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PART I 
SUMMARY OF THE RESEARCH PROPOSAL


[To be completed by the applicant(s)]

1.
Title of Project: Random Projection, Motif Based Sequence Alignment and RNA Secondary Structures  


Primary Field:  Algorithms   
 Secondary Field:   Computational  Biology 

2.
Name(s) and Academic Affiliation(s) of Applicant(s):






    


    

    Unit/Department/






Name


  Post

        Institution        



Principal


Investigator [PI]:  Dr. Lusheng Wang           Asso.  Prof.       CS/City Univ.


(with title)


Co-Investigator(s) [Co-I(s)]:


(with title)

3.
Allocation Requested from the Earmarked Research Grant:

Total cost of the project:

	(a)    Staff
	HK$

	(b)    Relief Teacher (required exceptionally)
	HK$

	(c)    Equipment
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	(d)    General Expenses
	HK$
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	HK$
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         after submission of this application.


/.... 4. Nature

4.  Nature of application *

   (
New [i.e. PI and/or Co-I(s) applying for RGC funds on this research topic for the first time].   Please give further details in Part II item 2.

   

Re-submission [i.e. PI and/or Co-I(s) have previously applied for RGC funds on this research

 topic but application not supported].  Please give further details in Part II item 4.

   

On-going [i.e. PI and/or Co-I(s) extending work previously funded by the RGC].

Please give further details in Part II items 2, and 7-9.


Application for individual research.


Application for longer-term research grant.

* Please tick ‘(’ as appropriate

5.
Abstract of research (limited to ½ A-4 page or 200 words, and comprehensible to a non-specialist):

In this project, we intend to design and analyze efficient and effective algorithms and heuristics for some computational problems arising in computational molecular biology.

The problems we intend to attack include random projection algorithms for motif detection, 

motif-based multiple sequence alignment and some computational problems for RNA secondary structures.

Motif detection problem is a challenging  problem in terms of computation. It has many applications in computational biology, e.g., locating binding sites and finding conserved regions in unaligned sequences. We will study the random projection approach from theoretical point of view. 

Multiple sequence alignment is one of the core problem in computation biology. Algorithms for multiple sequence alignment are routinely used to find conserved regions in biomolecular sequences, to construct family and superfamily representations of sequences, and to reveal evolutionary histories of species (or genes). We intend to adopt the motif-based approach (proposed long time ago) to attack the problem. Note that, great progress has been made recently for identifying conserved motifs. Those new techniques for motif detection should greatly increase the chance for motif-based approaches for multiple sequence alignment.    

RNA secondary structure . We will study (1) algorithmic issues of the space-time trade off for the comparison of two RNA secondary structures and (2)  RNA secondary structure search in RNA  sequences.  

     The project will emphasize algorithmic issues as well as computational complexity for all the proposed problems.         


/.... PART II

PART II
DETAILS OF THE RESEARCH PROPOSAL


[To be completed by the applicant(s)]

RESEARCH DETAILS

1.
The project objectives and long-term impact (maximum 1 A-4 page):

Purpose: We will design algorithms that are desperately needed in practice for the following important problems. 

Motif-based multiple sequence alignment: Let S ={s1,s2, … ,sn} be a set of  n sequences. An alignment A of the n sequences is obtained by inserting spaces into the sequences such that all resulting sequences have the same length and overlaying them. For motif-based multiple sequence alignment, we first identify conserved motifs and use those motifs to decompose the sequences into smaller segments and finally solve the problem by fixing the alignment for those smaller segments. 

The problem of how to decompose the sequences into smaller segments after motifs are identified is one of the important issues here. We will study this issue here and hopefully can obtain both theoretically and practically interesting results. Another issue is how to identify the conserved motifs. Recently, there are new developments on motif detection. We will study randomized algorithms, e.g, random projection approach, for motif detection.  

Motif detection problem: Given an integer L and a set of n sequences s1, s2, …, sn, each is of length at most m, find those conserved regions of length L, where the conserved regions can be measured as consensus score or bottleneck score (will be discussed later). 

RNA secondary structure

(1) space-time tradeoff for RNA secondary structure comparison: 

   Many measures have been proposed for RNA secondary structure comparison, e.g., tree edit distance,  constrained  edit distance and alignment of trees. For all those measures, the algorithms need super quadratic time and space. In many cases, space limit is more serious than that of time. For pair-wise sequence comparison, a linear-space algorithm that runs in O(n2) time (as good as the O(n2) space algorithm) was designed. This technique is treated as a classic technique in this area. Here we will study the algorithmic issues of the space-time tradeoff for all those different measures. 

(2) RNA secondary structure search:

(i) Exact search:  given a RNA secondary structure R (pattern) and an RNA sequence S (a sequence over {A,C,G,U} which is treated as the text), a base-pair (i, j) in R matches the two letters S[k] and S[k+j-i] in S if S[k] and S[k+j-i]  are either  C-G pare and A-U pair. The secondary structure R matches the segment S[k]S[k+1]…S[k+|n] if for every base-pair (i,j) in R, S[k+I] and S[k+j] form either C-G pair and A-U pair. The problem here is to find all the segments  in S that can match R. 

(ii) Approximate search:  given a RNA secondary structure R (pattern),  the number of mismatches between R and the segment S[k]S[k+1]…S[k+n] is the number of (i,j)’s, where (i,j) is a base-pair in R and S[k+i] and S[k+j] form  neither C-G pair nor A-U pair. Other than R ans S, we are also given an integer m, the problem here is to find all segments in S that has at most m mismatches with respect to R.  

Long Term Significance: The problems proposed in this project are from computational molecular biology and bioinformatics. They have applications in SNP haplotype map construction, comparison of genomes, PCR primer design, binding site finding, creating diagnostic probes, and potential drug
 target  identification.  Our research focuses on theoretical study of those computational problems. The results produced will form a solid foundation for design the very much needed software for these problems.                                                                           
/.... 2. Background
2.
Background of research (maximum 2½ A-4 pages, including references):

 Section A: Work done by others

Multiple sequence alignment is one of the core problems in computational biology. It is the most critical cutting–edge tool for biological sequence analysis that helps to extract and represent biologically important, yet faint or widely dispersed, commonalities from a set of sequences. These commonalities may reveal conserved motifs, conserved characters in DNA or protein, common secondary or tertiary structures, or clues about the common biological functions. Commonalities might be blur, and may not be apparent when comparing two sequences. However, they may become clear when comparing a set of related sequences.

From computational point of view, multiple sequence alignment is one of the hardest problems in computational molecular biology [AL89,LAK89,Sankoffb,G93,GBOOK, W89,Wbook].  Many measures have been proposed, such as SP-score, consensus-score and tree-score. For all the three scores, the problem was proved to be NP-hard [JLW94,WJ94, BV00]. Hundreds of research papers have been published on multiple sequence alignment. Here we can only briefly mention a few. 

Exact Algorithms: The problem (for all the  three scores) can be solved by a dynamic programming approach that runs in time exponential in terms of the input size. Extensive discussions of such algorithms can be found in [Gusfield, 1997; Sankoff and Kruskal, 1983]. Carrillo and Lipman proposed a method to cut down the computational volume of the dynamic programming algorithm for SP alignment (Carrillo and  Lipman, 1988). The basic idea is to compute upper bounds on alignment costs for each pair of sequences in the computation of the k dimensional matrix and eliminate those cells of the matrix that violate the upper bounds. Altschul and Lipman proposed a similar  method for tree alignment (Altschul and D. Lipman, 1989).

Approximation Algorithms: Many approximation algorithms have been developed for the three different scores. The first approximation algorithm for SP alignment was given by D. Gusfield (Gusfield, 1993). The performance ratio is 2-2/k, where k is the number of sequences. With great effort, the best known ratio is improved to 2-l/k for constant l (Bafna et al 1997). For consensus-score, Gusfield gave a ratio-2 algorithm (Gusfield 1997). Other approximation algorithms will be discussed in Section B. 

Heuristic approaches: Many heuristic approaches have been developed. The popular ones include progressive alignment (Feng and Doolittle 1987; Thompson et al 1994), iterative method for tree-score  (Snakoff et al 1976, Sankoff and Kruskal 1983), sequence graph approach (Hein 1989), motif-based approaches etc. There are too many others to mention. 

Motif-based approach relies on first finding motifs (subsequences that are common in most of the given sequences to be aligned) and then use those motifs to decompose the sequences into smaller segments. Other heuristics will be used for each of the smaller segments. The history of  this approach goes back to 1984 (Waterman et al 1984). Other references can be found in (374, 455, 456, 457). The most popular motif-based software is MACAW (398) that is of  commercial—quality.  The methods for finding motifs vary for different groups. However, the ideas are similar. A fixed size window is used to collect substrings appearing in most of the sequences to be aligned. 

Difficulty of motif-based approach: The window size is restricted due to many reasons. If insertions and deletions are not incorporated,  no motif can be found if the window size is to big. On the other hand, allowing mismatch, insertion and deletion will dramatically  increasing the running for finding motifs. Due to the limit of window size, the task of decomposing sequence into smaller regions becomes difficult. For example, detected motifs could have some  overlaps, and some motifs appear in several places of a sequence. (446) developed  a nontrivial  decomposing method for three sequences. For more sequences, the method might be too slow. Newer approaches  use Gibbs sampling to identify motifs (295). 

New development of motif identification: Recently, there are some new development for  motif identification. Many models and formulations have been given. The simplest combinatorial definitions include the consensus pattern and the closest substring problems (Li et al 1999; Li et al 2002).  More sophisticated definitions include Hertz and Stormo’s binding sites representation and Pevzner and Sze’s (l,d)-signal [PS00,HS99,S00].  More realistic approaches have been developed recently in [PS00, KP02a, KP02b]. In particular, (JCB) has developed a random projection approach. That approach uses  random projection to find some conserved segments from some, say, k, of the given sequences, forms a preliminary profile of the motif based on the conserved segments, and apply EM approach to finalize the motif. The performance of ()’s approach is excellent in practice.   Here we will study some other randomized algorithms and  their combination with EM approach. We will compare our approach with (JCB)’s approach. We will also use both (JCB)’s approach and our approach as the tool for finding motifs for multiple sequence alignment. Since the new approach allow relative big window size (15 –20, or more), we can expect the problem of decomposing sequence into smaller segments will become easier. For example, the chance of having overlaps for different motifs is lower and the chance for a long motif that appears in multiple places in a sequence is low. 

New formulation for segment decomposition: After motifs are identified, if we treat each of the motifs as a new character,  the problem of decomposing sequences into smaller segments becomes to find the longest common subsequence (LCS) for the new sequences (containing new characters representing motifs). LCS is known to be NP-hard in  general. Based on the new advanced approaches for motif identification, the decomposition of sequences into smaller segments may have new features. For example, we can assume that each motif appears once in a sequence. This assumption may make the LCS problem tractable. We will also develop some algorithms for the special case of LCS, where only a few characters (motifs) appear more than once in each of the given sequences. 

Comparison of RNA structures is an important problem in computational biology. The results of the RNA comparison can be used to determine similarity between RNAs, to align (match) RNA structures, and to determine approximately common structures from a given set of RNA sequences.  Many measures have been proposed and they can be divided into two classes. For the first class, an RNA secondary structure can be decomposed into components of five types: stem (S); hairpin (H), bulge (B), interior loop (I), and multi-branch loop (M). The secondary structure can be represented as an ordered  tree in which each node is labeled by a letter S, H, B, I or M and the left to right order among siblings is significant (Jiang et al. 1995). Comparison of RNA secondary structure trees has applications in identifying conserved structural motifs in an RNA folding process (Le et al., 1989a; Le at al., 1989b) and constructing taxonomy trees (Shapiro and Zhang, 1990). For the second class, an RNA secondary structure is treated as a sequence plus some base-pairs.  [Zhang] proposed a method that directly compares the two structures. In this project, we will study the  space-time tradeoff of various versions for RNA secondary structure comparison. 

RNA secondary structure search:RNA secondary  structures play an important role in regulating gene expressions. Many of these RNA structures are assembled from a collection of RNA motifs. These basic patterns appear repeatedly and in various combinations to form different RNA types and define their unique structural and functional properties. Identification of  RNA structural motifs will therefore enhance our understanding of RNA structures and their association with functional and regulatory elements. An important technique for extracting and identifying secondary^M

motifs is to search  patterns in sequence databases. A number of algorithms and software have been developed for this purpose. Early attempts in structural motif searching were designed for^M

specific families, e.g.,  FAStRNA~\cite{EL96} for tRNAs, and CITRON~\cite{LDM94} for group I introns. Tools for general secondary structures appear in  ~\cite{BKV96, Mac01, PLD00}. Here in this project, we intend to study the exact and approximate search as defined in Part 1. 

 Sectoin B: Work done by us 

Multiple sequence alignment: We studied the complexity of multiple sequence alignment [WL94, JWL94]. We have designed polynomial-time approximation schemes (PTAS) for c-diagonal multiple sequence alignment, for both SP-score and consensus score[LMW00a]. For tree alignment, we have developed polynomial-time approximation schemes [WJL96, WG98, WJG00]. At present, our results still remain the best known ratios for each case.    

Motif identification: Our previous work was mainly  focused  on theoretical aspects for the following two versions. Given a set of strings S={s1, s2,…, sn}, and an integer L, the consensus pattern asks to find a string s of length L such that for each string si(S,  there is some substring ti of si  with (i=1,2,…, n d(ti,s)  minimized ,  whereas the closest substring problem  asks to find a string s of length L such that for each string si(S, d(s, ti )(d for some substring ti (of length L) of si, and d is minimized.  [LMW99] designed a PTAS for the consensus pattern problem. [LMW02] designed a PTAS for the closest substring selection problem. [DLLMW02] designed a PTAS that can approximate two objectives for two groups of given strings (the so-called substring selection problem in [LLMWZ99]). [DLW02] gave some theoretical results for the case where the alphabet size is unbounded.

Reasons to do the project: Due to the new development on motif detection, we can expect that the problem of decomposing sequence into smaller segments will become easier. We can have new assumptions, e.g., the number of occurrences for each motif is one and for very few motifs, the number of occurrences is great than one. Therefore, we believe that we have a good chance to make good progress on motif-based multiple sequence alignment.

RNA secondary structure: We studied algorithms and complexity for comparison of RNA secondary structures  [JWZ95, MWZ99]. [JWZ95] uses tree approach, whereas [MWZ99] studies the edit distance between two RNA structures. [WZ03] provides a software for parametric alignment of two trees that rises and partially solves the space-time tradeoff problem. Recently, we wrote a paper for RNA secondary structure search [XW03]. Besides, we will study the parametric version of the measure proposed in [Zhang] and extend the work in [WZ03] to the measure. 
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/.... 3. Research
3.
Research plan and methodology (maximum 3 A-4 pages, including key references):

New development of motif detection: Recently, there are rich new developments on this topic (See Background of Research).  The following two formulations, consensus pattern and the closest substring, have been extensively studied [LMW99; LMW02]. Given a set of strings S={s1, s2,…, sn}, and an integer L, the consensus pattern asks to find a string s of length L such that for each string si(S,  there is some substring ti of si  with (i=1,2,…, n d(ti,s)  minimized ,  whereas the closest substring problem  asks to find a string s of length L such that for each string si(S, d(s, ti )(d for some substring ti (of length L) of si, and d is minimized. Polynomial time approximation schemes (PTAS) have been developed for both problems [LMW99; LMW02]. However, the time complexity for both PTAS’s is too high and thus both PTAS’s are not practical. Here we borrow the ideas in [LMW02] for the closest substring to attack the consensus pattern problem and obtain a practical randomized algorithm [W03]. We can show that with high probability, 1-1/poly(n),  the algorithm can give an good approximation, i.e., the cost of the solution is at mot (1+() times of the optimum, where n is the input size of the problem. Other than theoretical results, preliminary experiences have shown that the algorithm can give very accurate results for practical size input in reasonable time. (For example, the input contains 20 sequences, 600 characters each and the planted patterns are of 15 characters long and have at most 4 mismatches. We can always find the planted patterns in about 1-2 minutes.) This is one of the few approximation algorithms that are sound from both theoretical and practical points of view in computational biology [W03]. 
Another method is the random projection approach developed in [jcb]. The algorithm csn be roughly described as follows:  (1) randomly choose k ( a parameter) position among L positions (2) 4k buckets are formed, (3) put every  segment of length L for s1, s2, …, sn in the corresponding bucket; (4) choose those buckets that have more than m (a parameter) items; (5) for each choosing chosen bucket, construct a profile of the pattern; (6) use EM approach to iteratively improve the result. 

At present, experiments show that our randomized algorithm is slightly slower than the random projection algorithm in [JCB]. Note that, the algorithm in [JCB] uses EM to do iteratively improvement, whereas our algorithm does not. We are going to incorporate EM approach in our algorithm and hopefully improve the speed.  It is interesting to notice that our algorithm has both theoretical proof and practical running speed, whereas the random projection approach has not obtained any theoretical analysis. We will also try to analyze the random projection approach. 

Motif-based multiple sequence alignment: With the new development of motif identification, the formulation of segments decomposition becomes different. In general, if we treat each motif as a new character, the problem of aligning sequences over a small size (, e.g, (={A, C, G, T} for DNA sequences, becomes to align sequences over a bigger size ( representing all motifs. How can we benefit from this? If each motif can appear very few times, we can expect to have efficient algorithm to solve the problem. We can formulate the problem of decomposing sequences into smaller segments as the longest common subsequence (LCS) problem for the new sequences, where each sequence contains  new characters representing motifs. The LCS  problem is known to be NP-hard  even if each character appear at most 2 times and the length of the sequence is at most 3???[mj94] However, if each character can appear only once in each sequence, we observe that the problem can be solved in polynomial time (very quickly).  The assumption that each character can appear only once in each sequence may not be too strict, since the new approaches can detect motif of length about 15. The case where a few (constant number of) motifs can appear multiple times is also easy to handle. For example, if k motifs can appear twice in a sequence, we can solve it in O(k2 poly(n)) time, where poly(n) is the time for the case, where each motif appears once in a sequence. 
With the above observations, we strong believe that we have a good  chance to develop a new method that is quite different from the existing ones. 

Comparison of RNA structures: Many measures have been proposed for comparing RNA secondary structures. Alignment of trees [] is one of them. and they can be divided into two classes. For the first class, an RNA secondary structure can be decomposed into components of five types: stem (S); hairpin (H), bulge (B), interior loop (I), and multi-branch loop (M). The secondary structure can be represented as an ordered  tree in which each node is labeled by a letter S, H, B, I or M and the left to right order among siblings is significant (Jiang et al. 1995). Comparison of RNA secondary structure trees has applications in identifying conserved structural motifs in an RNA folding process (Le et al., 1989a; Le at al., 1989b) and constructing taxonomy trees (Shapiro and Zhang, 1990). For the second class, an RNA secondary structure is treated as a sequence plus some base-pairs.  [Zhang] proposed a method that directly compares the two structures. In this project, we
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