Finding an average core structure: Application to the globinsRuss B. AltmanSection on Medical InformaticsSUMC MSOB X215Stanford UniversityStanford, CA 94305altman@camis.stanford.eduMark GersteinBeckman Center for Structural BiologyDepartment of Cell BiologyStanford UniversityStanford, CA 94305mbg@cb-iris.stanford.eduA b s t r a c t We present a procedure for automatically identifyingfrom a set of aligned protein structures a subset ofatoms with only a small amount of structuralvariation, i.e., a core. We apply this procedure to theglobin family of proteins. Based purely on the resultsof the procedure, we show that the globin fold can bedivided into two parts. The part with greater structuralvariation consists of the residues near the heme (the Fhelix and parts of the G and H helices), and the partwith lesser structural variation (the core) forms astructural framework similar to that of the repressorprotein (A, B, and E helices and remainder of the Gand H helices). Such a division is consistent withmany other structural and biochemical findings. Inaddition, we find further partitions within the core thatmay have biological significance. Finally, using thestructural core of the globin family as a referencepoint, we have compared structural variation tosequence variation and shown that a core definitionbased on sequence conservation does not necessarilyagree with one based on structural similarity.IIntroductionAWhy we created this procedure?Proteins have long been clustered into families, such as theglobins or the immunoglobulins. Members of proteinfamilies tend to have similar overall folds but differences intheir detailed structure. The number of protein structuresfrom some particular families is now quite large and israpidly increasing (e.g. in the Protein Data Bank there areover 15 distinctly different globin structures and over 20different immunoglobulin structures). Consequently, itbecomes possible (even necessary) to summarize thestructural commonalties within a family, while separatingthe variable features from the constant ones. One importantstructural feature of a family is the core set of residues oratoms which occur in every member of the family andwhich are located in relatively invariant three-dimensionalpositions within all members of the structure.The focus of this paper is the definition of these cores oflow structural variance. We have developed a method fortaking a family of aligned structures, finding the moststructurally conserved residues, which we call the core, anddefining the average locations for these core residues. Weapply our procedure to a collection of globin structures andfind a structural core that is quite biologically relevant.It is important to note that we use �core� to refer toresidues common to all members of a family and whichhave low variance in a -carbon position. Otherinvestigators have used the term �core� differently�oftenbased on measures of sequence conservation orhydrophobicity. Our results indicate that a core basedpurely on structural considerations is not the same as onebased on sequence considerations.Coupled with a consensus sequence or profile [6], anaverage core structure may be useful in model-buildingapplications. For instance, given a new sequence, acomparison with a sequence profile might indicate that thesequence is a globin. In the resulting sequence alignment,residues which fall in our average structural core would beexpected to be in virtually the same position as those inother globins. The position, however, of non-core atomscould be adjusted to adapt to the particular residues thatoccur within the invariant core. In fact, methods alreadyexist for elaborating upon a core structure. Someapproaches use a database of know segments to match tothe a-carbon positions [17, 22], while others perform anintelligent search through the many possible sidechainorientations [8, 19, 24].BPrevious Relevant WorkPast work on structural superpositions of families ofstructures has either focused on finding the optimumsuperposition of a series of nearly identical structures [9,11, 18, 28] or on finding a structural alignment between apair of structures that are very different [14, 31, 32]. Ourcore finding procedure in a sense falls between these twoextremes as we want to find an optimum superposition ofmany moderately different structures. It uses some of themethods of the series superposition procedures and can beused to refine the alignments produced by the structuralalignment procedures.All the methods aimed at superimposing a series ofnearly identical structures (usually derived from an NMRstructure determination or a molecular dynamics trajectory) start by assuming that there is an alignment pairing eachatom in one structure with an equivalent atom in theothers. After moving the centroids of all the structures tothe origin, they try to find a rotation for each structure thatminimizes the sum of squares of the coordinate differencesbetween all pairs of aligned atoms. That is, they seek tominimize:

E(Ω) = (R_jx_{ji} i=1 M∑j<k^N∑ − Rkxki )^2

(1)where the first sum is over all pairs j, k of the N structuresin the ensemble W, the second sum is over the M alignedpositions in each structure, and Rj x j i is the rotatedcoordinates of structure j.IIMethodsAOverview of the Core Finding AlgorithmOn a high level, our core finding algorithm has 4 steps,which we will subsequently discuss in detail:1.Start with an aligned ensemble of structures. Initiallyconsider each aligned residue position to be a possiblecore position.2.Calculate an unbiased average of all core positions andfit each member of the original ensemble to thisaverage structure.3.Calculate the structural variation of each aligned atomposition (measured in terms of the ellipsoid volumerelating to the spread of coordinate positions) andremove the position with the largest variation from thelist of candidate core atoms.4.Go back to step 2 until all atoms have been removedfrom the core list. Simple analysis of the statisticsresulting from this procedure allows the core to beidentified.BCalculation of an Unbiased Average (step 2)We have developed a simple method for averagingstructures in an unbiased fashion. It proceeds as follows:1.Start with an ensemble of N structures :W = {a b c d ...}(2)2.Pick the first structure (in this case a) as a reference andfit the remaining structures to it to create a newlyoriented ensemble. Then average the coordinates of thisensemble to create an average structure, denoted a*.3 . R e p e a t s t e p 2 u s i n g e a c h s t r u c t u r e i n t u r n a s a reference. This will create a new ensemble of averagestructures. (Steps 2 and 3 require a total of N(N-1) fitsandNaveragingoperations).W* = {a* b* c* d* ...}(3)4.Apply formula (1) to the ensemble of averagestructures to compute E(W*), the sum of squares of thecoordinate differences between all pairs of alignedpositions. (N2 distance calculations.)5.If E(W*) is below some small threshold, then all thestructures in W* are the same to within this threshold.Consequently, one of the structures can be picked andreturned as the unbiased average. Otherwise go back tostep 1 using W* as the new starting ensemble.All pairwise fits are done using the method of Arun &Huang [2]. The unbiased nature of the method is apparenton inspection, since the order of the N structures can berandomly shuffled at the outset, with no difference in theresult. Using the unbiased average, we have a way to putall the proteins into the same coordinate system withoutfavoring any of them.CCalculating the Structural Variation of a givenposition (step 3)After the original N structures are fit to the averagestructure determined in the above step, it is possible tolook at the structural variation of each aligned position. Wehave described elsewhere [1], a representation of a structurethat summarizes variability about a mean position (for anatom) in terms of a variance/covariance matrix C. Theeigenvalues of this matrix (s2x, s 2y , s 2z) give the variance ofthe distribution in its three principal directions. Theyroughly correspond to the axes of an �ellipsoid of errors�centered at the mean. We can average these eigenvalues ineither a geometrical or arithmetic fashion and calculate thevolume of the ellipsoid or its average axis length:

V = 43 π x2σ y2σ z2σ

,(4)

R= 19 x2σ + y2σ + z2σ

(5)For the procedure as applied here, we have reported thevolume of the ellipsoid as a measure of structural variation.( W e g e t v i r t u a l l y t h e s a m e r e s u l t s u s i n g t h e m e a n a x i s length). Atoms which appear in the same relative locationso v e r a l l t h e s t r u c t u r e s i n t h e e n s e m b l e w i l l h a v e s m a l l volumes, whereas atoms which are variable in their relativelocation will have large volumes.DDefining a Core Cutoff (step 4)The atom with the largest ellipsoid volume is, in somesense, the least likely atom to be a member of a structuralcore. In our procedure, it is therefore discarded as �non-core.� The entire averaging, fitting and volume-calculationprocedure is repeated until all atoms are moved from thecandidate �core� list to the �non-core� list.

mammalian hemoglobins, and under-representation of otherglobins, such as the plant globins, and this bias will affectthe entropy calculation significantly. In constructing thealignment, a tree-based weighting scheme was developed tocorrect for this over- and under-representation [12]. (For ageneral discussion of weighting schemes see [33]). In thiswork in order to more accurately compare sequencevariability with structure variability, we have incorporatedweights into the calculation of entropy. To measure theentropy of a particular position i in a sequence alignment,we use the standard formula for Shannon entropy:

H(i) = − f(i,t)

i=120∑ log2 f(i,t)

.(6)However, instead of the frequency of amino acid t atposition i, we take f(i,t) to be the normalized sum of theweights for sequences with a residue of type t inposition˚i˚:

f(i,t) = w(s)

s(i)=t

∑ w(s)s∑

(7)where the denominator sum is over all sequences s in thealignment and the numerator sum is over just thosesequences that have a residue of type t at position i. Wereport sequence variability as information content relativeto that if the sequences were aligned randomly:

Rsequence (i) = f(t)log2 f(t)

t=120∑ + H(i)

(8)where

f(t)

is the average frequency of type t in thealignment (i.e. f(i,t) averaged over i ).IIIApplication to the GlobinsAChoice and Alignment of StructuresFrom the Protein databank [5], we chose 8 structures fromthe globin family which have been the subject of previousinvestigations [4, 12, 20]: 1ECD, 1MBA, 1MBD, 2HBG,2LH4, 2LHB and the A and B chains of 3HHB. (Allstructures are of the deoxy form except for 1MBA and2LHB.) Using a canonical numbering scheme firstdeveloped by a Kendrew, Lesk & Chothia had previouslyaligned these structures by eye [20]. The 115 commonpositions in their structural alignment are shown inFigure˚1.BProgress of the IterationFigure 3 shows the variance of non-core volumes as afunction of cycle. We defined peaks by performing a 5-atommoving average in order to smooth the curve, and thenselected local maxima. The primary peak of this curve is atcycle 42 (the first 42 atoms have been removed from theoriginal 115, and 73 putative core atoms remain). We tookthis peak to indicate the that the primary core segment ofthe globin family contains 73 atoms, as shown in Figure1. We also noted secondary peaks at cutoffs of 64 and 84which are discussed below.In order to further validate the choice of our cutoff atiteration 42, we also plotted the distribution of ellipsoidvolumes for the core residues and for the non-core residuesin Figure 3. The two distributions are fairly well separated.The core residues clearly have a much smaller mean volumethan the non-core residues. More importantly, they have amuch smaller variance in volume.CA Core Containing 73 PositionsThe ellipsoids of variation for the 73 core and 42 non-coreatoms are shown graphically in Figure 2. If a core is to beused as a starting point for modeling, then the quality of itsstructure becomes a matter of importance. We assessed the�quality� of our a-carbon structure by looking at the stereo-chemistry of the connected core residues. Three parameterscharacterize the geometry of an a-carbon structure [21]; foreach of these parameters we compared the range of values inour structure with established norms. (1) The mostimportant parameter is the distance between two connectedCa atoms, which should be 3.8 �. We find the meandistance between the 67 connected core Ca atoms to be 3.8� with a standard deviation of 0.03 �. (2) The next mostimportant parameter is the angle t between three connectedCa atoms. This angle can range between approximately80 � and 135 � . For our core atoms we find 62 t anglesdefined, which range between 88� and 122� with a mean of92�. (3) The third parameter, the pseudo-torsion angle abetween four connected Ca atoms, can acceptably rangefrom -180� to +180� and so does not form a meaningfulconstraint on a-carbon structure.DNo correlation between sequence andstructural diversityFigure 4 shows the relationship between sequencevariation, measured by our weighted entropy, and structuralvariation, measured by ellipsoid volume. As discussed inthe figure caption, there is no significant correlationbetween them for either all 115 aligned positions or for justthe core positions.IVDiscussionAComparison with other methods to find anunbiased averageCentral to our procedure is the finding of an unbiasedaverage of a ensemble of structures. This is essentially thesame as what is accomplished by the four previouslyproposed methods to perform an unbiased superposition ofmultiple structures (since after superposition all one needdo is average the coordinates) [9, 11, 18, 28]. Our methodto find an unbiased average relies solely on pairwisesuperpostions. Consequently, we believe it is simpler thanthe four methods previously proposed and easier toimplement. For the globins we have extensively comparedthe average structure produced by our procedure against that

5produced by Diamond�s procedure. We find that the RMSdeviation between them is less than 0.001 �/atom.Our overall procedure would be unaffected if the stepinvolving the calculation of an unbiased average were donewith any of the above four methods. For a large number ofstructures it may be advisable to use Diamond�s methodsince its calculations increase linearly with the number ofstructures while ours increase quadratically. However, thecalculations in our procedure are easily parallelizable in acoarse-grained fashion.BRelationship to methods that perform astructural alignmentOur procedure requires that there exist an initial structuralalignment between the structures in the ensemble. Ourprocedure then refines this initial alignment by throwingaway atoms that superpose badly. We have designed ourmethod to work on families of relatively similar structures,such as the globins or immunoglobulins. In these cases, itmay be possible to get an initial structural alignment byeye or by sequence alignment (e.g. the Kendrew sequencenumbering for the globins or the Kabat sequencenumbering for the immunoglobulins implies a structuralalignment). Obviously, the scope of our method wouldincrease if it could use alignments between dissimilarstructures generated by automatic structure alignmentprocedures, such as have been previously reported [14, 31,32]. At present there is no known method for doingmultiple structural alignment. Considering the analogywith some of the known methods for multiple sequencealignment [30], we believe our method for finding andrefining an unbiased average of many structures could be auseful part of an iterative multiple structural alignmentalgorithm.CPractical Use of Our Procedure in ModelBuildingThe average structures generated by our procedure exhibitacceptable stereo-chemistry. This is because we restrictourselves to only averaging the most similar parts of thestructures, and because we only average a-carbon positionsand thus need never worry about averaging over a peptideflip. Because of their acceptable stereo-chemistry thestructures produced by our procedure provide ideal, unbiasedpoints to build models from. Furthermore, the structuralvariances that our procedure assigns to each positionindicate the degree that the backbone structure in aparticular region must be maintained in model-building.DSequence-Structure ImplicationsWe find that the structure variation is not correlated withsequence variation. This lack of correlation is true whetherwe consider all 115 aligned positions, the 72 corepositions, or just the 31 core positions that are buried in allthe globin structures. This result has strong implicationsfor the modeling of proteins. Many modeling studiesassume that sequence conservation implies structuralconservation. While this is probably true on the level ofthe overall fold, it is not correct in the globins to assumethat the positions that are most conserved in sequence arethose most invariant in structure.The lack of correlation between sequence conservationand structure conservation may result from the way proteinstructure accommodates sequence changes. One point ofviews says the structural accommodation is local: amutation in one residue is accommodated by sidechaintorsion angle changes in this residue and complementarymutations in neighboring residues. The backbone staysfixed throughout. A contrasting perspective says that thestructural accommodation is more global: a mutation inone residue is accommodated by backbone shifts throughoutthe protein (see for example the T4 lysozyme work [3,10]). Our result provides clear evidence for this secondperspective.ESignificance of the identified globin coreThe most striking aspect of the core we identified in theglobins is that it does not include any atoms from the Fhelix (or any atoms from the end of H helix that contactsthe F helix). As shown in Figure 1, the heme group isbound between the E and F helices. Consequently, thepocket between these two helices is in a sense the activesite of the globins. The movement of the F helix relativeto the rest of globin core may be part of the mechanism bywhich the different globins modulate the environment ofthe heme and achieve different oxygen binding affinities.Our finding that the core does not include the F helix isconsistent with a number of recent NMR spectroscopyexperiments [7, 16]. These experiments have shown thatthe F and D helices are the most mobile parts ofmyoglobin in solution and the last to fold. Furthermore,the folding experiments [16] indicate that the A,B,G, and Hhelices form a stable association before the remainder of theprotein folds. This is consistent with our finding that oursecondary core found at iteration 84 does not include the Ehelix and only includes one residue from the C helix. Thus,our core finding procedure is able to identify the moststable parts of the globin fold.Our finding that the core does not include the F helix isalso consistent with the way globin helices have beenmapped onto ideal polyhedra. Muzin & Finkelstein [23]found that the helix packing geometry of most all-aproteins roughly follows the edges of ideal polyhedra. Theglobins, however, were an exception. They would fit idealpolyhedra only if the F helix is ignored.FRelationship between the Globin Core and theRepressor ProteinRecently, it has been pointed out that some parts of theglobin structure are similar to that of helix-turn-helix(HTH) proteins [31]. The HTH motif is one of the mostcommon folds for DNA binding [13]. For the bacteriophage434 repressor protein Subbiah et al. [31] pointed out thatthe two helices in the HTH motif align well with globin

helices B and E and that the other three helices in theprotein align well with globin helix A and parts of helicesG and H (Figure 1).The 73 positions in our globin core coincide closelywith the 52 positions where the repressor aligns well to theglobins. As shown in Figure 1, there is only one position(G17) where an aligned position in the repressor does notcorrespond to a position in the globin core. The structuralsimilarity of the globins to other proteins beside therepressor, such as the phycocyanins and colicin A, hasbeen pointed out [15]. These similarities, however, involvealmost all of the globin fold and not distinct subsets.Consequently, they are not suitable to compare to the core.VConclusionWe have presented a method for finding an averagestructural core. We have applied this method to the globinfamily and found that the division between core and non-core correlates very well with other information about theglobin structure, such as NMR data and the alignment withthe 434 repressor. We have also shown that for the globinsa core based purely on structural conservation is not thesame as one based on sequence conservation.AcknowledgmentsRBA is a Culpeper Medical Scholar. Computingenvironment provided by the CAMIS resource under NIHgrant LM-05305. MG is supported by a Damon-RunyonWalter-Winchell fellowship (DRG-1272). We thank MLevitt and S Subbiah for discussions.Availability of ResultsCoordinates of the 73 residue globin core as well as furtherdocumentation in hypertext form are accessible at thefollowing location (URL) :ftp://cb-iris.stanford.edu/pub/mbg/ISMB-94-60/ .References1.Altman, R. & Jardetzky, O. 1989. The HeuristicRefinement Method for the Determination of theSolution Structure of Proteins from NMR Data. Meth.Enzym. 177: 177-218.2.Arun, K. S.; Huang, T. S. & Blostein, S. D. 1987.Least-squares fitting of two 3-D point sets. IEEETransactions on Pattern Analysis and MachineIntelligence 9: 698-700.3.Baldwin, E. P.; Hajiseyedjavadi, O.; Baase, W. A. &Matthews, B. W. 1993. The Role of BackboneFlexibility in Accomodation of Variants that Repackthe Core of T4 Lysozyme. Science 262: 1715-1718.4.Bashford, D.; Chothia, C. & Lesk, A. M. 1987.Determinants of a Protein Fold: Unique Features of theGlobin Amino Acid Sequences. J. Mol. Biol. 196:199-216.5.Bernstein, F. C.; Koetzle, T. F.; Williams, G. J. B.;Meyer, E. F., Jr; Brice, M. D.; Rodgers, J. R.;Kennard, O.; Shimanouchi, T. & Tasumi, M. 1977.The protein data bank: a computer-based archival filefor macromolecular structures. J. Mol. Biol. 112:535-542.6.Bowie, J. U.; L�thy, R. & Eisenberg, D. 1991. AMethod to Identify Protein Sequences That Fold into aKnown Three-Dimensional Structure. Science 253:164-170.7.Cocco, M. J. & Lecomte, J. T. J. 1990.Characteriztion of Hydrophobic Cores inApomyoglobin: A proton NMR Spectroscopy Study.Biochemistry 29: 11067-11072.8.Desmet, J.; Maeyer, M. D.; Hazes, B. & Lasters, I.1992. The dead-end elimination theorem and its use inprotein side-chain positioning. Nature 356: 539-542.9.Diamond, R. D. 1992. On the multiple simultaneoussuperposition of molecular structures by rigid-bodytransformations. Protein Science 1: 1279-1287.10.Eriksson, A. E.; Baase, W. A.; Zhang, X. J.; Heinz,D. W.; Blaber, M.; Baldwin, E. P. & Matthews, B.W. 1992. Response of a protein structure to cavitycreating mutations and its relation to the hydrophobiceffect. Science 255: 178-183.11.Gerber, P. R. & M�ller, K. 1987. SuperimposingSeveral Sets of Atomic Coordinates. Acta Cryst.A43: 426-428.12.Gerstein, M.; Sonnhammer, E. & Chothia, C. 1994.Volume Changes on Protein Evolution. J. Mol. Biol.236: 1067-1078.13.Harrison, S. C. 1991. A structural taxonomy of DNA-binding domains. Nature 353: 715-720.14.Holm, L. & Sander, C. 1993. Protein StructureComparison by Alignment of Distance Matrices. J.Mol. Biol. 233: 123-128.15.Holm, L. & Sander, C. 1993. Structural alignment ofglobins, phycocyanins and colicin A. FEBS Lett.315: 301-306.16.Jennings, P. A. & Wright, P. E. 1993. Formation ofa Molten Globule Intermediate Early in the KineticFolding Pathway of Apomyoglobin. Science 262:892-896.

717.Jones, T. A. & Thirup, S. 1986. Using knownsubstructures in protein model building andcrystallography. EMBO J. 5: 819-822.18.Kearsley, S. K. 1990. An Algorithm for theSimultaneous Superposition of a Structural Series. J.Comp. Chem. 11: 1187-1192.19.Lee, C. & Levitt, M. 1991. Accurate prediction of thestability and activity effects of site-directedmutagenesis on a protein core. Nature 352: 449-451.20.Lesk, A. M. & Chothia, C. H. 1980. How DifferentAmino Acid Sequences Determine Similar ProteinStructures: The Structure and Evolutionary Dynamicsof the Globins. J. Mol. Biol. 136: 225-270.21.Levitt, M. 1976. A simplified representation ofprotein conformations for rapid simulation of proteinfolding. J. Mol. Biol. 104: 59-107.22.Levitt, M. 1992. Accurate Modeling of ProteinConformation by Automatic Segment Matching. J.Mol. Biol. 226: 507-533.23.Murzin, A. G. & Finkelstein, A. V. 1988. GeneralArchitecture of the a-Helical Globule. J. Mol. Biol.204: 749-769.24.Ponder, J. W. & Richards, F. M. 1987. Tertiarytemplates for proteins: use of packing criteria in theenumeration of allowed sequences for differentstructural classes. J. Mol. Biol. 193: 775-791.25.Press, W. H.; Flannery, B. P.; Teukolsky, S. A. &Vetterling, W. T. 1992. Numerical Recipes in C.Cambridge: Cambridge University Press.26.Schneider, T. D. & Stephens, R. M. 1991. Sequencelogos: a new way to display consensus sequences.Nucl. Acids Res. 18: 6097-6100.27.Schneider, T. D.; Stormo, G. D.; Gold, L. &Ehrenfeucht, A. 1986. Information Content of BindingSites on Nucleotide Sequences. J. Mol. Biol. 188:415-431.28.Shapiro, A. & Botha, J. D. 1992. A Method forMultiple Superposition of Structures. Acta Cryst.A48: 11-14.29.Shenkin, P. S.; Erman, B. & Mastrandrea, L. D.1991. Information-Theoretical Entropy as a Measure ofSequence Variability. Proteins: Struc. Func. Genet.11: 297-313.30.Subbiah, S. & Harrison, S. C. 1989. A Method forMultiple Sequence Alignment With Gaps. J. Mol.Biol. 209: 539-548.31.Subbiah, S.; Laurents, D. V. & Levitt, M. 1993.Structural similarity of DNA-binding domains ofbacteriophage repressors and the globin core. Curr.Biol. 3: 141-148.32.Taylor, W. R. & Orengo, C. A. 1989. ProteinStructure Alignment. J. Mol. Biol. 208: 1-22.33.Vingron, M. & Sibbald, P. R. 1993. Weighting insequence space: A comparison of methods in terms ofgeneralized sequences. Proc. Natl. Acad. Sci. USA 90:8777-8781.

1MBD2� StructureAlignedThrow OutCoreRepressor1MBDDVAGHGQDILIRLFKSHPETLEKFDRFKHL2� StructureB1 B16C1 C7CD1CD2 CD4 AlignedThrow Out10611411311211010810711511110984828380697977688654725CoreRepressor

1MBDKTEAEMKASEDLKKHGVTVLTALGAILKK2� StructureD1 D7E1 E20EF1Aligned

Throw Out1210552414585756608159516650485247111226CoreRepressor

1MBDKGHHEAELKPLAQSHATKHK2� Structure F1 F9FG1FG2FGP

Aligned

Throw Out201782713302928413836354222653CoreRepressor1MBDIPIKYLEFISEAIIHVLHSRHPGDF2� StructureFG4G1 G19 Aligned

Throw Out76754472898771888570636564464561621694 CoreRepressor1MBDGADAQGAMNKALELFRKDIAAKYKE2� StructureH1 H24

Throw Out 969910094959793747873343740332132311819 CoreRepressor

VLSEGEWQLVLHVWAKVEA A1 A16 2315395310410310210510198929190674943