Volume Changes in Protein EvolutionAppendix:A method to weight protein sequences to correct for unequal representationMark Gerstein 1,*, Erik L L Sonnhammer 1, & Cyrus Chothia 1,21 MRC Laboratory of Molecular Biology and2 Cambridge Centre for Protein EngineeringHills Road, Cambridge CB2 2QH, UKRevised manuscript (CAM 349/93) sent to J. Mol. Biol. on 14 October 1993.*Present Address: Beckman Laboratories for Structural Biology, Department of CellBiology, Stanford Medical School, Stanford, CA 94305-8464 USAKeywords:Residue Volumes, Random Sequences, Globins, DihydrofolateReductase, Plastocyanin-Azurin Family, Tree WeightingRunning Title:Volume Changes in Protein Evolution

1AbstractWe have determined the variations in volume that occur during evolution in theburied core of 3 different families of proteins. The variation of the whole core is very small(~2.5 %) compared to the variation at individual sites (~13 %). However, by comparing ourresults to those expected from random sequence changes with no correlations between sites,we show that the small variation observed may simply be a manifestation of the statistical�law of large numbers� and not reflect any compensating changes in, or global constraintsupon, protein sequences.We have also analyzed in detail the volume variations at individual sites, both in thecore and on the surface, and compared these variations with those expected from randomsequences. Individual sites on the surface have nearly the same variation as randomsequences (24 % vs. 28% variation). However, individual sites in the core have on averageabout half the variation of random sequences (13% vs. 30%). Roughly, half of these coresites strongly conserve their volume (0-10 % variation); one quarter have moderatevariation (10-20%); and the remaining quarter vary randomly (20-40%).Our results have clear implications for the relationship between protein sequence andstructure. For our analysis, we have developed a new and simple method for weightingprotein sequences to correct for unequal representation, which we describe in an appendix.

21. IntroductionThe determination of the atomic structures of myoglobin and haemoglobin showedthat very different protein sequences could produce similar three-dimensional structures.This phenomenon was explained by the hypothesis that mutations in the interior arecomplementary. That is, the atoms added to, or lost from, the protein core because of onemutation are compensated by a subsequent mutation in the opposite direction (Kendrew &Watson, 1966). In 1970 Lim & Ptitsyn carried out a calculation on the small number ofglobin sequences available at the time (52) and showed that the volume of the 31 coreresidues was essentially constant. At the time this result was taken to support thecomplementary mutation hypothesis.Later, Lesk & Chothia (1980) analyzed the three-dimensional structures of ninedifferent globins, which had substantial differences in sequence. (The minimum sequenceidentity between pairs was 16 %.) In the different globins the mean size of residues athomologous helix-helix interfaces varied in size by up to 50 %. This variation implied thatthe mutations between sequences were not locally complementary at a given interface. Theproteins adapted to these changes by relative shifts in the position and orientation of thehelices (up to 7 � and 20�) in a manner that conserved the structure of the haem pocket.The analysis of other families of proteins demonstrated that in general proteins adaptto mutations by structural changes (Chothia & Lesk, 1987), and the same view has emergedfrom protein engineering studies (Eriksson et al., 1992). However, it was not apparent howthis view of protein evolution could be reconciled with the apparent �constancy� of thetotal volume of protein interiors found by Lim & Ptitsyn.Ptitsyn & Volkenstein (1986) addressed this problem: by determining the volumevariations at individual buried sites and for total core in the nine globin structures, theyfound that the core volumes of artificially generated random sequences were very close tothose of observed ones. Thus, they showed that the apparent �constancy� in core volumeover evolution may result from general statistical properties of sums of random numbers.Here we greatly extend Ptitsyn & Volkenstein�s work: we have determined thevolume variations at the individual buried sites and for whole buried core in 568 globinsequences. We have also carried out the same calculations on two other protein families,the dihydrofolate reductases and the plastocyanin-azurin family. The three protein familieshave very different core sizes and structures: the plastocyanin-azurins (also known as thecupredoxins, see Adman, 1991) are all-b proteins with small cores (~4000 �3); the globins

3are all-a proteins with medium-sized cores (~6000 �3); and the dihydrofolate reductasesare a/b proteins with large cores (~8000 �3).Our calculations show that the particular results obtained by Ptitsyn & Volkenstein ona small number of globin structures are generally true for protein families with widelydivergent sequences. Namely, we show that while individual sites in the protein core varyappreciably in volume (some by up to 40 % and on average by ~13 %), the volume of thewhole core is nearly constant (varying ~2.5 %). Moreover, we show that uncorrelatedmutations at the individual core sites can reproduce the observed variation in core volume,so it is not necessary for mutations to be locally compensating to produce the smallobserved variation in core volume.We do two further sets of calculations: we determine the volume variations at surfacesites and those that would be produced by random changes in sequence. Comparison of thedifferent calculations shows the variation at individual sites on the surface is nearly what isexpected for random sequences. At individual buried sites, however, the average variationis less than half of what is expected for random sequences. This disparity is due to the localsize constraints imposed by the protein structure on particular buried sites. Theseconstraints vary greatly: some sites are absolutely conserved, whilst others essentially varylike random sequences.2. Methods(a) Protein Sequences and their alignment *Protein sequences were taken from SwissProt-24 (Bairoch & Boeckmann, 1992) andPIR-36 (Barker et al., 1992), and protein structures were taken from the Protein Data Bank(Bernstein et al., 1977). In total we collected 24 plastocyanin-azurin sequences, 568 globinsequences, and 40 dihydrofolate reductase sequences.The sequences for the three families were aligned based on �key� sequences ofknown structure. Bashford et al. (1987) described the application of this alignmentprocedure to 226 globin sequences. The �key� sequences corresponding to 8 known globinstructures were first aligned based on structural superimposition, and then the rest of the* The sequence alignments and computer programs used for this work will be made available electronicallyby email to mbg@cb-iris.stanford.edu or by anonymous ftp to cb-iris.stanford.edu or cele.mrc-lmb.cam.ac.uk(directory /pub/ProtEvol).

4sequences were aligned to the keys. As shown in Table 1, for our work the globinalignment in Bashford et al. was expanded to include more sequences. New alignmentswere constructed for the dihydrofolate-reductase and plastocyanin-azurin families based onthe key sequences corresponding to known structures.T a b l e 1 n e a r h e r e T a b l e 2 n e a r h e r e The buried and surface sites in the three families are listed in Table 2. With one ortwo exceptions discussed in the table caption, core residues were defined as those thatoccupied sites whose mean accessible surface area (Lee & Richards, 1971) in the �key�structures was less than 15 �2. Various other accessibility cutoffs were tried but not foundto make appreciable difference to the results. Surface sites were defined as those with morethan 50 �2 of accessible surface.For the structures, volumes were calculated according to the Richards�implementation of the Voronoi method (Richards, 1974). For the sequences, standardvolumes for each residue type were taken from Harpaz et al. (1993) and are reproduced inTable 3.T a b l e 3 n e a r h e r e (b) A weighting scheme for the comparison of sequence features. *T a b l e 4 n e a r h e r e As described in Table 4, for a given site, we averaged the standard residue volumesover all sequences in each alignment to get a mean volume for that site and variation aboutthis mean. Throughout the text, we express this variation as a percentage standard deviation(percent S.D.�). Likewise, for each sequence we summed up the standard residue volumesof the buried sites to get a core volume, and then we averaged these core volumes over allthe sequences to determine a mean core volume and variations about this mean.To compensate for the unequal representation of the sequences in our alignment, weused a weighting scheme that gave low weights to closely related sequences, such as thehaemoglobin a-chains in the globin alignment. This weighting scheme is described in theappendix. It gave us greater confidence in the quantitative accuracy of our conclusions.� Abbreviations Used: S.D., standard deviation; DHFR, dihydrofolate reductases; Plas.-Az., Plastocyanin-Azurin family.

5However, it did not change our conclusions or results significantly as compared to thosereached from doing unweighted averages.3. The Observed Volume Variation(a) Variation at individual sitesThe variation in the volume at individual sites in the protein core is shown in Figure1(a). The volume variation is similar in all three families. The average variation is 15 % forthe globins, 13 % for the dihydrofolate reductases, 11 % for the plastocyanin-azurin family,and 13 % for all three families combined. In all three families, roughly, half of the buried sites vary less than 10 % in volume;one quarter, between 10 and 20%; and the remaining quarter, between 20 and 40%. (Asdiscussed below, this last quarter has a volume variation similar to that expected forrandom sequences.)F i g u r e 1 n e a r h e r e Surface sites vary more in volume than core sites: 24 % on average for the globins.Figure 1(b) compares the range of volume variation at surface sites in the globins with thatfor core sites. None of the surface sites varies less than 10 %.Instead of looking at the volume variation at individual sites, it is possible to look atthe variation in sets of structurally neighboring sites, such as one helix-helix interface.Table 5 shows that this variation is smaller than that of individual sites (but larger than thatof the whole core; see below).T a b l e 5 n e a r h e r e (b) Volume variation of the whole coreT a b l e 6 n e a r h e r e F i g u r e 2 n e a r h e r e The variation in the total volumes of the buried cores in the three protein families isgiven in Table 6. The average variation over the whole range of structures is less than2.6˚%. Figure 2 shows that this apparent �constancy� in core volume covers the wholerange of sequence identities.Table 6 also shows that while the three protein families have different numbers ofresidues in the core, the average size of a residue in the core for each of these three familiesis essentially the same: ~150 �3 or 7 to 8 non-hydrogen atoms (i.e., between Val and Leuin size).

6The �constancy� of core volume discussed in the preceding paragraphs is derivedfrom applying the standard residue volumes to protein sequences. We also carried out thecalculation in the reverse direction and directly determined the core volume for 8 globinstructures (Table 7). Corroborating our sequence calculations, the structure calculationshave similar volume variations.T a b l e 7 n e a r h e r e 4. Volume Variations Produced by Random SequencesIn the preceding section we found that for each of the three families the large volumevariations at individual core sites (11 to 14%, on average) tend to cancel to give a smallvariation for the total core volume (1.5 to 2.6%). To put our results in context, wecalculated the volume variations that would be produced by random sequence changes thathave no correlations between sites.For these calculations, we supposed that all the sites in the core were filled withresidues picked at random from identical distributions of amino acids. In this case, all thesites are uncorrelated and equivalent, so the variation in the volume of the whole core(measured as a percent S.D.) is just 1�‘‘R of the variation at a single site, where R is thenumber of residue sites. Clearly, the crucial parameter is the variation at a single site,which, in turn, depends on the residue frequencies used in the generation of randomsequences. As shown in Table 8, we tried three different types of frequency distributions:T a b l e 8 n e a r h e r e F i g u r e 3 n e a r h e r e (i)A uniform distribution, where all residues have equal frequency.This is the simplest scheme and introduces no a priori constraints. The volumes of randomglobin sequences constructed according to this distribution are shown in Figure 3.However, it is somewhat unrealistic because it does not exclude charged residues from thecore.(ii) General distributions that take into account the chemical character of buried residues.The simplest such distribution is another uniform distribution, which just excludes theresidues that are rarely buried: charged residues and Gln and Asn. A more accuratedistribution is shown in Table 3. It is derived from the frequencies of buried residues in 119protein crystal structures. The major problem with these general buried residue

7distributions is that the residue frequencies found in particular proteins may be influencedby their secondary structures and topologies.(iii)Distributions based on the specific buried residues in each of the 3 protein families.These were made by compiling frequency tables similar to the shown in Table 3 for theburied residues in each protein family. These one-family distributions obviously do notsuffer from the same problems as the other two types of distributions. However, theyintroduce a significant amount of a priori bias into the generation of any random sequence.Despite the differences between these frequency distributions, as shown in Table 8,they essentially give the same result: the calculated variations in site size (24-31 %) areroughly double the average observed variations in site size (11-14 %). The single-sitevariations imply that for random sequences the expected variation in core volume is 4.0 to6.3 %, which is roughly double the observed variation (1.5 - 2.6 %).Although the simple random distributions discussed above do not reproduce theobserved variation for the core sites, they do describe the behavior at the surface sites fairlywell. As shown in Table 8(b), the observed volume variation for individual sites on thesurface of the globins (24 % on average) is close to that calculated from filling these siteswith randomly chosen, non-hydrophobic residues (28 %).5. The Relationship Between the Observed Single-site Variationsand the Observed Core VariationIn the preceding section we assumed that all sites varied independently and randomly,according to the same hypothetical frequency distribution. Here we take the observedvariation at the individual sites and calculate the expected variation for the whole core.That is, we again assume that the sites vary independently and randomly, but this time eachsite varies according to a frequency distribution that is derived solely from the amino acidsoccurring at that site in the sequence alignment. The variations in the volume of individualsites would in this case obviously be the same as the observed values shown in Figure 1(a).T a b l e 9 n e a r h e r e Table 9 shows the result of our new set of assumptions: the calculated variation incore volume is similar to that observed. For the globins and the dihydrofolate reductases,the calculated and observed values were very close: 2.4% vs. 2.6% for the globins and2.0% vs. 2.2% for the dihydrofolate reductases. For the plastocyanin-azurin family thecalculated and observed values (2.5 vs. 1.5%) are not as close. This discrepancy may reflectthe bimodal nature of the family: the different plastocyanin sequences have considerable

8similarity (i.e., sequence identity) to each other, as have the azurin sequences, but betweenthe two groups the similarity are low.Thus, provided the residues are picked according to the correct distribution, filling thesites randomly gives nearly the same variation in core volume as that observed overevolution. It is not necessary to invoke compensating changes and correlations betweensites to explain the apparent �constancy� in total core volumes. It is simply a statisticaleffect of the �law of large numbers,� i.e., in averaging random numbers, the averagevariation decreases as the sample size increases.Since the average size of a buried residue in all three protein families (Table 6) is thesame, our conclusion that the observed variation in core volume can be reproduced byrandom variations implies that the overall volume of the core is not strongly dependent onthe particular sequence of the residues at the buried sites. The size of core mainly dependson the number of residues that point inward from solvent.6. ConclusionWe have quantitatively determined the volume variations that occur in the buriedcores of three protein families. Although the families have quite different structures andfunctions, the three families give very similar results. This suggests our results representgenerally what occurs in protein families where sequence has diverged but function hasbeen retained.The variation in the total volume of the buried core is very small (1.5 to 2.6 %)compared the variation at individual sites (11-14% on average). However, we come to aconclusion similar to that of Ptitsyn & Volkenstein (1986) that this apparent �constancy� ofcore volume does not necessarily reflect any compensating changes in, or global constraintsupon, protein sequences that have evolved from a common ancestor. Rather, it is consistentwith appropriately chosen random sequence changes and as such is simply a manifestationof the statistical �law of large numbers.� We compared the volume variations observed at individual sites with those producedby the random sequences generated according to standard frequency distributions. Theobserved variation at individual surface sites is similar to that produced by randomsequences. In contrast, the observed variation at individual core sites (~13 % on average) isroughly half that found for the random sequences (~27 %).

9The smaller variation found for core sites arises from their being subject to stericconstraint in differing degrees (Figure 1(b)). About half the core sites conserve theirvolumes (<10% variation); about a quarter have moderate volume variation (10-20%); andthe remaining quarter vary as much as random sequences (20-40 %).Proteins in the same family have a common core whose structure is shared by allfamily members and peripheral regions whose structures vary between different members.For the three families discussed here, roughly one third of the residues in the �commoncore� are buried (Chothia & Lesk, 1986). Thus, as we found (above) that half of the buriedresidues have strong volume constraints, approximately one sixth of the residues in thecommon core are greatly constrained in volume.Our results have implications that highlight both the random and the invariantfeatures of protein sequences:(a) Random Features of Protein SequencesOn one hand, our conclusions imply that because of general statistical considerations,a given core volume depends mainly on the number of, and not on the type of, residues inthe core. Thus, allowing for the specific size constraints on a few individual sites, residuesdrawn from a wide range of sequences would be acceptable for a particular core structure.These implications support the view that protein sequences are random heteropolymers,which are �edited� only slightly by evolution (Ptitsyn & Volkenstein, 1986), and that thestructural features of known protein folds can accommodate a wide range of sequences(Finkelstein & Ptitsyn, 1987; Murzin & Finkelstein, 1988; Finkelstein et al., 1993).(b) Sequence Determinants of Protein Folds On the other hand, our conclusions do not imply that there are no volume constraintsupon protein sequences in the core. We have found that some individual core sites arenearly invariant in volume and others have only small volume variations.Furthermore, we have presented a procedure that gives a precise, quantitativedescription of this volume conservation at each site in families of sequences. The aspects ofsequences that determine structure (and function) should appear as conserved features infamilies of related sequences. Our procedure can easily be adapted to quantify otherconserved features, such as hydrophobicity and charge. Thus, it will allow one to derive adetailed picture of the conserved features in families of sequences. Examination of these

10features, and of their structural and functional role, should greatly extend our understandingof the relation between sequence and three-dimensional structure.AcknowledgmentsWe thank R Durbin and G Mitchison for many helpful suggestions, particularly on statisticsand the weighting scheme. We thank A Lesk, Y Harpaz, S Brenner, S Barrie, and JBaldwin for reading the manuscript. M G acknowledges support from a Herchel-SmithFellowship.

11ReferencesAdman, E. T. (1992). Structure and function of copper containing proteins. Curr. Opin.Struc. Biol. 1, 895-904.Altschul, S. F., Carroll R. J. & Lipman, D. J. (1989). Weights for data related by a tree. J.Mol. Biol. 207, 647-653.Arents, G. A. & Love, W. E. (1989). Glycera dibranchiata hemoglobin. Structure andrefinement at 1.5 � Resolution. J. Mol. Biol. 210, 149-161.Arutyunyan, E. G., Kuranova, I. P., Vainshtein B. K. & Steigemann, W. (1980). X-raystructural investigation of leghemoglobin. VI. Structure of acetate-ferrileghemoglobin at aresolution of 2.0 �. Kristallografiya (USSR) 25, 80.Bairoch, A. & Boeckmann, B. (1992). The Swiss-Prot protein-sequence data-bank. Nucl.Acids Res. 20, 2019-2022.Baker, E. N. (1988). Structure of azurin from alcaligenes denitrificans. Refinement at 1.8A and comparison of the two crystallographically independant molecules. J. Mol. Biol. 203,1071- 1095.Barker, W. C., George, D. G., Mewes H. W. & Tsugita, A. (1992). The PIR-internationalprotein sequence database. Nucl. Acids Res 20, 2023-2026.Bashford, D., Chothia C., & Lesk, A. M. (1987). Determinants of a protein fold: uniquefeatures of the globin amino acid sequences. J. Mol. Biol. 196, 199-216.Bernstein, F. C., Koetzle, T. F., Williams, G. J. B., Meyer Jr, E. F., Brice, M. D., Rodgers,J. R., Kennard, O. , Shimanouchi T., & Tasumi, M. (1977). The protein data bank: acomputer-based archival file for macromolecular structures. J. Mol. Biol. 112, 535-542.Bolin, J. T., D. J. Filman, D. A. Matthews, R. C. Hamlin & Kraut, J. (1982). Crystalstructures of Escherichia coli and Lactobacillus casei dihydrofolate reductase refined at1.7 � resolution. I. General features and binding of methotrexate. J. Biol. Chem. 257,13650-13662.Bolognesi, M., Onesti, S., Gatti, G., Coda, A., Ascenzi P. & Brunori, M. (1989). Aplysialimacina myoglobin. Crystallographic analysis at 1.6 � resolution. J. Mol. Biol. 205, 529-544.

12Chothia, C. & Lesk, A. M. (1986). The relation between the divergence of sequence andstructure in proteins. EMBO J. 5, 823-826.Chothia, C. & Lesk, A. M. (1987). The evolution of protein structures. Cold Spring HarborSymp. Quant. Biol. LII, 399-405.Davies, J. F., Delcamp, T. J., Prendergast, N. J., Ashford, A., Freisheim, H. & Kraut, J.(1993a). Crystal structures of recombinant human dihydrofolate reductase complexed withfolate and 5-deazofolate. Unpublished data bank entry.Davies, J. F., Matthews, D. A., Oatley, S. J., Kaufman, B. T., Xuong, N. H. & Kraut, J.(1993b). Refined crystal structures of chicken liver dihydrofolate reductase. 3 � apo-enzyme and 1.7 � NADPH holo-enzyme complex. Unpublished data bank entry.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 cavity creating mutations andits relation to the hydrophobic effect. Science 255, 178-183.Felsenstein, J. (1985). Phylogenies and the comparative method. Am. Nat. 125: 1-15.Fermi, G. & Perutz, M. F. (1981). Haemoglobin and Myoglobin. Oxford: Claredon Press.Fermi, G., Perutz, M. F., Shaanan, B. & Fourme, R. (1984). The crystal structure of humandeoxyhaemoglobin at1.74 � resolution. J. Mol. Biol. 175, 159-174.Finkelstein, A. V., Gutun, A. M. & Badretdinov, A. Y. (1993). Why are the same proteinfolds used to perform different functions? FEBS Lett. 325, 23-28.Finkelstein, A. V. & Ptitsyn, O. B. (1987). Why do globular proteins fit the limited set offolding patterns?Prog. Biophys. Mol. Biol. 50, 171-190.Fitch, W. M. & Margoliash, E. (1967). Construction of phylogenetic trees. Science 155,279-284.Guss, J. M. & Freeman, H. C. (1983). Structure of oxidized poplar plastocyanin at 1.6 �resolution. J. Mol. Biol. 169, 521-562.Harpaz, Y., Gerstein, M., & Chothia, C. (1993). Volume changes on protein folding.Submitted.Higgins, D. G. & Sharp, P. M. (1988). CLUSTAL: A package for performing multiplesequence alignment on a microcomputer. Gene 73, 237-244.

13Honzatko, R. B., Hendrickson, W. A. & Love, W.E. (1985). Refinement of a molecularmodel for lamprey hemoglobin from Petromyzon marinus. J. Mol. Biol. 184, 147-164.Janin, J. (1979). Surface and inside volumes in globular proteins. Nature 277, 491-492.Kendrew, J. C. & Watson, H. C. (1966). �Stabilizing interactions in globular proteins� inPrinciples of Biomolecular Organization. (ed. G. E. W. Wolstenholme & M. O’ Connor)London: J & A Churchill.Lee, B. & Richards, F. M. (1971). The interpretation of protein structures: estimation ofstatic accessibility. J. Mol. Biol. 55, 379-400.Lesk, A. M. & Chothia, C. (1980). How different amino acid sequences determine similarprotein structures: the structure and evolutionary dynamics of the globins. J. Mol. Biol. 136,225-270.Lim, V. I. & Ptitsyn, O. B. (1970). On the constancy of the hydrophobic nucleus volume inmolecules of myoglobins and hemoglobins. Mol. Biol. (USSR) 4, 372-382.Lim, W. A. & Sauer, R.T. (1989). Alternative packing arrangements in the hydrophobiccore of lambda-repressor. Nature 339, 31-36.Morris, A. L., Macarthur, M. W. Hutchinson, E. G. & Thornton, J. M. (1992).Stereochemical quality of protein-structure coordinates. Proteins Struc. Func. Genet. 12,345-364.Murzin, A. G. & Finkelstein, A. V. (1988). General architecture of the a-helical globule. J.Mol. Biol. 204, 749-769.Nei, M. (1987). Molecular Evolutionary Genetics. New York: Columbia University Press.Phillips, S. E. V. & Schoenborn, B. P. (1981). Neutron diffraction reveals oxygen-histidinehydrogen bond in oxymyoglobin. Nature 292, 81-82.Ptitsyn, O. B. & Volkenstein, M. V. (1986). Protein structures and the neutral theory ofevolution. J. Biomol. Struct. Dyn. 4, 137-156.Richards, F. M. (1974). The interpretation of protein structures: total volume, groupvolume distributions and packing density. J. Mol. Biol. 82, 1-14.Sibbald, P. R. & Argos, P. (1990). Weighting aligned protein or nucleic acid sequences tocorrect for unequal representation. J. Mol. Biol. 216, 813-818.

14Sneath, P. H. A. & R. R. Sokal (1973). Numerical Taxonomy. San Francisco: W HFreeman.Steigemann, W. & Weber, E. (1981). Structure of erythrocruorin in different ligand statesrefined at 1.4 � resolution. J. Mol. Biol. 127, 309-388.Vingron, M. & Argos, P. (1989). A fast and sensitive multiple sequence alignmentalgorithm. CABIOS 5, 115-121.

15Table 1 :Key Sequences and Their Associated StructuresPDBidentifierKey Sequence(SwissProt orPIR identifier)Structure ReferenceSeq.Ident.(1)Wt.(2)Globins2hhbHAHUHuman Hemoglobin a-chainFermi et al. (1984)1000.102hhbHBHUHuman Hemoglobin b-chainFermi et al. (1984)450.162lhbGGLMSSea Lampry HemoglobinHonzatko et al. (1985)370.811mbdMYWHPSperm Whale MyoglobinPhilips & Schoenborn (1981)280.402hbgGGNW1BBloodworm HemoglobinArents & Love (1989)244.351mbaGGGAASea Hare MyoglobinBolognesi et al. (1989)182.081ecdGGICE3Chironomous HemoglobinSteigemann & Weber (1981)181.102lh4GPYL2LeghemoglobinArutyunyan et al. (1980)181.05Plastocyanin-azurin family (Plas.-Az.)1pcyCUPXPlastocyaninGuss & Freeman (1983)1001.032azaAZALCOAzurinBaker (1988)221.01Dihydrofolate reductases (DHFR)1dh1DYR_HUMANHuman DHFRDavies et al. (1993a)1000.618dfrDYR_CHICKChicken DHFRDavies et al. (1993b)790.814dfrDYRA_ECOLIE.Coli DHFRBolin et al. (1982)351.083dfrDYR_LACCAL.Casei DHFRBolin et al. (1982)221.33(1)Percentage sequence identity to first key sequence in family (e.g. HAHU)(2)The weight w(s) assigned to this particular sequence in the context of all thesequences in the family. The average weight of each sequence is 1.0 .

16Table 2 :Residue Sites Constituting the Core and the Surfaceglobin core:A8 A11 A12 A15 B6 B9 B10 B13 B14 C4 CD1 CD4 E4 E7 E8 E11 E12 E15 E18 E19 F1F4 F8 FG4 G5 G8 G11 G12 G13 G15 G16 H7 H8 H11 H12 H15 H19globin surface:A6 A10 A13 A14 B12 C6 CD2 E2 E3 E5 E9 E13 E17 E20 F2 F3 F6 FG1 G1 G6 G10 G17H5 H10 H13 H9dihydrofolate reductase core:5-11, 15-17, 24, 27, 30, 33, 34, 38, 49-53, 56-57, 60, 67, 70, 83, 86, 90, 93, 96, 100, 112-117, 120, 121, 124, 133-136, 138, 148, 156, 177,179, 181, 182.plastocyanin-azurin core:1, 3, 5, 14, 19, 21, 27, 29, 31, 33, 37-41, 72, 74, 80, 82, 86, 86, 92, 94, 96.Listing of the residues forming the core in each of the three families studied and formingthe surface in the globins. In the structures used for the alignment, i.e., those correspondingto the key sequences, residues in the core had, on average, less than 15 �2 of accessiblesurface. In addition, we included sites that had higher mean accessible surface areas,between 15 �2 and 20 �2, and whose side chains pointed into the protein interior. Surfaceresidues had at least 50 �2 of accessible surface. For the globins, this definition closelyparalleled that in Bashford et al. (1987).For the globins residues are numbered according to the canonical numbering schemeintroduced by Kendrew (Fermi & Perutz, 1981) and described in Bashford et al. (1987); forthe dihydrofolate reductases, residue numbering refers to the human sequence(DYR_HUMAN); and for the plastocyanin-azurin family, numbering refers to the poplarplastocyanin sequence (CUPX).

17Table 3 :Standard Residue Volumes and FrequenciesResidueTypeOur Freq.ftr (1)Janin (1979)Freq. (2)Standard VolumeVt (3)GLY11.1 %11.8 % 64ALA13.4 %11.2 % 90VAL13.4 %12.9 %139LEU12.6 %11.7 %164ILE 8.8 %8.6 %164PRO 2.6 %2.7 %124MET 2.5 %1.9 %167PHE 6.2 %5.1 %193TYR 3.1 %2.6 %197TRP 1.9 %2.2 %231SER 5.8 %8.0 % 95THR 5.5 %4.9 %121ASN 1.5 %2.9 %126CYS 4.0 %1.6 %113HIS 1.6 %4.1 %159GLU 1.4 %2.0 %142ASP 3.0 %1.8 %118ARG 0.9 %2.9 %195LYS 0.7 %0.5 %170(a)Frequency of 20 residue types in buried residues in proteins. The frequencies weredefined by counting the number of buried residues in a data base of 119 protein crystalstructures. Structures in the database all were solved to very high resolution (between 1.0and 1.9 �), had R-factors below 20 %, and had good stereochemistry as defined by Morriset al. (1992). Buried residues were defined as those with less than 15 �2 accessible surfacearea. This column of numbers was used for frequency distribution (ii) in Table 8(a) .(b)Our residue frequencies shown in the first column are very similar to those in Janin(1979), an earlier determination of the frequencies of buried residues, which was based onthe fewer high resolution structures known at the time.(c)Standard Voronoi volumes for each residue type, taken from Harpaz et al. (1993).

18Table 4 :Definitions and Averaging SchemeNumber of residue sites :RNumber of sequences in a family :NWeight applied to sequence s to compensate for over-representation :w(s) ,where �w(s) = N .Standard residue volume of residue at site r in sequence s :VrsFrequency of residue type t at site r :ftr ,where �tftr = 1 .Standard residue volume of residue type t :VtFor the volume of anindividual site r, mean Vrand variance s2r ,observed over allsequences in a family :Vr = 1N �s=1N˚˚w(s)˚Vrss2r = 1N-1 �s=1N˚˚w(s)˚(Vrs˚-˚Vr)2calculated according toresidue frequencies :Vr = �t=120˚˚ftr˚Vts2r = 2019 �t=120˚ftr˚(Vt˚-˚Vr)2S.D. (%) of volume of individual site r :srVrMean S.D. (%) of volume of all individual sites :Æ srVr æ=1R�r=1R˚srVrCore volume of sequence s :Vs=�r=1R˚˚VrsFor the volume whole core,mean V and variance s2,observed over all sequencesin a family :V = 1N �s=1N˚˚w(s)˚Vss2 = 1N-1�s=1N˚w(s)˚(Vs˚-˚V)2S.D. (%) of core volume :sVUnless explicitly stated otherwise, the definitions in this table apply to all formula andmathematical expressions used throughout the text, tables, and figures.

19Table 5 :Volume Variation of InterfacesHelixNumber ofresiduesVolumeVariation(% S.D)A46.5B59.0E88.1F34.5G74.8H65.4The variation in volume of the core sites in the 6 main globin helices. The variation involume is smaller than that of individual sites but larger one than that of the whole core.Table 6 :Observed Volume Variation of the Whole CoreGlobinsPlas.-Az.DHFRNumber of Buried Residue Sites R372456Number of Sequences N5684024Average Core Volume V560736168201S.D. in Core Volume sV2.6 %1.5 %2.2 %Average Core Volume Per Residue152151146The total volume of the whole core varies less than 2.6 % in each of the three familiesstudied. Moreover, the average core residue in each of these three families is roughlysimilar in volume. It contains contains 7-8 atoms and is roughly between Val and Leu insize.

20Table 7 : Comparison of Sequence and StructureCalculations for the GlobinsSequenceidentifier (1)SequenceVolume Vs(�3) (2)Structureidentifier (1)StructureVolume Vx(�3) (3)Difference (4)from meanfor sequences

(Vs - V) / VDifference (4)from mean forstructures

(Vx - Vx) / Vx

HAHU54022hhb5941-2.9 %-1.4 %HBHU55442hhb6001-0.4 %-0.4 %GGLMS55182lhb5959-0.9 %-1.1 %MYWHP56601mbd61171.7 %1.5 %GGNW1B56002hbg61690.6 %2.4 %GGGAA59901mba64197.6 %6.6 %GGICE358781ecd64445.6 %7.0 %GPYL256082lh461450.8 %2.0 %(1)Sequences and structures correspond to the key sequences used in the globinalignment (Table 1).(2)Volume (Å3) of the core of a particular globin sequence. For each of the 37 buriedsites (table 2), the standard residue volumes (table 3) were used to calculate a volume.(3)Volume (Å3) of the core of a particular globin X-ray crystal structure ( Vx ). For eachof the 37 residues that formed the core, the atoms in the core were used for Voronipolyhedra calculations. Our implementation of Richards’ (1974) Voronoi polyhedraprogram was used for the calculations. In all cases the structure volumes will be morethan the sequence volumes ( Vs ) and are not directly comparable. This disparityexists because the core residue definition in table 2 is based on the average of all thestructures. Any individual structure will, therefore, always expose to solvent a few ofthe atoms thought to be in core, and this exposure will tend to enlarge the calculatedVoronoi polyhedra and increase the calculated volume.(4)For the sequences, the percentage difference of a particular sequence volume Vscompared to the mean core volume V (defined in Table 4 and shown in Table 6) islisted. For the structures, percentage difference in a particular structure volume Vxcompared to the mean value of

Vx for all 8 structures is listed. As they have beennormalized to compensate for the smaller average size of the structure volumes, thesetwo percentage differences are comparable. They show that volume variations of thecore calculated for the structures (-2 to +7%) is comparable to that calculated for thesequences (-3 to +8 %).

21Table 8 : Comparison (1) of the Observed Variationwith that of Random SequencesPart (a):Core SitesGlobinsPlas.-Az.DHFRObserved Values (from Table 6 and Figure 1a):Number of core sites R372456Mean S.D. of individual sites · srVr Ò14 %11 %13 %S.D. in Core Volume sV2.6 %1.5 %2.2 %Assuming sites vary independently and randomlyaccording to the same frequency distribution(same ftr for all sites) (2) : i.Uniform distribution of all 20 amino acids :S.D. of individual sites27 %27 %27 %Expected S.D. in Core Volume4.5 %5.6 %3.7 % ii.Distribution of buried residues in an averageprotein :S.D. of individual sites31 %31 %31 %Expected S.D. in Core Volume5.0 %6.4 %4.3 % iii.Distribution of buried residues in a particularprotein family :S.D. of individual sites24 %26 %30 %Expected S.D. in Core Volume4.2 %4.9 %4.0 %(1)This table involves the comparisons between the observed variance (i.e., standarddeviation) of the core and some expected variances based on different randomsequences. The Fischer F-test can be used to test whether the difference between thetwo variances is significant. Application of this test to the all comparisons in thistable, using N-1 degrees of freedom for the observed variances and (R-1)(N-1)degrees of freedom for the expected variances, shows that the differences between thevariances are all significant.

22(2)As all sites r are equivalent for the random distributions, the expected percentagestandard deviation of the whole core sV is directly related to the percentage standarddeviation of an individual site srVr:sV = 1÷``R srVr .The expected deviation and mean volume of a site, sr and Vr , are, in turn, calculatedaccording to residue frequencies ftr and standard volumes Vt , as shown in table 4.Depending on one’s assumptions about the distribution of amino acids in the proteincore, three different sets of residue frequencies can be used.(i)For a uniform distribution of amino acids. A residue is picked at random fromtwenty equi-probable amino acids, i.e., ftr = 120 for all t and r.(ii)For the distribution of buried residues in average protein, a residue is pickedfrom the twenty amino acids according to the frequency distribution for buriedresidues in 119 high-resolution crystal structures., i.e. ftr is taken from thesecond column of table 3. This distribution gives nearly the same results as auniform distribution of uncharged and neutral amino acids, where a residue ispicked from one of the 14 equi-probable amino acids, (G A V L I P M F Y W ST C H).(iii)For the distribution of buried residues in a particular family, for each of thethree protein families, the types of residues occurring in core in all thesequences are counted and used to make a frequency distribution similar to theone shown in table 3. Then a residue is picked according to these frequencies.That is, for each protein family (i.e. for the haemoglobins), the actualfrequencies for residues of type t to be at site r, fAtr , are averaged over sites togive ftr :ftr=1R Âr=1R�fAtrIn this expression, the actual frequencies fAtr are different at each site (as inTable 9), while the averaged frequencies ftr are the same at each site. Thesubscript r is kept in ftr to be consistent with the notation in table 4 and toemphasize that ftr refers to frequencies at an individual site.

23Table 8(b) :Comparison of the observed variation with that of random sequences:Globin Surface SitesObserved Values:Number of surface sites26Mean S.D. of individual sites24 %S.D. in total volume of the sites4.5 %Assuming the surface sites vary independently andrandomly according to a uniform distributionof the 13 non-hydrophobic residues :S.D. of individual sites28 %Expected S.D. in Total Volume5.5 %The calculations in this table are completely analogous to those in part (a) but they arecarried out on the globin surface sites. Generating random surface sequences consists ofpicking a residue from the 13 non-hydrophobic amino acids (G A P Y S T N Q H E D RK), where each of these amino acids has an equal chance of being picked. Clearly there ismuch better agreement between the observed and calculated variation for surface sites thanfor buried sites.

24Table 9 : Relationship of the Observed Single-Site variationsto the Observed Variation of the Whole CoreGlobinsPlas.-Az.DHFRObserved Values (from Table 6 and Figure 1a):Number of Sites B372456Mean S.D. of individual sites · srVr Ò14 %11 %13 %S.D. in Core Volume sV2.6 %1.5 %2.2 %Assuming sites vary independently and randomlyaccording to the (different) observedfrequency distributions for each site(different ftr for each site) :Expected S.D. in Core Volume sV (1)2.4 %2.5 %2.0 %(1)The variances of uncorrelated distributions add, so the expected percentage standarddeviation of the whole core if the sites varied independently would be :�s�V� =

w(s,b) ← w(s,b)+ D(b)F(s,b),whereb is L or R for the left or right subtree,s runs over all sequences in a subtree,D(b) is the edge length to be apportioned,w(s,b) is the current weight of sequence s in subtree t,and F(s,b) is the weight fraction of sequence s in the subtree t, i.e.,

F(s,b) = 1, w(s,b) = 0 w(s,b)w(s,b)

s∑ , otherwise

� .Τηε ϕιρστ χασε οϕ τηε ϕορμυλα (ω(σ,β) = 0 ) ισ υσεδ ωηεν α νοδε ισ διρεχτλψ χοννεχτεδ το ασεθυενχε. Ιν τηισ χασε, τηε χοννεχτινγ εδγε ισ υνσηαρεδ, ανδ τηε ϕορμυλα αππορτιονσ ιτσλενγτη χομπλετελψ το τηε σεθυενχε.Φιγυρε 4 πρεσεντσ α χομπλετελψ ωορκεδ ουτ εξαμπλε οϕ τηε χαλχυλατιον οϕ ωειγητσ ϕορ ασιμπλε τρεε. Τ α β λ ε 1 0 ν ε α ρ η ε ρ ε Τ α β λ ε 1 1 ν ε α ρ η ε ρ ε Ασ σηοων ιν Ταβλε 10(α), ον εασψ-το-χλασσιϕψ σεθυενχεσ συχη ασ �ΑΑΑΑΑΑΑΑΑΑΑ�ανδ �ΒΒΒΒΒΒΒΒΒΒ,� ουρ σχηεμε γιϖεσ χομπλετελψ ιντυιτιϖε ωειγητσ. Φυρτηερμορε, ασσηοων ιν Ταβλε 10(β), ιν χαλχυλατιονσ ον ρεαλ σεθυενχεσ, ιτ γιϖεσ ρεσυλτσ τηατ αρε σιμιλαρ τοτηοσε οϕ Σιββαλδ ανδ Αργοσ (1990). Ιν πρινχιπλε (ι.ε., γιϖεν τηε σαμε ασσυμπτιονσ ωε μαδε

28εαρλιερ αβουτ σεθυενχε σπαχε), Σιββαλδ & Αργοσ∏ ωειγητινγ σχηεμε σηουλδ γιϖε τηε χορρεχτρεσυλτσ. Ηοωεϖερ, ιτ ρεθυιρεσ α Μοντε-Χαρλο ιντεγρατιον, ωηιχη ισ τιμε-χονσυμινγ τοπερϕορμ ανδ αδδσ αν ελεμεντ οϕ ρανδομνεσσ το τηε χαλχυλατιον (ι.ε., τωο σεπαρατεχαλχυλατιονσ οϕ τηε ωειγητσ ωιλλ νοτ γιϖε εξαχτλψ τηε σαμε ανσωερσ). Ουρ μετηοδ, ινχοντραστ, ισ ϕαστ ανδ ινϖολϖεσ νο ρανδομ νυμβερσ (σο ιτ γιϖεσ εξαχτλψ τηε σαμε ρεσυλτσ εαχητιμε).Ασ δισχυσσεδ ιν τηε μαιν βοδψ οϕ τηε τεξτ ανδ σηοων ιν Ταβλε 11, ουρ ωειγητινγμετηοδ διδ νοτ θυαλιτατιϖελψ αϕϕεχτ ουρ χονχλυσιονσ αβουτ ϖολυμε ϖαριατιον ιν τηε προτεινχορε. Ρατηερ, ιτ γαϖε υσ μορε χονϕιδενχε ιν τηε θυαντιτατιϖε αχχυραχψ οϕ ουρ ρεσυλτσ.

29Ταβλε 10 : Χομπαρισον οϕ Ουρ Ωειγητινγ Σχηεμεωιτη Οηερ Μετηοδσ ανδ ωιτη ΙντυιτιονΠαρτ (α): Χομπαρισον ωιτη Ιντυιτιον Σεθυενχε ΩειγητΑΑΑΑΑΑΑΑΑΑΑ 1/6ΑΑΑΑΑΑΑΑΑΑΑ 1/6ΒΒΒΒΒΒΒΒΒΒ 1/6ΒΒΒΒΒΒΒΒΒΒ 1/6ΧΧΧΧΧΧΧΧΧΧ 1/3Παρτ (β) : Χομπαρισον ωιτη Οτηερ ΜετηοδσΣεθυενχε(ΠΙΡ ιδεντιϕιερ)Ωειγητ ϕρομςινγρον &Αργοσ (1989)Ωειγητ ϕρομΣιββαλδ &Αργοσ (1990)Ωειγητ ϕρομουρμετηοδΗΑΓΨ0.46310.46130.4751ΗΑΗΟΖ0.13210.10920.1013ΗΑΗΟ0.13380.14640.1447ΗΑΗΟΔ0.13040.09370.1013ΗΑΗΟΚ0.14070.18940.1776Τηε σεθυενχεσ σηοων αβοϖε αρε τακεν ϕρομ Σιββαλδ & Αργοσ (1990). Φορ σιμπλε σεθυενχεσ,τηε ωειγητσ ουρ μετηοδ ασσιγνσ το τηε σεθυενχεσ αρε αρε ιν γοοδ αχχορδ ωιτη ιντυιτιον.Φορ ϕιϖε γλοβινσ σεθυενχεσ, ουρ μετηοδ προδυχεσ σιμιλαρ ωειγητσ το τηοσε οϕ Σιββαλδ &Αργοσ (1990). Βοτη παρτσ (α ανδ β) αρε αδαπτεδ ϕρομ ϕρομ Σιββαλδ & Αργοσ (1990). Νοτε τομακε τηε χομπαρισον ωιτη Σιββαλδ & Αργοσ χλεαρερ, τηε ωειγητσ ιν τηισ ταβλε αρε νορμαλιζεδσο τηατ τηε συμ οϕ τηε ωειγητσ ισ 1. Τηισ νορμαλιζατιον ϕολλοωσ α διϕϕερεντ χονϖεντιον ϕρομτηατ υσεδ ιν τηε ρεστ οϕ τηε τεξτ.

30Ταβλε 11 : Εϕϕεχτ οϕ τηε Ωειγητινγ Σχηεμε ον ουρ ΡεσυλτσΓλοβινσΠλασ.-Αζ.ΔΗΦΡΧαλχυλατεδ ωιτη ωειγητινγ (ϕρομ Ταβλε 6):Νυμβερ οϕ Σεθυενχεσ Ν5684024Σ.Δ. ιν Χορε ςολυμε σς2.6 %1.5 %2.2 %Χαλχυλατεδ ωιτηουτ ωειγητινγ:Σ.Δ. ιν Χορε ςολυμε σς2.2 %1.4 %2.0 %Τηισ ταβλε σηοωσ τηε εϕϕεχτ οϕ τηε ωειγητινγ σχηεμε ον ουρ πρινχιπαλ ρεσυλτ, τηε ϖολυμεϖαριατιον οϕ τηε ωηολε χορε. Ιν αλλ χασεσ, τηε ωειγητινγ σχηεμε τενδεδ το ινχρεασε τηεοβσερϖεδ ϖολυμε ϖαριατιον. Ιτ γαϖε γρεατερ ωειγητ το υνδερ-ρεπρεσεντεδ σεθυενχεσ ιν τηεαλιγνμεντ, ανδ τηεσε σεθυενχεσ τενδεδ (περηαπσ οβϖιουσλψ) το διϕϕερ μορε ϕρομ τηε μεανϖολυμε τηαν βεττερ ρεπρεσεντεδ σεθυενχεσ. Νοτε αλσο τηατ τηε τηε εϕϕεχτ οϕ τηε ωειγητινγσχηεμε ωασ μορε προνουνχεδ ιν τηε λαργερ γλοβιν αλιγνμεντ.

31Φιγυρε 4 : Α Ωορκεδ Εξαμπλε οϕ Ουρ Ωειγητινγ ΜετηοδξψζΔΧΒΑ100%50%0%123Τηε ϕιγυρε σηοωσ α βιϕυρχατινγ τρεε ωιτη ϕουρ σεθυενχεσ: Α, Β, Χ, ανδ Δ. Α ανδ Β αρε 80%ιδεντιχαλ; τηε αϖεραγε ιδεντιτψ βετωεεν Χ ανδ Α ορ Β ισ 50%; ανδ τηε αϖεραγε ιδεντιτψβετωεεν Δ ανδ Α, Β, ορ Χ ισ 20 %. Τηε ωειγητσ ϕορ εαχη σεθυενχε, δενοτεδ ω(σ), αρεχαλχυλατεδ βψ ϖισιτινγ τηε νοδεσ σεθυεντιαλλψ (ϕιρστ νοδε 1, τηεν 2, ανδ ϕιναλλψ 3), ανδ αδδινγινχρεμεντσ το τηε τοταλ ωειγητ ατ εαχη νοδε. Ατ τηε ενδ τηε ϕιναλ ωειγητσ αρε νορμαλιζεδ, σοτηατ τηε αϖεραγε ωειγητ ισ 1. Τηε χαλχυλατιον ισ συμμαριζεδ βελοω:ΑΒΧΔω(σ) ατ σταρτ0000Αδδεδ ατ 1ξ=20ξ=200=00=0Αδδεδ ατ 2ψ2=15ψ2=15ξ+ψ=500=0Αδδεδ ατ 3ζ ξ+ψ23ξ+2ψ=8.75ζ ξ+ψ23ξ+2ψ=8.75ζ ξ+ψ3ξ+2ψ=13ξ+ψ+ζ=80ω(σ) ατ ενδ43.843.86380νορμαλιζεδ0.760.761.091.39