198 No. 98 T eo doro et al. Singular V alue Decomp osition of Protein Conformational Motions: Application to HIV-1 Protease Miguel L. T eo doro 1 George N. Phillips Jr. 1 Lydia E. Ka vraki 2 mteodoro@rice.edu georgep@rice.edu kavraki@rice.edu 1 W. M. Kec k Cen ter for Computational Biology and Departmen t of Bio c hemistry and Cell Biology , Rice Univ ersit y , 6100 Main St - MS150, Houston, T exas 77005-1892, USA 2 Departmen t of Computer Science, Rice Univ ersit y , 6100 Main St - MS132, Houston, T exas 77005-1892, USA Keyw ords: protein exibilit y , drug design, molecular dynamics, singular v alue decomp osition, HIV-1 protease 1 In tro duction Protein conformational motions pla y a critical role in bio c hemical catalysis. Through anharmonic conformational deformations during the course of its function a protein can c hange the c hemical en vironmen t of its reactiv e site in order to bind substrates and catalyze reactions. An illustrativ e example of these c hanges is the op ening and closing of the binding site of HIV-1 protease (HIV Pr) that results from conformational c hanges in the aps region co v ering the reactiv e site. HIV Pr is a protease whic h pla ys a vital role in the maturation of the HIV-1 virus b y targeting amino acid sequences in the gag and gag-p ol p olyproteins. Clea v age of these p olyproteins pro duces proteins that con tribute to the structure of the virion, RNA pac k aging, and condensation of the n ucleoprotein core. Due to its large medical imp ortance this protein has b een studied extensiv ely b y exp erimen tal as w ell as computational metho ds and has b een a successful target for rational drug design. In this w ork w e analyzed a molecular dynamics tra jectory (1.4 ns) of a fully h ydrated HIV Pr ho- mo dimer using the Singular V alue Decomp osition (SVD) metho d. Giv en the large n um b er of degrees of freedom in a protein, the b est w a y to analyze conformational motions is to obtain a represen tation for the dynamics tra jectory in a lo w er dimensional basis. One metho d to ac hiev e this simpli�cation is to use the SVD metho d to p erform a c hange of basis from individual cartesian degrees of freedom for eac h atom in the protein to a basis formed b y an equal n um b er of collectiv e mo des of motion. Using this form ulation the conformational space accessible to a protein is separated in to t w o subspaces: (1) an essen tial subspace con taining only a few degrees of freedom whic h corresp ond to ma jor mo des of anharmonic motion and describ e most of the p ositional uctuations; and (2) a nonessen tial subspace consisting of constrained harmonic motions [1]. By using only the ma jor degrees of freedom in the essen tial subspace of the protein, w e w ere able to clearly iden tify stable protein conformational sub- states. The metho d presen ted here can b e generalized to other biomolecular systems and used not only as a no v el metho d in iden tifying new target conformations for drug design but also to simplify the analysis and understanding of imp ortan t structural motions. 2 Metho d Molecular dynamics sim ulations w ere p erformed using the the program NAMD [3]. The sim ulations w ere started from the crystal structure of the MVT-101 b ound conformation (PDB en try 4h vp) without the presence of ligand. This system w as inserted in to a b o x of w aters and the sim ulation w as run for 1.4 ns using curren t state of the art metho dology . The time dep enden t co ordinates of the C � atoms

No. 98 T eo doro et al. 199 w ere used to construct a displacemen t matrix whic h is constructed b y the column-wise concatenation of atomic displacemen t v ectors, for eac h time sample during the molecular dynamics run. The SVD calculations w ere p erformed as describ ed previously [2]. The left singular v ectors obtained from the decomp osition corresp ond to mo des of collectiv e motion whose displacemen ts are directly prop ortional to the v alue of the corresp onding singular v alues. The calculated righ t singular v ectors corresp ond to the pro jection of the original tra jectory in the new basis. 3 Results and Discussion During the sim ulation w e observ ed that starting from the closed conformation rep orted in the X-ra y structure w e w ere able to observ e an op ening of the binding site whic h w e attribute to the absence of ligand in our sim ulations. The op ening of the binding site pro ceeded through a small rearrangemen t of the protein core and a large rearrangemen t of the aps region co v ering the binding site. Figure 1: a) Rank ordered eigen v alue sp ectrum resulting from the SVD analysis of the dynamics tra jectory . b) Con�guration space pro jection of the en tire sim ulation along the t w o left singular v ectors corresp onding to the t w o largest eigen v alues sho ws three distinct conformational substates. In Figure 1-a) w e can observ e that the eigen v alue sp ectrum for the SVD decomp osition is clearly dominated b y a small n um b er of left singular v ectors. The largest eigen v alue accoun ts for 34.7% of the cum ulativ e eigen v alue sum and the �rst 20 eigen v alues (out of a total of 597) accoun t for 80%. The left singular v ector, corresp onding to the largest eigen v alue, indicates the direction of motion in the essen tial subspace for whic h the uctuations in atomic p ositions are largest. When this collectiv e mo de of motion in the essen tial subspace is mapp ed to the protein structure, it is clearly observ ed that the mo de corresp onds to the op ening and closing of the aps co v ering the binding site. Figure 1-b) sho ws that three conformational substates can b e observ ed during the dynamics sim- ulation. W e prop ose that the op ening of the binding site of HIV Pr o ccurs b y a series of steps in whic h the protein jumps rapidly b et w een stable in termediate conformations un til it reac hes the op en conformation. The in termediate conformational substates should b e useful as extra targets in rational drug design metho ds for the dev elopmen t of impro v ed inhibitors of HIV Pr. References [1] Amadei, A., Linssen, A.B.M. and Berendsen, H.J.C., Essen tial dynamics of proteins, Pr oteins: Structur e, F unction, and Genetics , 17:412{425, 1993. [2] Andrews, B.K., Romo, T., Clarage, J.B., P ettitt, B.M. and Phillips, G.N., Characterizing global substates of m y oglobin, Structur e , 6(5):587{594, 1998. [3] Kal � e, L., Sk eel, R., Bhandark ar, M., Brunner, R., Gurso y , A., Kra w etz, N., Phillips, J., Shinozaki, A., V aradara jan, K. and Sc h ulten, K., NAMD2: Greater scalabilit y for parallel molecular dynamics, Journal of Computational Physics , 151:283-312, 1999.