5.17: Average stru
tures of the 6 Mnk systems, in their Holo form, 
al
ulated over the last 5 nsof the 15 ns MD runs (session 1). Mnk1 to 6 from top to bottom and left to right. Only se
ondarystru
ture elements, the two Cys residues and the Cu+ ion forming the MBS are represented. Colorlegend as in Table 5.16.
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The third metal binding domain has the most unique sequen
e of the six domains, as well ashaving lower a�nity for 
opper in solution [183℄. In Mnk3 the residue Phe66 is substituted by aPro residue. however the hydrophobi
 po
ket is maintained by the presen
e of a Tyr at position69. The α2 helix and the β4 strand are shorter, generating an extended α2-β4 loop that is uniqueto MBD3. Also unlike other domains, the Apo-form of Mnk3 features an extended α1 helix whi
hin
orporates both metal 
oordinating 
ysteines. To bind 
opper, the helix must be unwound in orderfor the 
oordinating sulfur groups to form a linear geometry with the bound Cu(I) mole
ule. As thestru
tures of individual MBDs were solved in absen
e of the rest of the protein, it is possible thatin the full-length Cu-ATPase su
h unwinding o

urs as the result of intera
tions of Mnk3 with otherMBDs (or perhaps with the 
opper 
haperone), making this domain more suitable for 
opper binding.From our studies, Mnk3 appears the MBD for whi
h the binding of Cu+ has the least in�uen
e onthe dynami
s and �u
tuations of the domain 
ompared to the Apo form.As already mentioned, although XAS of individual MBDs shows a dominant two-
oordinate 
opperbinding environment, a third ligand 
an 
ontribute to 
opper 
oordination [186℄. In solution, su
hligands 
ould be provided by redu
ing reagents present in the bu�ers, in
luding DTT, glutathione, orTCEP, Resear
hers in our team have re
ently developped parameters for Cu(I) bound to 3 sulfur atomsand it might be interesting to run new simulations with a trigonal geometry around the ion for the HoloMnk MBDs, by adding a glutathione mole
ule to the system, for example. The stru
tural rigidityof individual MBDs, emerging from NMR data and our analyses of se
ondary stru
tures, impliesthat signi�
ant 
onformational 
hanges observed in the entire N-terminal region of Cu-ATPases upon
opper binding [184℄ take pla
e in the loops 
onne
ting these individual domains.The loops 
onne
ting N-terminal MBD vary in length (Fig. 5.26). In addition, the N-terminusof human ATP7B has an extension of 63 amino a
id residues, whi
h is 
riti
al for proper tra�
kingof ATP7B in polarized hepato
ytes [187℄. ATP7A la
ks the very N-terminal extension, but has along (91 amino-a
id residues) insert between Mnk1 and Mnk2, whereas ATP7B has a mu
h shorterMBD1,2 linker (13 residues). Se
ondary stru
ture predi
tions for both the N-terminal extension ofATP7B and the ATP7A MBD1,2 insert suggest that these regions are folded and thus may representsmall re
ognition domains for protein-protein intera
tions that are unique for the 
orresponding Cu-ATPases.Although spe
i�
 length of 
onne
ting loops varies, the N-terminal domains of ATP7A and ATP7Bshare a 
ommon motif where the linker between MBDs 4 and 5 is mu
h longer than the one betweenMBD5 and 6 (Fig. 5.26). This observation and the presen
e of only one or two MBDs in ba
terialCu-ATPase suggest that MBD5,6 may represent an autonomous sub-domain within the N-terminus ofCu-ATPases. Interesting simulations 
ould be run from the solution stru
ture of these two domains ofthe Wilson protein, the only stru
ture where one MBD is not 
ompletely isolated from the others [162℄.As des
ribed in se
tion 1.5.2, Atox1 is the 
opper metallo
haperone asso
iated to ATP7A andATP7B in humans. In vitro, Cu-Atox1 has been demonstrated to transfer 
opper dire
tly to theN-terminal domain of ATP7B in a dose dependent fashion [188℄. All six sites 
an be �lled in thismanner, though a signi�
ant ex
ess of Atox1 (5-50 fold over the N-terminal domain of ATP7B) isneeded to do so.Individually, the N-terminal MBDs have similar 
opper asso
iation 
onstants that are equivalentor lower than that of Atox1. However, the ability of MBDs to a

ept 
opper from Atox1 in the131



Figure 5.26: S
hemati
 of N-Terminal domains of ATP7A (A) and ATP7B (B) The length of inter-domain loops (in amino a
id residues) is indi
ated. Loop is de�ned as the segment between folded72-aa MBDs. (i) The loop between metal binding sites 1 and 2 of ATP7A is predi
ted to have astru
ture similar to the other metal binding sites, but la
ks 
opper 
oordinating residues. (ii) Metalbinding sites 5 and 6 have been shown to be ne
essary for proper tra�
king of ATP7A. (iii) The veryN-Terminal region of ATP7A is also essential for proper tra�
king and membrane targeting. (iv)MBS 2 has been shown to be the primary site of 
opper transfer from Atox1. (v) MBS 4 has a highera�nity for Atox1 than does MBS2, and also has been shown 
apable of transferring 
opper to MBSs5 and 6. (vi) MBDs 5 and 6 are essential for 
opper transport, and have been shown to regulatea�nity of the Intra-membrane 
opper binding site. (vii) Lo
ation of the G591D mutation in ATP7B(eqv. G30 in Mnk6, see Fig. 5.4), a disease 
ausing mutation that disrupts Atox1 intera
tions withthe N-Terminal domain.
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presen
e of other domains di�ers [189℄. When Cu-Atox1 is presented to the N-terminal domain ofATP7B in vitro, the 
opper is preferentially transferred to the MBD2. It is 
urrently not 
lear whetherbetter exposure or other 
hara
teristi
s of MBD2 make it a site of preferential 
opper transfer fromAtox1. When presented as individual domains, MBD4 has a stronger a�nity for Cu-Atox1 thandoes MBD2 [162℄, but in the fully folded protein MBD4 may not be su�
iently exposed and mayonly be
ome available after transfer of the �rst 
opper to MBD2. It has been also proposed thatthe 
harged surfa
e exposed residues may 
ontribute to 
haperone-target re
ognition. Atox1 has a
onsiderable positively 
harged surfa
e region featuring a number of lysine residues in proximity tothe metal binding loop. Negatively 
harged regions of several MBDs may be 
omplimentary [185℄,however data from the laboratory [190℄ and others does not support the idea of surfa
e 
omplimentaritybeing a driving for
e for sele
tive Atox1-MBD re
ognition. Rather, the 
omplementary surfa
e 
hargedistribution may be an important fa
tor in pa
king of the MBDs within the N-terminal domain. Theobservation that the distribution of 
harges on the surfa
e of MBDs of ATP7A and ATP7B appear tofollow the same pattern [191℄ is 
onsistent with this idea.For ATP7A, little is known about the 
opper transfer pro
ess, though themes similar to thoseobtained for Atox1-ATP7B intera
tions are emerging. When presented to the entire N-terminal tail(Mnk1-6), Cu-Atox1 showed, in solution, the formation of dete
table amounts of a ma
romole
ular
omplex with both domains 1 and 4 whereas domain Mnk6 was able to remove Cu(I) from themetallo
haperone [192℄. Presented with MBDs 4-6 of ATP7A, only, Atox1 demonstrated a preferen
efor donating 
opper to Mnk4 [193℄, although Mnk5 and 6 of ATP7A 
an also a

ept 
opper fromCu-Atox1 at varian
e with ATP7B. From our 
al
ulations on isolated domains, of the �u
tuationsof the MBS in Mnk1, the large entropy loss of loop L1 upon metal binding 
ould be a reason forproposing an unfavorable transfer of the metal to the �rst MBD 
ompared to the �ve others. Mnk3of ATP7A is poorly metallated by Cu-Atox1 in solution, likely due to the unusual organization of itsmetal-binding site. From our results, Mnk2 and Mnk4 show a bulk-like exposure of the metal after 7.5Ådistan
e from the 
opper ion and this exposure is maximum for Mnk2. Mnk3 is 
learly the MBDfor whi
h the most stable �shell� of water mole
ules assemble around the 
opper. Could it be thatthis shell �prote
ts� Mnk3 from Cu+ transfer from Atox1? (Resear
hers in the team have shown fromquantum 
hemi
al 
al
ulations that Cu+ presents unfavourable intera
tions with water oxygen [59℄.)Could it be that a good transfer of Cu+ from the 
haperone to the MBDs means a low density ofwaters around the metal?Ban
i2007Ongoing proje
ts in the team aim at 
al
ulating binding a�nities of all MBDs for Cu+ using FreeEnergy Perturbation (FEP) te
hniques. These 
al
ulations are expensive in terms of 
omputer timefor a proper sampling of the 
on�gurations of loop L1, very �exible in the Apo form of the MBDs.Other proje
ts involve using more sophisti
ated QM/MM- type methods to study the transfer of themetal from 
haperone to ATPase.
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Chapter 6Con
lusionThe sheer 
omplexity of a protein system might make it virtually intra
table for 
onventional s
ienti�
approa
hes, in the sense that the intri
ate relationships between all 
onstituent parts of the proteinare in themselves so 
omplex and 
onvoluted that any simpli�
ation or division into separate entities,as is generally done in s
ien
e, must be arti�
ial and arbitrary and worse, only valid for the level atwhi
h this simpli�
ation or subdivision was made. This means that no general rules derived fromany simpli�ed model of a protein will hold for the real protein system. This statement is bold, sin
eit implies that only a model that des
ribes the whole protein (and possibly a substantial part of itssurroundings) in virtually exa
t detail, will ever be able to des
ribe the protein behaviour in su
h away that any 
on
lusions 
an be derived from it. It also implies that, if we happen to stumble on onlypart of the �
orre
t� des
ription, it might be di�
ult, if not impossible, to tell that this des
riptionwas in fa
t 
orre
t. In other words, it be
omes very di�
ult to gauge if a 
ertain dire
tion of resear
hon proteins is �on tra
k�, i.e. likely to provide useful results in the long run. It would be like a blindman stumbling around in the dark, not knowing where he is or where he is going, only to be able to�feel� the destination when he is right at it (the worst 
ase being when the destination 
annot evenbe �felt�, making it no more e�
ient than random di�usion is as a means of �nding your way homeafter a wild party).In the years spent in Dr. Serge's team I have been able to explore many aspe
ts of P1-typeATPases stru
ture and fun
tion. However, the obje
tive of thesis is not only answering a number ofquestions regarding a 
ertain topi
, but also to open new lines of resear
h to explore. In this regard,future resear
h on the fun
tion and stru
ture fun
tion of P1-type ATPases should address answersto many key questions. Membrane protein stru
ture predi
tion is still a di�
ult problem, the morenew stru
tures be
ame available, the more I realized that we did not know mu
h, even it gets worstif there is no homology stru
ture available.In this thesis, I have predi
ted the TMHs region of Cadmium ATPase. For predi
ting theseTMHs, I have used standard programs like MODELLER, XPLOR, CHARMM, and parti
ipated inthe development of our own programs in 
ollaboration with INRIA (AMD). First we have re�nedthe topology of the TMHs in CADA (where do they begin and end, in sequen
e). Then, we havede�ned models 
orresponding to all possible arrangements of the TM bundle (initial positioning ofone helix with respe
t to all others). In the next stage, we have built 3D stru
ture determination (all
oordinates) of these models using XPLOR and a pro
edure similar to stru
ture determination from135



NMR experiments with distan
e restraints imposed by the topology or experimental �ndings. Then,we have used Adaptive Mole
ular Dynami
s (AMD) program, to intera
tively 
he
k the models for badloop positioning or �knots� in the stru
ture. Finally, we have re�ned these models using CHARMMand MD simulations in the presen
e of an impli
it membrane. An MD simulation has been performedwith the aim to obtain the optimized stru
ture. It is shown that MD is able to provide stru
tural anddynami
al information about the membrane proteins not a

essible from experimental methods.Next, I have studied N-terminal 
onserved GxTCxxC metal binding domain(s) (MBDS) of P1type ATPase. In the 
ase of the human Cu+ transporting Menkes ATPase, there are 6 MBDs,ea
h of them being able to bind Cu+. The stru
ture of ea
h MBD separately is known by NMRspe
tros
opy but the stru
ture of the assembly is unknown. Using MD simulations, we have studiedthe dynami
s of ea
h MBD in the presen
e or absen
e of metal with the �nal goal of understandinghow the metal is transferred from the metallo
haperone to the MBD and why the presen
e of 6MBDs is needed for the 
orre
t fun
tioning of the pump. These studies take advantages of our re
entwork in the �eld of parameterization of metal ions for mole
ular me
hani
s for
e �elds and MDstudies on metallo
haperones. We show that fast approximate in sili
o models of metal ions 
an helpunderstand metal binding and transport in metalloproteins or ATPases, whi
h are known to be majorpharma
euti
al targets.

136



Chapter 7Supplementary Material
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7.1 Program for �nding topologi
al models of CadA: �buildtopo�7.2 First page of output of �buildtopo�
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7.3 All 2D-grid models of CADA

Figure 7.1: 2D-grid models 1 to 12; The average radius of Models from 1 to 12 are 1.07, 1.02, 1.04,1.01, 1.01, 1.00, 0.97, 0.97, 1.01, 1.04, 0.97 and 0.97, respe
tively.
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Figure 7.2: 2D-grid models 13 to 24;The average radius of Models from 13 to 24 are 1.06, 1.04, 1.04,0.97, 1.06, 0.97, 1.01, 1.04, 0.97, 0.97, 0.97 and 0.97, respe
tively.

Figure 7.3: 2D-grid models 25 to 27; The average radius of Models from 25 to 27 are 0.97, 1.06 and0.97, respe
tively.
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7.4 Abstra
ts of published arti
les
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