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Abstra
tData Stru
tures for a Mini-Threading Algorithm for Protein Stru
ture Predi
tionbySugato BasuThis thesis outlines the design and implementation of eÆ
ient data stru
tures fora mini-threading protein stru
ture predi
tion method 
alled Undertaker.Protein stru
ture predi
tion is a 
riti
al and diÆ
ult problem in biology. Threebasi
 te
hniques have been used in trying to solve this problem|
omparative model-ing, fold re
ognition (also known as threading) and ab initio te
hniques. Re
ently, mini-threading approa
hes, whi
h try to 
ombine the strengths of the threading and the abinitio methods, have shown promising results.Undertaker uses mini-threading te
hniques to generate the tertiary stru
ture ofa target protein from its sequen
e, using information from a generi
 fragment libraryand alignments of the target to homologous templates of known stru
ture. Undertakergenerates predi
ted stru
tures for fragments of the target sequen
e. It then pie
es thefragments together, transforming the fragments in three-dimensions (3D) in the pro
ess,to form a predi
ted 3D 
onformation of the target sequen
e.In this thesis, I have designed and implemented data stru
tures for eÆ
ient 3Dtransformation of proteins and for modeling sets of protein fragments with tertiary rela-tions. The thesis des
ribes the theoreti
al ideas and the semanti
 
orre
tness behind thedata stru
tures, and also gives implementation details.
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1
Chapter 1
Introdu
tion
This thesis outlines the design and implementation of eÆ
ient data stru
tures for a mini-threading protein stru
ture predi
tion method 
alled Undertaker.Protein stru
ture predi
tion is a 
riti
al and diÆ
ult problem in biology. Threebasi
 te
hniques have been used in trying to solve this problem|
omparative modeling,fold re
ognition (also known as threading), and ab initio te
hniques. Re
ently, mini-threading approa
hes, whi
h try to 
ombine the strengths of the threading and the abinitio methods, have shown promising results.Undertaker uses mini-threading te
hniques to generate the tertiary stru
ture ofa target protein from its sequen
e, using information from a generi
 fragment libraryand alignments of the target to homologous templates of known stru
ture. Undertakergenerates predi
ted stru
tures for fragments of the target sequen
e. It then pie
es thefragments together, transforming the fragments in three-dimensions (3D) in the pro
ess,to form a predi
ted 3D 
onformation of the target sequen
e.In this thesis, I have designed and implemented data stru
tures for eÆ
ient 3D



2transformation of proteins and for modeling sets of protein fragments with tertiary rela-tions. The thesis des
ribes the theoreti
al ideas and the semanti
 
orre
tness behind thedata stru
tures, and also gives implementation details.1.1 Biologi
al Ba
kgroundThis se
tion is an introdu
tion to some biologi
al terms and ideas related toproteins. It is not a 
omprehensive biologi
al ba
kground to proteins|it is only an attemptto explain some 
on
epts that will be used in the rest of the thesis.1.1.1 ProteinsProteins regulate a variety of a
tivities in living organisms and form the buildingblo
ks of life. Proteins perform diverse fun
tions in a living organism, e.g., transport,storage, signaling, movement, and defense. They are responsible for regulating the 
ellularma
hinery and, 
onsequently, the phenotype of an organism.The fun
tion of a protein is 
losely related to its three-dimensional intera
tionswith RNA, DNA, and other proteins [50℄. Thus, knowledge of the stru
ture of a proteinis essential to gain a thorough understanding of its fun
tion. Knowledge of the sequen
e,stru
ture, and fun
tion of proteins will have far-rea
hing e�e
ts on the design of newspe
i�
 and stable proteins in bio-engineering, rational drug design in the pharma
euti
alindustry, et
. [46℄.
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Figure 1.1: An amino a
id1.1.2 Composition of ProteinsA protein is 
omposed of a 
ontiguous 
hain of amino a
ids. All amino a
idshave a 
ommon 
entral 
arbon atom, 
alled the C� atom, to whi
h a hydrogen atom (H),a 
arboxy group (COOH), and an amino group (NH2) are atta
hed. What distinguishesone amino a
id from another is the side 
hain, also atta
hed to the C� atom, as shown inFigure 1.1. There are twenty di�erent side-
hains that 
an atta
h to the C� atom, givingtwenty types of amino a
ids. The di�erent types of amino a
ids are shown in Table 1.1 [8℄,and the 
hemi
al stru
tures of some amino a
ids are shown in Figure 1.2 [48℄.Amino a
ids are joined end-to-end during protein synthesis by the formation ofpeptide bonds. The 
arboxy group of the �rst amino a
id has a 
ondensation rea
tionwith the amino group of the next, resulting in the elimination of a water mole
ule andformation of a peptide bond, as shown in Figure 1.3. The start of a protein is 
alled theN terminus, while the end is 
alled the C terminus. The series of N , C�, and C 0 (of the
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Amino A
id Three-letter 
ode One-letter 
odeAlanine Ala AArginine Arg RAsparagine Asn NAsparti
 a
id Asp DCysteine Cys CGlutami
 a
id Glu EGlutamine Gln QGly
ine Gly GHistidine His HIsoleu
ine Ile ILeu
ine Leu LLysine Lys KMethionine Met MPhenylalanine Phe FProline Pro PSerine Ser SThreonine Thr TTryptophan Trp WTyrosine Tyr YValine Val VTable 1.1: The twenty amino a
ids found in proteins
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Figure 1.2: Chemi
al stru
tures of some of the amino-a
ids [48℄
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hain of three amino a
ids
arboxy group) atoms is referred to as the ba
kbone, while the amino a
ids in the proteinare referred to as residues [9℄.1.1.3 Protein Stru
tureThere are various for
es of intera
tion between the amino a
ids in a protein,e.g., hydrophobi
 for
es, hydrophili
 for
es, and pairwise intera
tions of residues (e.g., S-Sbond in 
ysteine). The intera
tion of these for
es makes the protein fold up into a 
omplex,
ompa
t 3D stru
ture. Figure 1.4 shows one example of a protein 3D stru
ture, for thea
id-denaturing kinase protein Enolase.The stru
ture of a protein is de�ned at four levels: primary, se
ondary, tertiary,and quaternary stru
ture.The primary stru
ture of a protein is simply its linear amino a
id sequen
e. It isusually represented as a string of the one-letter 
odes of the amino a
ids (Table 1.1) thato

ur along the polypeptide 
hain.The se
ondary stru
ture is a region of the protein with a regular lo
al formation,
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Figure 1.4: 3D stru
ture of Enolase [17, 18℄
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hara
terized by spe
i�
 bond angles. There are two types of se
ondary stru
ture|�-heli
es and �-sheets, while random 
oils of residues are 
alled loops. Figure 1.5 shows anexample of an alpha helix, and Figure 1.6 shows an example of a beta sheet.Tertiary stru
ture is the 
ompa
t 3D stru
ture of the protein formed by pa
kingthe se
ondary stru
tures. Di�erent types of bonds that 
reate tertiary stru
tures are shownin Figure 1.7.Some proteins have a single polypeptide 
hain, but a large number of proteinshave multiple 
hains that intera
t to form a stable 3D stru
ture. This is 
alled the qua-ternary stru
ture. Figure 1.8 shows that quaternary stru
ture of the F-1 ATPase protein.The �gures in this se
tion are taken from the web-site of the bio
hemistry bookof Garrett and Grisham [17, 18℄.1.1.4 Protein Homology and Sequen
e AlignmentsProteins 
an be 
lassi�ed into various families, a

ording to their evolutionary,fun
tional, stru
tural, or sequen
e similarities. Su
h families of similar proteins are saidto be homologs. Proteins are generally 
ompared with their homologs using alignments|textual arrangements of two or more proteins arranged to indi
ate regions of sequen
e orstru
tural similarity. Ea
h 
olumn of an alignment has a verti
al arrangement of aminoa
ids from di�erent proteins.Amultiple alignment 
ontains an alignment between multiple proteins, while pair-wise alignments, as the name suggests, aligns two proteins. A sample pairwise alignmentis shown below:
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Figure 1.5: The alpha helix [17, 18℄

Figure 1.6: The beta sheet [17, 18℄
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Figure 1.7: Intera
tions in a tertiary stru
ture [17, 18℄
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Figure 1.8: Quaternary stru
ture of F-1 ATPase [17, 18℄



12>Sequen
e1ayskSGAN---SDFTLLELN>Seqeun
e2....SGGIVAGSDLAILKLNThe above alignment is in the a2m format. The alignment information is en
odedusing upper
ase and lower
ase 
hara
ters, and the spe
ial gap 
hara
ter \-". Upper
ase
hara
ters and \-" represent alignment 
olumns, and there must be exa
tly the samenumber of alignment 
olumns in ea
h sequen
e. Lower
ase 
hara
ters (and spa
es or \.")represent insertion positions between alignment 
olumns or at the ends of the sequen
e [54,34℄.1.1.5 The Protein Folding ProblemDNA sequen
ing methods and statisti
al gene-�nding te
hniques have providedtools for the rapid determination of gene sequen
es, from whi
h the amino-a
id sequen
e ofa protein 
an be found by dire
t inferen
e. But experimental methods for determination ofthe native three-dimensional (3D) stru
ture of a protein are laborious. The two main typesof experimental methods, namely X-Ray Crystallography and Nu
lear Magneti
 Resonan
e(NMR) spe
tros
opy, often require months or years of laborious work to determine thedetailed stru
ture of a protein. Stru
tures of proteins determined by the experimentalmethods are stored systemati
ally in a 
entral repository 
alled the Brookhaven ProteinData Bank (PDB) [6℄. The number of known protein stru
tures ar
hived in the PDB atpresent is about 13,000 (June 7, 2000).Christian An�nsen dis
overed in 1972 that the information of the unique 3Dstru
ture of a protein is spe
i�ed entirely by its sequen
e [2℄. Ever sin
e, a large amount



13of e�ort has been devoted to the problem of �nding the 3D stru
ture of a protein fromits sequen
e information alone. This problem has proved to be extremely diÆ
ult, andsu

ess has so far been limited.1.1.6 Methods of Protein Stru
ture Predi
tionCurrently there are three main methods of protein stru
ture predi
tion that per-formed with varying levels of su

ess at the CASP3 
ontest. These are 
omparative mod-eling, fold re
ognition, and ab-initio predi
tion. CASP (Community-Wide Experimenton Criti
al Assessment of Te
hniques for Protein Stru
ture Predi
tion) is a meeting ofresear
h groups from around the world to assess and 
ompare performan
es of 
urrentpredi
tion methods on blind tests [14, 43, 37℄.Comparative modeling exploits the fa
t that evolutionarily related proteins withsimilar sequen
es have similar stru
tures. First, the target sequen
e is aligned to a templatesequen
e of known stru
ture. This sequen
e alignment is used to 
onstru
t an initial modelof the target sequen
e by 
opying over main 
hain and side-
hain atoms 
orresponding tothe aligned 
olumns. A lot of groups are working in 
omparative modeling [16, 7, 22, 39, 52,53℄, and their performan
e in CASP3 has been good overall [13, 5℄. The drawba
k of thismethod is that it is viable only for proteins with known 
lose homologs. The e�e
tivenessof this method is limited by the extent of the stru
tural similarity of the target proteinand the homolog.Fold re
ognition or threading uses a database of known three-dimensional stru
-tures to mat
h sequen
es without known stru
ture with protein folds in a template library.A s
oring fun
tion is used to assess the quality of the �t (threading) of a target sequen
e



14to a template fold, using sophisti
ated te
hniques, e.g., Gibbs Sampling, dynami
 pro-gramming, and Hidden Markov Models. One of their major drawba
ks of fold-re
ognitionmethods [38, 36, 35, 45, 51, 27, 32℄, is their 
omputational 
omplexity, but these methodshave also performed well in CASP3 [33, 42, 31℄.Ab-initio te
hniques work from �rst prin
iples. They try to sear
h the proteinstru
ture spa
e for a 3D 
onformation that minimizes fundamental biophysi
al and bio-
hemi
al for
es. Di�erent approa
hes have been used to design e�e
tive s
ore fun
tionsand 
onformation sampling methods for re
ognizing good native folds, e.g., mole
ulardynami
s, geneti
 algorithms, and latti
e-based studies [19, 15, 20℄, with 
ompetitive per-forman
e in CASP3 [41, 40, 44℄. A major drawba
k of these methods is the 
omputational
omplexity be
ause of the huge number of potential 
onformations to explore.1.2 Mini-threadingA new approa
h 
alled mini-threading has evolved in protein stru
ture predi
tionin the last few years, whi
h tries to 
ombine the good features of threading methods [51, 38℄and ab initio methods [41, 15℄. Mini-threading methods are basi
ally ab initio methodsthat rely on the stru
ture knowledge base. The su

ess of the mini-threading method ofSimons and Baker [49℄ in CASP3 has en
ouraged resear
hers to look into this method inmore detail. Simons's method generates short residue fragments of known stru
ture havingsimilar sequen
e to parts of the target sequen
e. It then assembles these fragments into aprotein tertiary stru
ture using the Monte Carlo simulated annealing te
hnique.



151.3 Thesis OrganizationThis thesis is divided into 5 
hapters and an appendix. Chapter 2 gives thedetailed des
ription of the problem that this thesis addresses. It formulates the prob-lem and explains its relation to past and ongoing work in the BioInformati
s resear
hgroup at UCSC. In Chapter 3, the theoreti
al and implementation aspe
ts of the fast3D transformation 
lasses are dis
ussed. Chapter 4 explains the motivation and semanti

orre
tness of the AlignedFragments 
lass. It also gives an outline of the implementationof the AlignedFragments and related 
lasses, and their integration with the Undertakermini-threading program. Chapter 5 
on
ludes the thesis and suggests relevant future workon this problem. Finally, Appendix A 
ontains a guide to using the modi�ed Undertakerprogram, and Appendix B 
ontains des
riptions of the C++ 
lasses implemented.
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Chapter 2
Problem Des
ription
2.1 Overall Pi
tureThe overall aim is to develop a mini-threading method to predi
t the tertiarystru
ture of a given protein, 
alled the target protein. The given information is the amino-a
id sequen
e of the target protein, 
alled the target sequen
e. Other available informationin
ludes the alignment of the target protein sequen
e to possibly homologous protein se-quen
es of known stru
ture, 
alled template sequen
es, and information from a statisti
alknowledge-base of fragments of protein 
hains, 
alled the generi
 fragment library.2.1.1 UndertakerAmini-threadingmethod 
alledUndertaker [30℄ is being developed by Prof. KevinKarplus at the BioInformati
s resear
h group at UCSC. Undertaker uses a 
ombination ofthe ideas of Dunbra
k's method [7, 13℄ and Simons's method [49℄.For a given protein sequen
e of unknown stru
ture, the Undertaker method �rst



17uses SAM-T99 [32, 25, 26℄ to identify 
lose and remote homologs and to align the targetsequen
e to possible template sequen
es. It then sele
ts parts of the template stru
turewhose sequen
e aligns with the target sequen
e and uses Dunbra
k's tool SCWRL [7℄ togenerate fragments from the template stru
ture by side 
hain repla
ements of the 
or-responding residues. SCWRL strips the side 
hains from a homologous sequen
e andrepla
es them with side 
hains from the target sequen
e. Undertaker also uses fragmentsfrom a generi
 fragment library, whi
h is a set of short (1- to 4-residue) 3-dimensional (3D)stru
tures indexed by residues in the fragment (1 to 4 residues long), built from numerousa
tual high-resolution protein stru
tures.Undertaker 
reates a protein 
hain by assembling fragments from the generi
fragment library, having the same residue sequen
e. The fragments, whi
h may be indi�erent 3-dimensional (3D) frames of referen
e, are transformed to the same frame ofreferen
e and pie
ed together to generate a random 
omplete 
onformation for the targetprotein. Single fragments, 
orresponding to gapless alignments to template proteins, 
anthen be inserted into a 
omplete 
onformation by spli
ing. The 
onformation 
an also bere�ned by various te
hniques, e.g., adjustment of rotamers for better pa
king.Thousands of possible 3D protein 
onformations of the target protein, gener-ated by this fragment insertion te
hnique, are s
ored a

ording to steri
 pa
king, water-exposure, rotamer preferen
es, and other fa
tors. A geneti
 algorithm is used to 
reatea pool of 
onformations, from whi
h a set of high-s
oring 
onformations is sele
ted. Thehigh-s
oring 
onformations are potentially good predi
tions of the tertiary stru
ture of theprotein, and are suitable for further detailed analysis.



182.1.2 Sli
erThe Sli
er [47℄ program, developed by Eri
 W. Savage, is an automated methodof generating possible fragments of the target sequen
e stru
ture. The method has twosteps: extra
tion and translation.In the extra
tion step, the program looks at the alignment of the target sequen
eto the template sequen
e. It also reads in the template stru
ture as a PDB �le. If thetemplate sequen
e in the alignment and the template PDB sequen
e do not mat
h, it doesa further alignment of these two sequen
es. The alignment of the target sequen
e and thetemplate PDB sequen
e is passed on to the translation step.The translation step looks at the template PDB �le and extra
ts atom re
ordsfrom the PDB �le, 
orresponding to the aligned residues obtained from the extra
tionstep. These atoms and the alignment are passed as input to the translation tool SCWRL(Side Chain Repla
ement With a Rotamer Library), a program for adding side-
hains to aprotein ba
kbone based on a ba
kbone-dependent rotamer library [7℄. A rotamer is one ofmany 
ommon 
onformations adopted by an amino a
id side 
hain. The rotamer library
ontains information about the preferential angles at whi
h side 
hain and the ba
kboneatoms of the amino-a
id bond to one another. SCWRL uses this information to repla
ethe side 
hains with equivalent 
on�gurations, in whi
h the 3D 
lashes between side-
hainand ba
kbone atoms are minimized. SCWRL outputs a PDB �le with the ba
kbone fromthe template stru
ture 
orresponding to the aligned residues, with side 
hains from thetarget sequen
e at the aligned positions where the residues di�er.Sli
er outputs this PDB �le generated by SCWRL, along with an index �le whi
h



19gives starting and ending indi
es of the 
ontiguous residue fragments in the SCWRL-edPDB �le with respe
t to the target sequen
e.2.2 Problem FormulationThis thesis addresses the following issues:1. Design of a 
onsistent and eÆ
ient data stru
ture to store the intermediate 3D proteinstru
tures, obtained by the pro
ess of fragment insertion, and model dependen
iesbetween related fragments, e.g., fragments having a tertiary stru
ture relation.2. Design of a set of fast and eÆ
ient fun
tions to transform protein stru
tures in3D. 3D Rotation and translation of protein fragments is repeatedly performed inthe Undertaker method, and fast fun
tions for these operations are essential foreÆ
ien
y.3. Modi�
ation of the Sli
er program so that the multiple fragments it generates, byaligning the target protein to a template protein of known stru
ture, are in a format
ompatible with the input format of the general data stru
ture of fragments.4. Design of an algorithm to insert multiple related fragments into the target protein
onformation. It is important to preserve the tertiary relations between the fragmentsto be inserted and maintain the previously inserted tertiaty relations, wherever pos-sible. Before the work in this thesis, the Undertaker program allowed only a singlefragment to be inserted into the 
onformation.5. Integration of all these features and modi�
ations with the Undertaker program.
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Chapter 3
Transform Class
3.1 MotivationAn operation that is repeatedly performed in the Undertaker mini-threadingmethod is the 3D transformation of protein fragments while joining the fragments to 
reatea predi
ted stru
ture. Fun
tions that 
an rotate and translate protein stru
tures in 3DeÆ
iently 
an speed up the method by many times. This motivated the implementationof fast algorithms for 3D translation, rotation, and superposition of pointsets.3.2 Theoreti
al Ba
kgroundSeveral methods exist in the literature for �nding optimal superposition betweentwo 3D pointsets [4, 28, 29, 24℄. I developed the transform 
lass based on an eÆ
ient
losed form solution of the problem given by Horn [23℄. The solution uses quaternionoperations to �nd the optimal rotation and translation to transform a set of points in one
o-ordinate frame to a set of points in another 
o-ordinate frame, so that the root mean



21square distan
e (RMSD) between the two pointsets is minimized.In this method, the rigid-body transformation of the pointset is de
omposed intoa rotation and a translation. The method also addresses the problem of s
aling, but Idid not use that in developing the transformation 
lasses, sin
e the 
o-ordinate frames inwhi
h the stru
tures are reported in the PDB �les have the same s
ale.3.2.1 Overview of QuaternionsHorn's method uses quaternions to handle rotation of pointsets. A quaternionq̂ = q0+ iqx+ jqy + kqz is a 4-dimensional (4D) ve
tor, having one real 
omponent q0 andthree imaginary 
omponents qx; qy and qz. A quaternion 
an be thought of as a 
omplexnumber with three imaginary 
omponents. General operations de�ned on the quaternions,e.g., dot produ
t of two quaternions, are the 4D analogues of the 
orresponding 3D ve
toroperations. There is also a 
omposite produ
t operation for quaternions, similar to 
rossprodu
t for 3D ve
tors. If q̂ is a unit quaternion, i.e., a quaternion whose dot-produ
twith itself is unity, then it 
an be shown that the 
omposite produ
t r0 = q̂rq̂� is purelyimaginary if r is purely imaginary [23℄. Here, q̂� is the quaternion 
onjugate of q̂, the 4Danalogue of the 
omplex 
onjugate.A ve
tor in 3D 
an also be represented as a purely imaginary quaternion. So,a point having 3D 
o-ordinates (x; y; z) 
an be equivalently represented as a quaternion0+ ix+jy+kz. It 
an be shown that rotation of a point about the unit ve
tor (!1; !2; !3)by an angle � is equivalent to the 
omposite produ
t of the quaternion of that point withthe unit quaternion q̂ = 
os(�=2) + sin(�=2)(i!1 + j!2 + k!3) and its 
onjugate [23℄.



223.2.2 Optimal SuperpositionThe problem of �nding the optimal rotation quaternion to superpose two pointsetswith minimum RMSD 
an be redu
ed to the problem of �nding the eigenve
tor asso
iatedwith the most positive eigenvalue of a symmetri
 4� 4 matrix N , where the entries of thematrix N 
an be 
al
ulated from the given points in linear time [23, 24℄. The optimal ro-tation quaternion 
an hen
e be found very eÆ
iently, sin
e standard fast algorithms existfor 
omputing maximum eigenvalues and eigenve
tors of small 
onstant size matri
es.The best translational o�set is the di�eren
e between the 
entroid of one set ofpoints and the rotated 
entroid of the points in the other 
o-ordinate system [23, 24℄. This
omputation also runs in time linear in the number of points in the two sets.3.3 ImplementationI developed the Transform 
lass and other related 
lasses, namely XYZpoint,Pointlist, and Quaternion, to provide fast transformation operations on pointsets, usingHorn's method. I tested and in
orporated the 
lasses into the Ultimate library, a libraryof useful C++ fun
tions maintained at UCSC by the BioInformati
s group.3.3.1 Blas, Clapa
k and Lapa
k++ Pa
kageslapa
k++ is a C++ library of fun
tions for linear algebra routines (e.g., equationsolving, matrix operations, eigen-value and eigen-ve
tor 
omputation) [11℄. The lapa
k++drivers basi
ally provide a C++ wrapper around the C routines of lapa
k [3℄ and blas [12℄.I tested and installed these mathemati
al pa
kages and used the optimized matrix and



23eigen-value fun
tions in these pa
kages while developing the Transform 
lass.3.3.2 Class DesignThe XYZpoint 
lass de�nes a point in (x,y,z) 
o-ordinates and provides basi
operations on points. The Pointlist 
lass represents an array of XYZpoints and providesbasi
 operations on this array. The Quaternion 
lass de�nes a quaternion obje
t as a4D ve
tor, with one real and three imaginary 
omponents. It also provides some basi
operations on quaternions. Finally, the Transform 
lass de�nes an obje
t for transformingpoints, having a XYZpoint obje
t for translation and a Quaternion obje
t for rotation.Appendix B.1 
ontains detailed des
riptions of these 
lasses.For �nding the rotation quaternion and translational o�set to optimally super-pose two pointsets, the Transform 
lass uses routines whi
h 
ompute the optimal rotationquaternion and translational o�set between two pointsets using Horn's method [23℄. I usedthe lapa
k++ expert driver dsyevx to �nd the eigenve
tor 
orresponding to the maximumeigenvalue of a 4� 4 matrix, whi
h is required for �nding the optimal rotation quaternion.3.3.3 Enhan
ements for EÆ
ient TransformationThere are some additional features to the Transform 
lass to make the transformoperation more eÆ
ient:� A 
oplanar trans routine | This routine 
an be used to perform optimal rotationbetween two 
oplanar pointsets by dire
t geometri
 
omputation, without 
al
ulat-ing the maximum eigenve
tor expli
itly [23℄. Use of this fun
tion speeded up thetransformation of large test sets of 
oplanar points almost by a fa
tor of �ve.



24 1 point 200 pointsTime to transform a point 1.33 0.74using rotation quaternion mi
rose
s. mi
rose
s.Time to transform a point 0.99 0.33using rotation matrix mi
rose
s. mi
rose
s.Table 3.1: Timing results for the Transform Class, 
olle
ted on a 466 MHz De
 Alpha workstation� Inpla
e operations | Inpla
e versions of rotation, translation, and transformationoperations give the user the ability to dire
tly modify the pointset that is passedinto the fun
tions, instead of 
reating a new pointset to pass ba
k the result.� A quaternion to matrix routine | This routine 
reates a rotation matrix from arotation quaternion. Using the rotation matrix on single points gives no savings overthe quaternion in speed of transformation, but for large point sets, the savings isabout two fold.The results of some timing tests run on the transform 
lass is shown in Table 3.1.The points were generated at random, and the timing information was 
olle
ted byaveraging over 1000 transformations.
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Chapter 4
Aligned Fragments Class
4.1 MotivationThe mini-threading method used in Undertaker predi
ts a possible stru
ture fora protein from its sequen
e by su

essively repla
ing se
tions of the residues of the proteinby gapless fragments having similar residues and known stru
tures. The key issue in thedata stru
ture design for su
h a method is to 
ome up with a 
onsistent and eÆ
ient wayto store the intermediate 3D stru
tures in this pro
ess of fragment repla
ement, whilemaintaining 3D tertiary relations between the fragments.4.2 Data Stru
ture Design4.2.1 RequirementsThe data stru
ture would have to represent the 
ontiguous set of residues inthe stru
ture, whi
h we will refer to hen
eforth as segments. There may be gaps in the



26protein ba
kbone between segments in this intermediate stru
ture, whi
h will be �lled upby fragment insertions in later stages. These breaks in the protein ba
kbone have to bemodeled by the data stru
ture too. While generating the 
onformation by the su

essiveinsertion of fragments, two segments adja
ent to a break may have to be merged into asingle segment. While merging, the segments have to be transformed in 3D to maintainthe proper length and orientation of the peptide bonds at the segment boundaries. So,the data stru
ture would have to maintain information about the referen
e frame andtransformation of ea
h segment. Other dependen
ies between related segments also haveto be modeled by the data stru
ture. Examples of su
h related segments in
lude segmentshaving tertiary stru
ture relations (e.g., S-S bond of a 
ysteine bridge) that have to be keptin the same frame of referen
e. During transformation of a segment, the data stru
turemust ensure that other segments related to it undergo the same transformation.4.2.2 Tree Stru
tureKeeping all these design issues in mind, Prof. Karplus and I 
ame up with a so-lution involving a tree-based data stru
ture. For the purpose of implementation eÆ
ien
y,we represent the segments as nodes of a tree, and the relations between related segmentsas edges in the segment tree. We 
hose this representation to ensure eÆ
ient implemen-tation of tree operations, su
h as insertion of alignments and transformation of segments.For proving the 
onsisten
y of the tree stru
ture under these operations, we 
onsider anunderlying semanti
 tree. This semanti
 tree models ea
h residue in the protein as a node.The semanti
 tree represents peptide bonds in the ba
kbone as 
hain edges and tertiary
onne
tions between related segments as tertiary edges. The operations on the segment



27tree are equivalent to 
ompositions of atomi
 operations on the underlying semanti
 tree.By proving that ea
h of these atomi
 operations preserves the tree property and main-tains a 
onsistent 3D frame of referen
e of the overall protein stru
ture, we show that theoperations on the a
tual segment tree are 
orre
t|they preserve the peptide bonds andmaintain the relations between related segments.4.3 InsertFragments Operation on Segment TreeThe fun
tion insertFragments(fragments) is an important fun
tion in the Aligned-Fragments 
lass. It inserts a set of fragments into a target 
onformation. The various stepsin inserting the fragments are outlined below.1. Conne
t the fragments to be inserted by tertiary edges, if required, to make aspanning tree. This spanning tree does not 
onne
t all the segments in the datastru
ture|only the fragments that will be inserted are 
onne
ted into a tree.2. Create a set of prote
ted edges, 
onsisting of the existing edges of the segments andthe edges between the fragments to be inserted.3. If any of the fragments to be inserted does not have N atoms and is not at the N-terminus of the 
hain, shrink the size of the fragment from the start and use theextra residue at the beginning to 
al
ulate the N atoms. In 
ase the fragment doesnot have C atoms and is not at the C-terminus of the 
hain, shrink the end of thefragment. This is done to ensure that all segments have N atoms and C atoms, sothat the transform for ea
h segment 
an be 
al
ulated when the fragments are being



28inserted (Note: This heuristi
 might 
reate problems with segements that are 1 or 2residue long).4. Insert breaks at the two boundaries of ea
h fragment.5. If a fragment to be inserted spans multiple segments in the target stru
ture, mergethe segments it spans, without 
al
ulating any transforms. This merge operation hasthe following steps.(a) By traversal of the tree, �nd the tertiary edge on the path in the tree betweenthe two segments, su
h that this edge does not belong to the set of prote
tededges and is the longest (unprote
ted) edge in the path. The longest edge is
hosen be
ause it is least likely to represent a true tertiary relationship (Note:This heuristi
 might 
reate problems with bad Conformations having a lot of
lashes).(b) If su
h an edge exists, delete it. Else, goto Step (
).(
) End.6. Remove tertiary edges in
ident on segments to be overwritten and set the lo
ationsof the atoms on whi
h the edges are in
ident to a point far away. This is a ha
kto prevent edges in
ident on those points from 
oming into 
onsideration when later
al
ulations are done to �nd the minimum spanning tree joining the segments.7. Insert minimum distan
e tertiary edges to 
hain together segments, using Kruskal'salgorithm and the Union-Find method to �nd edges of the minimum spanningtree [10℄.



298. Delete all tertiary edges in
ident on the residues whose 
o-ordinates have been
hanged.9. Insert the new atom 
o-ordinates into the pointlist lo
ations 
orresponding to thefragments.10. Conne
t the fragments to be inserted by tertiary edges, if required, to make aspanning tree. This spanning tree does not 
onne
t all the segments in the datastru
ture|only the fragments that have been inserted are 
onne
ted into a tree.11. Corresponding to ea
h tertiary edge 
onne
ting the fragments, insert a new tertiaryedge between the segments in the data stru
ture.12. Merge the segments adja
ent to ea
h break iteratively, 
al
ulating the transformssimultaneously. This merge operation has the following steps.(a) By traversal of the tree, �nd the tertiary edge on the path in the tree betweenthe two segments, su
h that this edge does not belong to the set of prote
tededges and is the longest (unprote
ted) edge in the path. The longest edge is
hosen be
ause it is least likely to represent a true tertiary relationship.(b) If su
h an edge does not exist, goto Step (f). Else, 
ontinue.(
) Cal
ulate the transform between the referen
e frames of the segments using theN atoms and the C atoms of the two segments.(d) Determine by tree traversal the sizes of the 
onne
ted sets to whi
h ea
h segmentbelongs, where size is measured by the number of atoms and 
onne
tivity isdetermined by the tertiary edges.



30(e) Transform the atoms of the segment, belonging to the smaller 
onne
ted set,using the transform parameters 
al
ulated. Do a Depth-First-Sear
h (DFS)traversal rooted at the transformed segment, and and set up the values requiredto later bring all segments in the DFS tree to the same referen
e frame. This isdone by 
al
ulating the Transform matrix of ea
h segment with respe
t to thereferen
e frame of the DFS tree root, so that the atoms in the segment 
an laterbe transformed by applying this Transform. This method of delayed Transformis more eÆ
ient in terms of number of transformations|instead of transformingthe atoms dire
tly in a segment whenever the segment gets transformed, su

-
esive transformations with respe
t to the underlying referen
e frame are storedin the Transform �eld of the segment and the atoms are only transformed on
eat the end of the merging, by applying the Transform to the atom 
o-ordinates.(f) End.Perform merges at all break positions, if possible.13. Bring all segments to the same referen
e frame, by applying the Transform of ea
hsegment to the 
o-ordinates of the atoms in that segment.4.4 Semanti
s: Atomi
 OperationsSemanti
ally, the a
tual operations on the segment tree are equivalent to 
om-positions of atomi
 operations on the underlying semanti
 tree. This se
tion gives briefdes
riptions of the atomi
 operations of the semanti
 tree.



314.4.1 DeleteEdgeDeleteEdge(D): Delete edge D.� Pre
ondition|The data stru
ture is a forest 
onsisting of n trees, where n � 1.� Post
ondition|The data stru
ture is a forest 
onsiting of n+ 1 trees.� Steps|1. Che
k D is in the forest.2. Remove D.4.4.2 InsertEdgeInsertEdge(I): Insert edge I.� Pre
ondition|The data stru
ture is a forest 
onsisting of n trees, where n � 2.� Post
ondition|The data stru
ture is a forest 
onsiting of n� 1 trees.� Steps|1. Che
k that the two residues joined by I are not already 
onne
ted in the forest.2. Insert I.3. If I is 
hain edge, transform one of the trees whi
h get 
onne
ted by insertionof I, to bring the residues in the two 
onne
ted trees to the same frame ofreferen
e.



324.4.3 InsertAndSear
hInsertAndSear
h(I, prote
ted edges): Insert the edge I and sear
h and delete anedge from the data stru
ture, su
h that it does not belong to the prote
ted edges set.� Pre
ondition|1. The data stru
ture is a forest with n trees, n � 1.2. I is not in the tree.� Post
ondition| The data stru
ture is a forest with n trees.� Steps|1. Sear
h along the tree path between the two residues whi
h would be joined byI and sele
t the longest tertiary edge to be D, su
h that it does not belong tothe prote
ted edges set.2. If su
h an edge D is found, then DeleteEdge(D) and InsertEdge(I). Else, donothing.4.4.4 Repla
eCoordinatesRepla
eCoordinates(R,New): R is an interval of residues whose atom 
oordinatesare repla
ed by those of the interval of residues New.� Pre
ondition|1. The data stru
ture is a forest having n trees.2. The residues in R are not 
onne
ted to any other residues, by 
hain or tertiaryedges.



33� Post
ondition|1. The data stru
ture is a forest having n trees.2. The tree now has in
onsistent referen
e frames. This has to be be resolved byadding 
hain edges a
ross the breaks at the ends of R, sin
e insertion of these
hain edges will for
e one of the trees (
onne
ted by the insertion of the edge) toget transformed in 3D, and will make the residues 
ome to the same referen
eframe.� Steps|1. Repla
e all 
oordinates of the atoms of R by the 
oordinates of the 
orrespond-ing atoms of New.4.5 Semanti
s: InsertFragments OperationInsertAndSear
h(I, prote
ted edges): Insert the edge I and sear
h and delete anedge from the data stru
ture, su
h that it does not belong to the prote
ted edges set.The InsertFragments operation on the Segment Tree 
an be shown to be equiva-lent to a set of atomi
 operations on the underlying Semanti
 Tree, as shown below.� Pre
ondition|1. Data stru
ture is a forest.2. Residues in the data stru
ture, whose 
o-ordinates will be repla
ed by 
o-ordinates in a di�erent frame of referen
e, are marked as Repla
ed residues.The other residues in the data stru
ture are marked as Unrepla
ed residues.



34The residues, whose 
o-ordinates will repla
e the 
o-ordinates of the Repla
edresidues, are 
alled the Foreign residues.� Post
ondition|1. Data stru
ture is a tree.2. The new 
o-ordinates of the Repla
ed residues have been set, and the overallreferen
e frame of the data stru
ture is 
onsistent.� Steps|1. Insert tertiary edges, if required, inbetween the Foreign residues, to ensure thatthey are 
onne
ted by edges to form a single spanning tree. The tertiary edgesare inserted between the Foreign residues by the InsertEdge fun
tion.2. Mark the tertiary edges present between residues in the original data stru
tureand the tertiary edges in the spanning tree 
onne
ting the Foreign residues asprote
ted edges.3. Delete 
hain edges with one end in
ident on a Repla
ed residue and anotherend on a Unrepla
ed residue, using theDeleteEdge fun
tion. This removes thepeptide bonds 
onne
ting the Repla
ed residues with the Unrepla
ed residues.4. Insert 
hain edges between adja
ent Repla
ed residues not 
onne
ted by 
hainedges, if possible, using the InsertAndSear
h fun
tion. The prote
ted edgesfrom Step 2 are used in the InsertAndSear
h fun
tion. This step ensuresthat peptide bonds exist inbetween the Repla
ed residues. Also, unprote
tedtertiary edges between the residues may be removed.



355. Delete all tertiary edges, with one or both ends in
ident on a Repla
ed residue,using the DeleteEdge fun
tion. This ensures that the subtree 
ontaining theRepla
ed residues is 
ompletely isolated from the rest of the forest.6. Insert tertiary edges, if required, between the residues in the data stru
ture,to ensure that the 
urrent data stru
ture a single spanning tree. The tertiaryedges are inserted by the InsertEdge fun
tion. This step ensures that 
urrentdata stru
ture is a tree. The ha
k in Step 6 of Se
tion 4.3 implies that some ofthe tertiary edges inserted in this step are temporary, and will be removed inStep 7.7. For ea
h Repla
ed residue, delete the tertiary edges in
ident on it, using theDeleteEdge fun
tion. This removes the tertiary edges in
ident on residueswhose 
o-ordinates will 
hange in Step 8, sin
e these tertiary relations are bo-gus. This also removes the temporary edges inserted in Step 6.The overall e�e
t of Steps 6 and 7 is to ensure that all Unrepla
ed residues arein a single tree, disjoint from the Repla
ed residues.8. For ea
h Repla
ed residue in the data stru
ture, apply the Repla
eCoordi-nates fun
tion to repla
e its 
o-ordinate by the 
o-ordinate of the 
orrespondingForeign residue.9. Insert tertiary edges, if required, inbetween the Foreign residues, to ensure thatthey are 
onne
ted by edges to form a single spanning tree. The tertiary edges



36are inserted between the Foreign residues by the InsertEdge fun
tion.10. Corresponding to ea
h tertiary edge 
onne
ting the Foreign residues in Step 9,use the InsertEdge fun
tion to insert a new tertiary edge between the residuesin the data stru
ture.The overall e�e
t of Steps 8, 9 and 10 is to ensure that all Repla
ed residuesare in a single tree, disjoint from the Unrepla
ed residues.So, at this stage, the forest of the 
urrent data stru
ture 
an at most 
onsist oftwo trees. The only 
ase when the data stru
ture 
onsists of one tree is whenthere is no Unrepla
ed residue, i.e., when the 
o-ordinates of all the residues arerepla
ed. Ea
h of these trees is in a 
onsistent referen
e frame, but the overallreferen
e frame may not be 
onsistent.11. If the data stru
ture after these operations is a single tree, then the referen
eframe is already 
onsistent. Else, if the data stru
ture is a forest with two trees,insert a 
hain edge 
onne
ting the two trees, using the InsertAndSear
h fun
-tion. The InsertAndSear
h operation inserts a 
hain edge between the twotrees and deletes a tertiary edge on the path between the residues joined by the
hain edge, su
h that the deleted edge is not prote
ted. Su
h a 
hain edge andsu
h a tertiary edge to be deleted always exist. This is be
ause, in the worst
ase, there must be one 
hain edge 
onne
ting the two trees, and there 
annot bea unprote
ted edge joining the two trees (sin
e they are disjoint). Other 
hain



37edges are inserted in the tree, if possible a
ross all the breaks, using the Inser-tAndSear
h fun
tion. This removes all tertiary edges whi
h are not prote
ted.This ensures that Step 11 makes the data stru
ture a tree. The 
hain edgeinserted to merge the two trees transforms one of the trees, and the overallreferen
e frame of the data stru
ture be
omes 
onsistent.The 
orre
tness of ea
h of these atomi
 operations ensures that the InsertFrag-ments operation on the Segment Tree is also 
orre
t.4.6 Implementation DetailsI implemented the segment tree data stru
ture as the C++ 
lass AlignedFrag-ments. Other related 
lasses whi
h had to be 
reated are History, Edge, EdgeSet, Segmentand SegmentList. This se
tion outlines the design of the important data stru
tures andfun
tions. Appendix B.2 
ontains detailed des
riptions of these 
lasses.4.6.1 Design of SegmentAn important data stru
ture in these 
lasses is the segment, whi
h is implementedin the Segment 
lass. Ea
h segment 
onsists of a set of 
ontiguous residues, whi
h are storedeÆ
iently by the �rst segment residue number and the �rst missing residue number. Ea
hsegment stores a set of edges in
ident on the segment. The segment maintains variables(traversal timestamp, rank, parent pointer, et
.) to aid operations on the segment, su
has depth �rst traversal of the segment tree and �nding the set of minimum edges to span



38a set of segments.The segment also stores two atom pointlists|N atoms and C atoms. N atoms
onsists of the C 0 atom of the residue just before the segment and the N and C� atomof the �rst residue in the segment. C atoms 
onsists of the C 0 atom of the last residue ofthe segment and the N and C� atoms of the �rst residue of the next segment. These twopointlists are useful for merging adja
ent segments. When a break between two adja
entsegments is removed by merging the two segments at the two sides of the break, the atomsin the two segments may be in two di�erent referen
e frames and have to be brought tothe same frame of referen
e. The transform parameters required to transform the atoms ofone segment to bring it to the referen
e frame of the other segment are 
al
ulated by doinga 
oplanar superposition of the N atoms of the segment after the break with the C atomsof the segment before the break. Whenever a segment is transformed, its N atoms andC atoms must also be transformed.4.6.2 Design of Segment TreeThe segment tree is implemented in the AlignedFragments 
lass. The Aligned-Fragments 
lass is derived from the Conformation 
lass in the Undertaker program, withwhi
h it has many features in 
ommon. The Conformation 
lass is a data type for storingprotein 
onformations, but has no representation for 
hain breaks or tertiary relations.The Undertaker program also has a ChainsResiduesAndAtoms 
lass, whi
h is suitable forstoring a set of 
hains or fragments. ChainsResiduesAndAtoms stores a list of atoms,with types and lo
ations, indexed by residue number [30℄. The Conformation 
lass has aPointlist obje
t to store the 
urrent 3D 
o-ordinates of the atoms in the 
onformation. It



39also has a ChainsResiduesAndAtoms obje
t 
alled Master, whi
h has the residue identi�-
ation and the indi
es into the array of atoms.The AlignedFragments 
lass 
ontains the set of the segments in the tree and theset of tertiary edges 
onne
ting the segments. The underlying Conformation base 
lassstores the 3D 
o-ordinates of the atoms in the fragments.4.7 Integration with Existing ProgramsI integrated these 
lasses with the Undertaker program and tested the insertionof fragments into a 
onformation, using the output of the Sli
er program. I made 
ertain
hanges to the Sli
er 
ode, to make the output format 
ompatible with the input requiredfor the AlignedFragments insert fragments fun
tion.4.7.1 Modi�
ations to Sli
erI made the following modi�
ations to the Sli
er 
ode.1. The index �le, giving the lo
ation of the fragments with respe
t to the target protein,originally gave just the start residue and the �rst omitted residue for ea
h segment.In the modi�ed index �le, I added two 
ags to the spe
i�
ation of ea
h fragment, toindi
ate whether the fragment had N atoms and C atoms.2. I modi�ed the ChainsResiduesAndAtoms �le of the fragments, whi
h Sli
er gaveas an output, to in
lude one residue before and one residue after ea
h fragment,wherever possible. This was done so that the AlignedFragments fun
tion readingthe fragments from this �le 
ould extra
t the N atoms and the C atoms of ea
h



40segment, depending on the 
ags given in the index �le.Prof. Karplus did further substantial modi�
ations to the Sli
er 
ode to handlethe extensions for di�erent 
ases.4.7.2 Integration with UndertakerI integrated the Edge, EdgeSet, Segment, SegmentList and AlignedFragments
lasses with the Undertaker program. I added the following two 
ommands to the set of
ommands in Undertaker.1. ReadFragments| Read a set of fragments from a ChainsResiduesAndAtoms �le,using the spe
i�
ations given in an index �le. Store the set of fragments in a globalAlignedFragments data stru
ture.2. ApplyFragmentsToConform| Insert the set of fragments stored in the global Aligned-Fragments data stru
ture to the 
urrent 
onformation in the program.4.8 ResultsAt �rst, I generated a random 
onformation for the 1ede target protein usingfragments from the generi
 fragment library. The random 
onformation was loosely pa
kedand did not have pronoun
ed se
ondary stru
tures or tertiary 
onne
tions, as shown inFigure 4.1.I used the Sli
er program to generate fragments 
orresponding to the alignmentsof 1ede to two homologs { 1t
a and 1gpl. The 3D stru
ture of 1gpl is shown in Figure 4.2,
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Figure 4.1: The random 
onformation of 1ede



42and the 3D stru
ture of 1t
a is shown in Figure 4.3. Sli
er generated four fragments forthe 1ede-1gpl pair and four fragments for the 1ede-1t
a pair.The fragments obtained from the alignment of 1ede and 1t
a are applied tothe random 
onformation of 1ede, to generate the set of 
onne
ted fragments as shownin Figure 4.4. The fragments obtained from the alignment of 1ede are 1gpl are furtherapplied to this intermediate stru
ture to give another set of 
onne
ted segments, as shownin Figure 4.5.Appendix A.1 
ontains details of the 
ommands of the modi�ed Undertaker pro-gram that were used to generate these results.I 
olle
ted pro�ling data for Undertaker by running it on the s
ript in Ap-pendix A.1, using the program prof. Prof gave the pro�ling information for the partof the program run on the serial Alpha 466 MHz pro
essor. The pro�le does not in
ludethe time spent during the optimization pro
ess, run on the parallel Kestrel pro
essor [21℄.The pro�ling reveals that Undertaker spent about 50% of the time in 
reating the spanningtree 
onne
ting the segments. Most of this time was spent in �nding the length of theedges while 
al
ulating the set of minimum distan
e edges required to 
onne
t the seg-ments. This distan
e 
omputation 
an be further optimized, by using te
hniques similarto that used by Prof. Karplus for 
lash dete
tion [30℄.
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Figure 4.2: The 3D stru
ture of 1gpl
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Figure 4.3: The 3D stru
ture of 1t
a



45

Figure 4.4: Fragments obtained from the alignment of 1ede to 1t
a are applied to the random
onformation of 1ede
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Figure 4.5: Fragments obtained from the alignment of 1ede to 1gpl are applied to the intermediate
onformation of Figure 4.4
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Chapter 5
Con
lusion and Future Work
5.1 Con
lusionIn this thesis, I a

omplished the following.1. Design and implementation of the Transform and related 
lasses for eÆ
ient trans-formation of 3D pointsets2. Creation of AlignedFragments and related 
lasses to eÆ
iently store and manipulatethe intermediate protein 
onformations in the Undertaker method3. Modi�
ation of the Sli
er 
ode to generate fragments from an alignment in a format
ompatible to the input format of the AlignedFragments 
lass4. Integration of the AlignedFragments 
lass with the Undertaker program5. Running test s
ripts on the merged 
ode, whi
h gave expe
ted results



485.2 Future WorkTo extend the work in this thesis, work 
an be done along the following lines.1. The modi�ed Undertaker program stores the stru
ture of a target protein as a 
om-plete Conformation, on whi
h an AlignedFragments obje
t, representing a set of frag-ments, 
an be applied. The stru
tures 
an be stored instead as AlignedFragments,whi
h would enable the stru
tures to be represented in a more general format, as a setof 
onne
ted fragments. The single 
omplete Conformation would be a spe
ial 
ase ofthis, namely a single fragment. Storing the AlignedFragments results is an easy mod-i�
ation and has been done by Prof. Karplus. More substantial 
hanges are needed toprovide virtual fun
tions for Conformation operations, su
h as insert fragment andpeptide spli
e, that do the 
orre
t operation on AlignedFragments (already done byProf. Karplus).2. The optimization routines need to be rewritten to keep tra
k of the regions insertedfrom an alignment and prote
t them (at least sometimes) from fragment repla
ement.3. Hooks were provided to keep tra
k of the history of 
onformations, but have notbeen used as yet.4. Some new Conformation operators may be needed to try to 
hoose 
hain breaks.5. The AlignedFragments 
lass 
urrently handles only one 
hain in a protein stru
ture.This 
an be generalized to make the 
lass handle proteins with multiple 
hains.6. The data stru
tures of Undertaker do not 
urrently handle ligands and ions, thoughthey are essential for the 
orre
t stru
ture predi
tion of many proteins.



497. Sli
er is now a separate program. It 
an be modi�ed to be a part of Undertaker.8. A Union-Find (UF) algorithm that does not need to keep tra
k of the rank of ea
hnode in the UF tree 
ould be added [1℄. This will redu
e the memory requirementof the Segment data stru
ture.
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Appendix A
User Guide
A.1 Sample CommandsThis se
tion 
ontains a set of 
ommands to generate fragments from the Sli
erprogram and insert them into 
onformations in the Undertaker program.The results shown in Se
tion 4.8 
an be obtained in the following steps:1. Copy the 1ede-1gpl and 1ede-1t
a a2m �les into the dire
tory of the Sli
er program.Run the Sli
er program with the 
ommands:sli
er 1ede-1gpl-samA-w0.5-t98fssp.a2m 1ede 1gplsli
er 1ede-1t
a-samA-w0.5-t98fssp.a2m 1ede 1t
a2. Copy the .index and .
ra �les for 1ede-1gpl and 1ede-1t
a, 
reated in /tmp in theSli
er dire
tory, to the Undertaker dire
tory3. Edit the .index �les to set the 
orre
t path of the 
ra �le. For example, I modi�edthe �le 1ede-1t
a.index as follows:



51ClassName = AlignedFragmentsTarget = 1edeTemplate = 1t
aAlignment = 1ede-1t
a-samA-w0.5-t98fssp.a2mAtoms = tmp/1ede-1t
a.
ra <----- Changed to ./1ede-1t
a.
raNumResidues = 87NumSegments = 4Segments =47 1 58 158 1 73 173 1 90 195 1 139 0EndClassName = AlignedFragments4. Create a .atoms �le for the set of generi
 fragments to be used to 
reate the fragmentlibrary. For example, I modi�ed gx.atoms [30℄ and 
reated gx-modi�ed.atoms, asmaller subset of fragments, to redu
e runtime.5. Create a s
ript to insert the fragments su

essively, using 
ommands of the modi�edUndertaker program. For example, Prof. Karplus used the s
ript apply-alignments-1ede.s
ript [30℄.InFilePrefix \/proje
ts/kestrel/users/karplus/burial/undertaker/atoms-inputs/// sets the prefix of the input fileReadTrainingAtoms dunbra
k-925.atoms.gz// reads fragments for generi
 libraryReadRotamerLibrary dunbra
k-925.rot// reads the rotamer libraryInFilePrefix \/proje
ts/kestrel/users/karplus/burial/undertaker/spots/ReadVDW initial.radiiReadWetSpot dunbra
k-925-wet-6.5.spotReadWetHist smoothed-dunbra
k-925-wet-6.5.histReadDrySpot dunbra
k-925-dry-12.spotReadDryHist smoothed-dunbra
k-925-dry-12.hist



52SetCosts// reads statisti
s of radii, wet spots, et
.// from input files and sets 
ostsSetS
oreParam \
lash_penalty 10.0 wet_spot_weight 1.0 dry_spot_weight 1.0 \ss_bond_bonus 30.0 
hain_break_penalty 5.0// sets up parameters for s
oring in various s
ore// and optimization 
ommandsClearIDsAddId 1ede// sets 1ede as targetReadTargetPDBandapplyOutFilePrefix output/ReportS
ore 1ede-6.5-12+rot.rdbClearIDsAddTargetIdSetEx
lusionMakeGeneri
FragmentLibrary// 
reates generi
 fragment libraryPat
hTarget// pat
hes gaps in the target proteinSaveConformAsReal// saves the 
urrent 
onformation as the REAL// 
onformation for future 
omparisonsConformFromSeq// gets a random 
onformation using the generi
 libraryNameConform 1ede-randPrintConformPDB 1ede-rand.pdb wet - dry -OptConform 40 10 100// 
reates a pool of 
onformations and does a geneti
// algorithm, generating a fixed number of new// 
onformations in ea
h generationNameConform 1ede-rand-optPrintConformPDB 1ede-rand-opt.pdb wet - dry -InFilePrefix \/proje
ts/kestrel/users/karplus/burial/undertaker/alignment-inputs/



53ReadFragments 1ede-1gpl.index// reads the fragmentsApplyFragmentsToConform// applies the fragmentsNameConform 1ede-rand-1gplPrintConformPDB 1ede-rand-1gpl.pdb wet - dry -ReadFragments 1ede-1t
a.indexApplyFragmentsToConformNameConform 1ede-rand-1gpl-1t
aPrintConformPDB 1ede-rand-1gpl-1t
a.pdb wet - dry -OptConform 40 10 100NameConform 1ede-rand-1gpl-1t
a-optPrintConformPDB 1ede-rand-1gpl-1t
a-opt.pdb wet - dry -ReadFragments 1ede-1t
a.indexApplyFragmentsToConformNameConform 1ede-rand-1gpl-1t
a-opt-1t
aPrintConformPDB 1ede-rand-1gpl-1t
a-opt-1t
a.pdb wet - dry -OptConform 40 10 100NameConform 1ede-rand-1gpl-1t
a-opt-1t
a-optPrintConformPDB 1ede-rand-1gpl-1t
a-opt-1t
a-opt.pdb wet - dry -S
oreConformVsRealquit6. Run Undertaker on this s
ript:undertaker < apply-alignments-1ede.s
ript
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Appendix B
Class Des
riptions
B.1 Transform and Related ClassesB.1.1 XYZpointThis 
lass de�nes a point in 3D (x,y,z) 
o-ordinates. It has three 
oats as publi
data members, representing the X, Y and Z 
o-ordinates of the point. The 
o-ordinatesare stored as 
oats to save memory, and also be
ause the pre
ision provided by 
oats issuÆ
ient for 
al
ulations on points.The basi
 operators are� +: Overloaded to add two points, or add an o�set to a point,� {: Overloaded to subtra
t two points, or to subtra
t an o�set from a point,� &: Compute dot produ
t of two points,� % : Compute distan
e between two points,



55� /: Divide ea
h 
o-ordinate by a s
aling 
onstant,� *: Multiply ea
h 
o-ordinate by a s
aling 
onstant, and� ==: Test if two points are equal.The other operators are +=, {=, /=, *=, >> and <<.The fun
tions like add, subtra
t, dot, et
. are the fun
tion equivalents of the
orresponding operators. There is also a \
ross" fun
tion to �nd the 
ross-produ
t betweentwo points.B.1.2 PointlistThis 
lass represents a list of XYZpoints. The pointlist is maintained internallyas a private array of XYZpoints. The Pointlist 
lass owns the XYZpoints and deletesthem by an expli
it destru
tor. A private fun
tion Reallo
 allo
ates more array spa
e ondemand. The operators are� =: Assignment operator for deep 
opy,� [ ℄: Index operator for the array of XYZpoints,� {=: Subtra
t a point from ea
h point in the list,� +=: Add a point to ea
h point in the list, and� <<: Read a Pointlist from input.The fun
tions are



56� num points: Give the number of points in the array,� 
lear: Set number of points in array to 0,� 
ompute 
entroid: Find the 
entroid of the Pointlist,� add point: Add a new point to the Pointlist,� point(i): Return the ith point from the Pointlist, and� square dist: Find the 
umulative weighted square distan
e between the points in twopointlists.B.1.3 QuaternionThis 
lass de�nes a quaternion obje
t as a 4D ve
tor. It has 4 doubles as privatedata members, representing the 1 real and the 3 imaginary 
omponents of the quaternion.The basi
 operators are� +: Add two quaternions,� {: Subtra
t two quaternions,� &: Compute dot produ
t of two quaternions,� *: Overloaded to 
ompute 
ross produ
t of two quaternions, or 
ross-produ
t betweena unit rotation quaternion and a point, or multiply a quaternion by a s
aling 
onstant,and� /: Divide a quaternion by a s
aling 
onstant.



57Other operators are +=, {=, /=, *=, >>, and <<.The fun
tions like add, subtra
t, dot, 
ross, et
. are the fun
tion equivalents ofthe 
orresponding operators.The other the fun
tions are� 
onjugate: Return the 
onjugate of a quaternion, and� axis ve
tor: Return the axis-ve
tor of a unit rotation quaternion.This 
lass has three versions of the frequently used operators and fun
tions.The �rst returns the result by value, in
urring a 
opy overhead. The se
ond requiresa referen
e to the destination to be passed in as an argument and returns the value byreferen
e through this destination with no 
opy overhead. The third returns a pointer toa new obje
t 
reated with in the routine to store the result, with no 
opy overhead butwith memory allo
ation overhead. The three versions of the operators and fun
tions givethe user the 
hoi
e of minimizing 
opy overhead while developing appli
ation 
ode usingthese 
lasses.B.1.4 TransformThis 
lass de�nes an obje
t for transforming points. Private data members are aRotation quaternion and a translational O�set.The basi
 operators are� *: Compose two transformations: (f � g)(point) = f(g(point)),� /: Compose two transformations: (f=g)(point) = f(g�1(point))



58Other operators are *=, /=, <<, and >>.The fun
tions like times, divide, et
. are the fun
tion equivalents of the 
orre-sponding operators.The other fun
tions are� inv: Find inverse of a transform,� trans: Transform a point or a pointset,� rotate: Rotate a point,� shift: Translate a point,� transIP: Transform a point or a pointset inpla
e,� rotateIP: Rotate a point inpla
e,� shiftIP: Translate a point inpla
e,� rotation: Set the rotation quaternion,� o�set: Set the translation o�set,� optimal transform: Find the optimal rigid transformation of two Pointlists,� 
oplanar trans: EÆ
ient 
omputation of Rotation and O�set for 
oplanar points,and� xyplane: Compute the transform required to transform three points to the XY plane,with one transfomed to the origin.



59The transform 
onstru
tor 
an take as arguments two pointsets and a weightve
tor, 
omputing the Rotation and the O�set to minimize the weighted distan
e betweenthe pointlists, a

ording to the point weighting spe
i�ed by the weight ve
tor.B.2 AlignedFragments and Related ClassesB.2.1 HistoryThis 
lass maintains the history of the operations performed on the protein 
on-formation e.g. inserting fragments, spli
ing, et
. It is 
urrently a skeleton 
lass that willbe 
eshed out during future modi�
ations to the Undertaker program. History pointersshould be available in base 
lass Conformation.Private data members are� int EntryNumber: Index number of history entry� History * Previous: Pointer to previous history entry� Conformation * Conf: Pointer to Conformation asso
iated with this history entryB.2.2 EdgeThis 
lass models a tertiary relation between protein segments. It has Aligned-Fragments 
lass as a friend. Private data members are� 
onst AlignedFragments * Owner: AlignedFragments owning this� int FirstAtom: First atom on whi
h edge is in
ident� int Se
ondAtom: Se
ond atom on whi
h edge is in
ident



60� 
oat Length: Length of edge� History * HistoryEntry: Pointer to entry in history tableThe fun
tions in this 
lass provide a

ess to the private data members and provideI/O.B.2.3 EdgeSetThis 
lass stores a set of edges. It has AlignedFragments and Segment 
lasses asfriends. Private data members are� int NumEdges: Number of edges in set� int Allo
Edges: Number of edges allo
ated for set, reallo
ated on demand� Edge ** EdgesInSet: Array of pointers to edges. The edges are not owned by EdgeSet| AlignedFragments is responsible for 
reating and destroying the edges.The fun
tions in this 
lass provide a

ess to the private data members and provideI/O.B.2.4 SegmentThis 
lass models a set of 
ontiguous residues in the protein 
onformation. It hasAlignedFragments and SegmentList 
lasses as friends. Private data members are:� 
onst AlignedFragments * Owner: AlignedFragments owning this� int FirstSegmentResidue: Starting residue of segment



61� int FirstOmittedResidue: Start of break asso
iated with segment. FirstOmitte-dResidue - 1 is the last residue of the segment. FirstOmittedResidue is always� FirstSegmentResidue of the next segment� EdgeSet * In
identEdges: Edges in
ident on the segment not owned by this� Segment * NextSegment: Pointer to next Segment in linked list of SegmentList� Pointlist * N atoms: Store the lo
ations of the 
arboxyl 
arbon atom of the residuejust before the segment and the N and C� atom of the �rst residue in the segment.This is useful for 
omputing transform between segments� Pointlist * C atoms: Store the lo
ation of the 
arboxyl 
arbon atom of the lastresidue of the segment and the N and C� atoms of the �rst residue of the nextsegment. This is useful for 
omputing transform between segments� int TraversalTime: Timestamp during segment traversal in AlignedFragments tree� Transform * SegmentTransform: Store the relative transform of the atoms in thesegment with respe
t to the underlying referen
e frame Applying SegmentTransformto the atoms in the segment puts them in the �nal 
o-ordinate referen
e frame� Segment * DFSParent: Parent of segment in DepthFirstSear
h (DFS) tree. DFStraversal is used to traverse the segment tree� Segment * UFParent: Parent of segment in UnionFind (UF) tree. The UF method isused while 
onne
ting related segments by edges of a minimum spanning tree, usingKruskal's algorithm [10℄



62� int Rank: Rank of segment in the UF algorithmMost of the fun
tions in this 
lass provide a

ess to the private data membersand provide I/O. Two important fun
tions are� apply transform: Apply SegmentTransform to all the atoms in the segment and thensets SegmentTransform to identity� OK: Che
k 
onsisten
y of C atoms and N atoms with atoms in the segmentThere are also fun
tions su
h as set union, set link, et
. for implementing Union-Find with path 
ompressionB.2.5 SegmentListThis 
lass stores a list of segments. It has AlignedFragments 
lass as a friend.Private data members are:� AlignedFragments * Owner: AlignedFragments owns this. SegmentList does notown the segments in its list; they are owned by Owner� int NumSegments: Number of segments in list� Segment * HeadOfList: Head of segment list� Segment * TailOfList: Tail of segment listMost of the fun
tions in this 
lass provide a

ess to the private data members,and provide I/O.



63B.2.6 AlignedFragmentsThis 
lass models the segment tree of the protein 
onformation. It is derivedfrom the Conformation 
lass in the Undertaker program. Private data members are� stati
 IdObje
t ID: ID for Named Class|used for runtime type 
he
king� stati
 NameToPtr *CommandTable: Command table of 
ommand-interfa
e for read-ing input� SegmentList * SegmentsAndBreaks: List of segments in the tree� EdgeSet * TertiaryEdges: Set of edges in the treeSome of the private fun
tions are� delete edge: Delete an edge from the AlignedFragments tree. Che
k if the edge is atertiary edge, �nd the segments the edge belongs to, delete the pointers in their edgelists, 
all the edge destru
tor and delete the edge pointer from the TertiaryEdgesEdgeSet in AlignedFragments� insert edge: Insert an edge into the AlignedFragments tree. Che
k if the edge is atertiary edge, �nd segments the edge belongs to, add pointers to their edge lists, addthe edge pointer to the TertiaryEdges EdgeSet in AlignedFragments� insert segment: Create a segment and insert it at the end of the SegmentsAndBreakslist� break before(r): Insert a break before residue r, splitting the segment 
ontaining r



64� merge segments: Merges two segments only if they are adja
ent. Removes the breakbetween them, adjusting the EdgeSets to remove a tertiary edge on the path betweenthe two merged segments. To maintain tree property, removes the edge spe
i�edin the optional argument, else sear
hes and removes a tertiary edge from the pathbetween the two segments. Transforms the two segments to the same referen
e frameif the 
ag in the argument list is set to 1. Propagates the transform to 
onne
tedsegments� DFS: Implements re
ursive in-order depth-�rst sear
h (DFS) of the tree� propagate transform: For every node visited during a DFS traversal, set the Seg-mentTransform of that segment su
h that the segment is in the same referen
e frameas the root of the DFS treeSome of the publi
 fun
tions are� OK: Does internal 
onsisten
y 
he
ks on tree property� is 
omplete: Che
ks to see that all residues are in
luded in the segments� segment of residue(r): Find segment to whi
h residue belongs� segment of atom(a): Find segment to whi
h atom belongs� insert fragments: Insert fragments into the tree - add tertiary edges, merge segmentsand propagate transforms as required� bring atoms to same referen
e frame: Apply the transforms in ea
h segment to theatoms of that segment, bringing all the atoms in the tree to the same frame ofreferen
e



65� traverse subtree: Traverse the AlignedFragments subtree, starting from the segmentspe
i�ed in the argument. Exe
ute a fun
tion, spe
i�ed in the argument list, on ea
hsegment visited. Return -1 if loop is dete
ted� make spanning tree: Add tertiary edges as needed to 
onne
t segments into a tree.Choose edges to minimize the total length of added edges
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