134 No. 68 Thompson et al. Impro ving the Accuracy of F unctional Inferences from Links b et w een Proteins Detected b y Computational or Exp erimen tal Metho ds Mic hael Thompson 1 Edw ard Marcotte 1 ; 2 Matteo P ellegrini 1 mjt@proteinpathways.com T o dd Y eates 1 ; 2 Da vid Eisen b erg 1 ; 2 1 Protein P ath w a ys, Inc. 1145 Ga yley Av e., #304, Los Angeles, CA 90024, USA 2 Molecular Biology Institute, Bo x 951570, Univ ersit y of California, Los Angeles, Los Angeles, CA 90095-1570, USA Keyw ords: functional genomics, bioinformatics, protein function, ph ylogenetic pro�les, domain fu- sion 1 In tro duction V arious metho ds ha v e b een dev elop ed for detecting functional couplings among proteins. These include recen tly dev elop ed computational tec hniques suc h as the protein ph ylogenetic pro�le metho d [1] and the Rosetta Stone metho d [2], as w ell as exp erimen tal tec hniques suc h as mRNA expression pro�ling [5]. Here, w e presen t a general approac h for quan titativ ely discriminating more informativ e functional links from less informativ e ones. W e mak e the simple assumption that a pair of link ed proteins whic h also share links to other proteins represen ts a more reliable connection than a pair of link ed proteins whic h share few or no links to other proteins (Figure 1). This approac h w orks on links established b y the Rosetta Stone metho d, the ph ylogenetic pro�le metho d, and on links obtained from mRNA expression pro�les. 2 Metho d and Results W e denote the link b et w een proteins i and j as l i;j whic h can tak e on binary or real v alues dep ending on the underlying functional coupling detection metho d. F or eac h protein, i , w e can construct a v ector ~ v i = ( l i; 1 ; l i; 2 ; : : : ; l i;n ) of couplings to all the other n proteins in the set (proteome). A \link distance", d i;j , can b e computed b et w een all pairs of proteins, i; j , based on their link v ectors. F or the cases where l i;j tak es on binary or real v alues, this link-distance is the Hamming or Euclidean distance, resp ectiv ely . F or the purp oses of this w ork, d i;j w as normalized b y the maxim um link-distance observ ed in the dataset, d max . Th us, all d 0 i;j = d i;j d max lie in the range [0 ; 1]. The link-distance, d 0 i;j , can b e treated as a parameter for optimization of functional inferences made b et w een coupled proteins. The set of links generated b y a giv en metho d can b e �ltered b y c ho osing a threshold v alue, t , for the link-distance. Only pairs with d 0 i;j � t are included in the �ltered subsets. The v alidit y of this approac h w as tested using the k eyw ord-o v erlap statistic [3]. Keyw ords for proteins w ere do wnloaded from the genomic annotations pro vided b y the Ky oto Encyclop edia of Genes and Genomes (KEGG) [4]. The a v erage k eyw ord o v erlap w as calculated o v er the link ed proteins in eac h �ltered subset of the data. Then, an a v erage w as tak en o v er k eyw ord reco v ery for the proteins in

No. 68 Thompson et al. 135 Figure 1: Discriminating among pairs of functionally-coupled proteins. In this abstraction, the link ed proteins X and Y are also link ed to a common set of partners. In con trast, A and B are link ed to disparate sets of parters. In general, functional inferences made b et w een pairs lik e X ; Y are more accurate than those made b et w een pairs lik e A; B . the subset based on randomly c hosen links for eac h protein. This randomization pro cess w as rep eated 5000 times to pro duce an exp ectation for k eyw ord reco v ery b y random couplings. The ratio of the original a v erage k eyw ord o v erlap to this random exp ectation k eyw ord o v erlap w as tak en as the signal to noise ratio presen ted in the results. The approac h w as tested on 3 datasets. F rom the w ork of Rotstein et al. , sets of links from ph ylogenetic pro�les and the rosetta stone metho d w ere obtained for M. tub er culosis [6]. The third set of links w ere deriv ed b y Marcotte et al. from mRNA expression data on Sac char omyc es c er evisiae [3, 5]. In this w ork, the link v ectors for eac h of the 3 datasets w ere binary . Filtered subsets of links w ere obtained b y applying v arious thresholds, t , and the signal to noise ratio for k eyw ord reco v ery w as computed. These results are presen ted in Figure 2. While the n um b er of proteins with links c hanges as a function of the �ltering criterion t , little or no c hange in the n um b er of annotate d proteins with links w ere observ ed in the 3 datasets for t > 0 : 3. Th us, for clarit y , Figure 2 displa ys results for t � 0 : 3. W e see from Figure 2 that a dramatic impro v emen t in signal to noise for k eyw ord reco v ery can b e ac hiev ed for sets of links obtained b y the Rosetta Stone and ph ylogenetic pro�le metho ds. F or pairs of proteins with iden tical patterns of couplings ( d 0 i;j = 0), w e found that the functional inferences are 40 and 32 times b etter than random for the Rosetta Stone metho d and the ph ylogenetic pro�le metho d, resp ectiv ely . This is compared to 12 and 9 times b etter than random, resp ectiv ely , for the ra w p o ols of links generated b y those t w o metho ds. The impro v emen t for the links deriv ed from mRNA expression pro�les w as no so large. The ra w p o ol of links pro vides functional inferences that are 5 times b etter than random while the b est subset of links giv es functional inferences that are 9 times b etter than random. This is lik ely due to the relativ ely p o or qualit y of the initial p o ol of links deriv ed from the mRNA expression data, as noted b y Marcotte, et al. [3]. References [1] P ellegrini, M., Marcotte, E.M., Thompson, M.J., Eisen b erg, D. and Y eates, T.O., Assigning protein functions b y comparativ e genome analysis, Pr o c Natl A c ad Sci U S A. , 96(8):4285{4288, 1999. [2] Marcotte, E.M., P ellegrini, M., Ng, H.L., Rice, D.W., Y eates, T.O. and Eisen b erg, D., Detecting protein function and protein-protein in teractions from genome sequences, Scienc e , 285(5428):751{ 753, 1999.

136 No. 68 Thompson et al. Figure 2: The precision of functional inferences increases as the link-distance b et w een pairs of coupled proteins decreases. F or 3 di�eren t sets of functional couplings, application of the link-distance as a �ltering criterion results in discrimination of highly-informativ e functional inferences. [3] Marcotte, E.M., P ellegrini, M., Thompson, M.J., Y eates, T.O. and Eisen b erg, D., A com bined algorithm for genome-wide prediction of protein function, Natur e , 402(6757):83{86, 1999. [4] URL: h ttp://www.genome.ad.jp/k egg/. [5] Eisen, M.B., Sp ellman, P .T., Bro wn, P .O. and Botstein, D., Cluster analysis and displa y of genome-wide expression patterns, Pr o c Natl A c ad Sci U S A. , 95(25):14863{14868, 1998. [6] Rotstein, S.H., Marcotte, E.M., P ellegrini, M., Thompson, M.J., Y eates, T.O., and Eisen b erg, D., Computational Assignmen t of F unction to proteins of Myc ob acterium tub er culosis . (Submitted), 1999.