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Abstract. The mammalian defensin molecule is athese proteins, amino acid changes have occurred in a
short, highly cationic peptide cytotoxic to both microbial coordinated fashion so as to preserve an adaptive phe-
and mammalian cells which is cleaved from a precursomnotype.

including a signal peptide and a highly anionic propiece.

A phylogenetic analysis of 28 complete sequences fronKey words: Mammalian defensin — Amino acid —
five mammalian species (mouse, rat, guinea pig, rabbitPropiece

and human) showed species-specific clusters of se-

guences, indicating that the genes duplicated after diver-

gence of these species. Comparison of rates of Synony- .. duction

mous and nonsynonymous nucleotide substitution

suggested that gene duplication has often been followed

by a period in which diversification of the mature de- The concept of epistatic fitness interactions, or fitness
fensins at the amino acid level has been selectively fagffects arising from interactions among alleles at differ-
vored. In some comparisons, it appeared that amino aci@nt genetic loci, has a long history in evolutionary biol-
differences in this region have appeared in a nonrandorfR9Y (Haldane 1931; Wright 1931). At the level of amino
fashion so as to change the pattern of residue chargeaCid sequences, this concept has been extended to cover
Because it has been hypothesized that the negati\,i@teractions among residues at different sites within a
charge in the propiece serves to balance the positivéingle polypeptide chain. For example, it has been hy-
charge in the mature defensin and thus to prevent cytoPothesized that the presence of a particular residue at one
toxicity prior to cleavage, we used a maximum likeli- POsition might permit or even favor the presence of cer-
hood method of reconstructing ancestral states in order tiin other residues at other positions and thus that amino
test whether this balance has been maintained over ev@cid positions may evolve in a coordinated fashion (Fitch
lutionary time in spite of rapid diversification of the ma- and Markowitz 1970). The potential importance of such
ture defensin at the amino acid level. Reconstructed aninteractions was supported early in the history of mo-
cestral sequences always maintained a charge balantgcular biology by experimental studies wikh coli in
between mature defensin and propiece, and Changes th|Ch it was shown that the effect on enzyme aCtiVity of
the net positive charge of the mature defensin were bal@ mutation at one site can depend on the amino acid
anced by Corresponding Changes in the propiece. Thgresent at another Site (YanOfSky et a.l. 1964) HOWeVer,

results support the hypothesis that, in the evolution of0 far, few convincing cases have been described of co-
ordinated amino acid changes over evolutionary time.

The defensins of vertebrates are antimicrobial pep-
tides that are stored in cytoplasmic granules of Paneth

Correspondence toA.L. Hughes; e-mail austin@hugaus3.bio. C€lls of the intestine, neutrophils, and macrophages
psu.edu (Ganz et al. 1989). The mature defensin is a highly cat-
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sSignal peptide sPropiece sMature defensin
M-Cor MKKLVLLFALVLLGFQVQADSIQNTDE=~~—-—~ ETKTEEQPGEEDQAVSVSFGDPEGTSLQEESLRDLVCYCRS-RG--CKGRERMNGTCRKGHLLYTLCCR-~~
M-Defl MKTLVLLSALVLLAFQVQADPIQNTDE-=~==~=~ ETKTEEQPGEEDQAVSVSFGDPEGTSLQEESLRDLVCYCRS-RG--CKGRERMNGTCRKGHLLYTLCCR--~
M-Defé6 MKTLILLSALVLLAFQVQADPIQNTDE=~~~-== ETKTEEQPGEEDQAVSVSFGDPEGTSLQEESLRDLVCYCRA-RG--CKGRERMNGTCRKGHLLYMLCCR--—
M-Def2 MKPLVLLSALVLLSFQVQADPIQNTDE-~~-~—- ETKTEEQSGEEDQAVSVSFGDREGASLQEESLRDLVCYCRT-RG--CKRRERMNGTCRKGHLMY TLCCR--~
M-Def3 MKTLVLLSALVLLAFQVQADPIQNTDE-~~~~~~ ETKTEEQPGEDDQAVSVSFGDPEGSSLQEESLRDLVCYCRK-RG--CKRRERMNGTCRKGHLMYTLCCR---
M-DefS MKTFVLLSALVLLAFQVQADPIHKTDE~~~~--- ETNTEEQPGEEDQAVSISFGGQEGSALHEELSKKLICYCRI-RG--CKRRERVFGTCRNLFLTFVFCCS--—
M-4C-2 MKKLVLLFALVLLAFQVQADSIQNTDE~~~~~=-~ ETKTEEQQGEEDQAVSVSFGDPQGSGLQDAAALGWGRRCPRCPP-~CPRCSW-~~~CPRCP-TCPRCNCNPK
M-CRS4C-2 MKKLVLLFALVLLAFQVQADSIQNTDE------- ETKTEEQQGEKDQAVSVSFGDPQGSGLQDAA~LGWGRRCPRCPP-~-CPRCSW~~~-CPRCP-TCPRCNCNPK
M-CRS4C  MKKLVLLFALVLLAFQVQADSIQNTDE------- ETKTEEQPGEKDQAVSVSFGDPQGSALQDAA~-LGWGRRCPQCPR--CPSCPS~~~-CPRCP-RCPRCKCNPK
M-4C-4 MKKLVLLSAFVLLAFQVQADSIQNTDE~==---~ ETKTEEQPGEENQAMSVSFGDPEGSALQDAA~-VGMARPCPPCPS—--CPSCPW~---CPMCP-RCPSCKCNPK
M-4C-5 MKKLVLLSAFVLLAFQVQADSIQNTDE=~~—=—=~ EIKTEEQPGEENQAVSISFGDPEGYALQDAAAIRRARRCPPCPS—--CLSCPW----CPRCL-RCPMCKCNPK
M-CRS4C-5 MKKLVLLSAFVLLAFQVQADSIQNTDE----——~- EIKTEEQPGEENQAVSISFGDPEGTALQDAA~IRRARRCPPCPS--CLSCPW----CPRCL-RCPICKCNPK
R-NP1 MRTLTLLTALLLLALHTQAKSPQGTAE=-~-—~~= EAPDQEQLVMEDQDISISFGGDKGTALQDADVKA-GVTC-YCRRTRCGFRERLSGACGYRGRIYRLCCR~~~
R-NP2 MRTLTLLTALLLLALHTQAKSPQGTAE-~-==== EAPDQEQLVMEDQDISISFGGDKGTALQDADVKA-GVTC-YCRSTRCGFRERLSGACGYRGRIYRLCCR~--
R-NP3 MRTLTLLTTLLLLALHTQAESPQGSTK-~=—==~ EAPD-----= EEQDISVFFGGDKGTALQDAAVKA-GVTC-SCRTSSCRFGERLSGACRLNGRIYRLCC—--—
R-NP4 MRTLTLLITLLLLALHTQAESPQERAK—~~=—==-~ AAPDQD-MVMEDQDIFISFGGYKGTVLQDAVVKA-GQAC-YCRIGACVSGERLTGACGLNGRIYRLCCR~~-~
Cp-1B MRTVPLFAACLLLTLMAQAEPLPRAAD~--———- HSDTKMKGDREDHVAVISFWEEESTSLQDAGAGA-GRRC-ICTTRTCRFPYRRLGTCIFQNRVYTFCC—~-~
Cp-1A MRTVPLFAACLLLTLMAQAEPLPRAAD~~=—==—~ HSDTKMKGDREDHVAVISFWEEESTSLEDAGAGA-GRRC-ICTTRTCRFPYRRLGTCIFQNRVYTFCC——--
Cc-1A MRTVPLFAACLLLTLMAQAEPLPRAAD-~=—=~~ HSDTKMKGDREDHVAVISFWEEESTSLEDAGAGA-GRAC-ICTTRTCRFPYRRLGTCIFQNRVYTFCC-~~—
RAB-NP4 MRTLALLAAILLVTLQAQAELHSGMAD=~===~= DGVDQQQPRAQDLDVAVY IKQDETSPLEVLGAKA-GVSC-TCRRFSCGFGERASGSCTVNGVRHTLCCRR--
RAB-NP5S MRTLALLAAILLVTLQAQAELHSGMAD=~===~=~ DGVDQOQPRAQDLDVAVY IKQDETSPLEVLGAKA-GVFC-TCRGFLCGSGERASGSCTINGVRHTLCCRR--
Rab-MCP1 MRTLALLAAILLVALQAQAEHVSVSID------- EVVDQQOPPQAEDQDVAIYVKEHESSALEALGVKA-GVVC-ACRRALCLPRERRAGFCRIRGRIHPLCCRR-~
Rab-MCP2 MRTLALLAAILLVALQAQAEHISVSID---===~- EVVDQQPPQAEDQDVAIYVKEHESSALEALGVKA-GVVC-ACRRALCLPLERRAGFCRIRGRIHPLCCRR--
RAB-NP3a MRTLILLAAILLAALQAQAELFSVNVD-———=-- EVLDQQQP~GSDODLVIHLTGEESSALQVPDTKG-~~IC-ACRRRFCPNSERFSGYCRVNGARYVRCCSRR~
H-NP3 MRTLAILAAILLVALQAQAEPLQARAD~---EVAAAPEQ--IAADIPEVVVSLAWDESLAPKHPG-SRKNMDC-YCRIPACIAGERRYGTCIYQGRLWAFCC—---
H-DS MRTIAILAAILLVALQAQAESLQERAD~====~= EATTQKQSGEDNQDLAISFAGNGLSALRTSGSQARA-TC-YCRTGRCATRESLSGVCEISGRLYRLCCR--~
H-P4 MRIIALLAAILLVALQVRAGPLQARGD==—==~= EAPGQEQRGPEDQDISISFAWDKSSALQVSG-STRGMVC-SCRLVFCRRTELRVGNCLIGGVSFTYCCTRVD
H-D6 MRTLTILTAVLLVALQAKAEPLOAEDDPLQAKAYEADAQEQRGANDQDFAVSFAEDASSSLRALGGSTRAFTC-HCRRS-CYSTEYSYGTCTVMGINHRFCCL—-~—

Fig. 1. Alignment of mammalian defensin primary translation products, showing major functional regions.

ionic peptide of 29-34 amino acids; it is cleaved from aMethods

primary translation product consisting of a signal peptide

(19 amino acids), a propiece (37-51 amino acids), andwenty-eight complete defensin gene sequences from five species of
the mature peptide (Michaelson et al. 1992). Defensinghammals were used in analyses. The sequences (with Genbank acces-
are cytotoxic to mammalian and bacterial cells, presum_sion numbers in parentheses were as follows: (1) mbusemusculus:

ably as a result of their ability to form pores in lipid M- 0" (X15617), M-defl (U02994, U02995), M-def2 (U02996,
y Yy P P19 102997), M-def3 (U02998, U02999), M-def5 (U03000, UO3001), M-

bilayers (Kagan et al. 1990). Because cationic proteing.g (U03002, U03003); M-4C-2 (U12564), M-4C-4 (U12565),
are often cytotoxic (Antohi and Brumfield 1984), the m-ac-5 (U12566), M-CRS4C (S77610), M-CRS4C-2 (U12564),
cationic character of defensins is thought to play an im-M-CRS4C-5 (S77621); (2) raRattus norvegicusR-NP1 (U16686),
portant role in their cytotoxicity, although it is evidently R-NP2 (U16685), R-NP3 (U16683), R-NP4 (U16684); (3) guinea pig
not the only factor at work (Lichtenstein et al. 1986; Cavia pocellusCp-1A (D14119), Cp-1B (D14118favia "cutleri”

. . . Cc-1A (X57705); (4) rabbitOryctolagus cuniculus:Rab-NP3
Michaelson et al. 1992). Observing that the propiece ha 64599): Rab-NP4 (M64601): Rab-NP5 (M64602): Rab-MCP1

an anionic character, Michaelson et al. (1992) proposegy2ggss); Rab-MCP2 (M28072); and (5) humaiomo sapiensH-
that the propiece plays a role in neutralizing the cytotox-Np3 (x13621), H-P4 (U18745), H-D5 (M97925), H-D6 (U33317).
icity of the defensin until it is ready for use in an anti- Sequences were aligned at the amino acid level using the
microbial attack. In support of this hypothesis, they CLUSTAL V program (Higgins et al. 1992), and the alignment was
showed that for seven mammalian defensins, the n rrected by eye in some respects (Fig. 1). In computing pairwise

ti h fth . h dali lati istances among members of a set of amino acid or DNA sequences,
negative charge ot the propiece showed a linéar rela Ionény site at which the alignment postulated a gap in any one sequence

ship with the net positive charge of the mature defensing, the set was excluded from all pairwise distance computations. Phy-

(Michaelson et al. 1992). logenetic trees of the 28 amino acid sequences were constructed by (1)
Because mammalian defensins differ with respect tghe neighbor-joining (NJ) method Saitou and Nei (1987), based on the
the net positive charge of the mature defensin, these molroportion of amino acid dlfferences,_ anp_l (2) the maximum parsimony
. . . P) method (Swofford 1990). The significance of internal branches in

eCUIeS_ prowde a poFentlaI test case for the hypqthe§|s 9he NJ tree was tested by Rzhetsky and Nei's (1992) standard error test.
coordinated evolution of different amino acid sites the reliability of clustering patterns in the MP tree was tested by
within a protein. If it is necessary that the propiece bebootstrapping, which involves repeated sampling (with replacement)

sufficiently anionic to neutralize the mature defensin, itfrom the data set (Felsenstein 1985). Previously published phylogenies
is expected that addition of new positively charged resi_of defensins (Michaelson et al. 1992; Yount et al. 1995) have used

d to th t def . ib ted b smaller numbers of sequences and have been constructed by the
ues 1o the mature detensin will be compensated by COfgpgya method, which is inappropriate for most most molecular data

responding increases in the net negative charge of thgus because it assumes a constant rate of evolution in all branches.
propiece. We addressed this question by phylogenetic In pairwise comparisons among selected sequences, the number of
analysis, by examining the pattern of nucleotide substisynonymous nucleotide substitutions per synonymous dijeaid the
tution in defensin genes, and by using a rnaximum_number of nonsynonymous nucleotide substitutions per nonsynony-

likelihood thod f tructi tral ._mous sitedy) were estimated by Nei and Gojobori's (1986) method. In
Ixelihood method Tor reconstructing ancestral amino, e 14 test the hypothesis that amino acid differences occurred at

acid sequences and thus the pattern of amino acighndom with respect to residue charge, the method of Hughes et al.
changes over evolutionary time (Yang et al. 1995). (1990) was used. Briefly, this method divides nonsynonymous nucleo-
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tide differences between sequences into those that are conservati M-Cor
with respect to some qualitative amino acid property and those that ar M-Def1
radical (nonconservative) with respect to the same property. The pro e M-Def6
portion of conservative nonsynonymous differences per conservative | W-Def2
nonsynonymous sitep(c) and the proportion of radical nonsynony- -pers

. . . M-Def5
mous differences per radical nonsynonymous $ifg) are then com- o M-4C-2

puted. If pyr > Pne this indicates that nonsynonymous differences _:Lucns4c-z
occur in such a way as to change the property of interest to a greate ase M-CRs4C 2
extent than expected under random substitution. In compptipgand [ Mac4
pwr With respect to charge, we categorized amino acid residues a m.ssac-s
positive (H, K, R), negative (D, E), or neutral (all others); and any w RNP1
nonsynonymous difference causing a change of category was counte . R-NP2
as a radical difference. Standard errors of mdagrdy, pPne, @ndpur R-NP3
were estimated by Nei and Jin's (1989) method. R’"':' 5

Using a subset of the sequences for which both NJ and MP method| | st :p—1A
produced a stable phylogeny (see Results), we used the method of Yar Ce-1A
et al. (1995) to reconstruct ancestral amino acid sequences at nodes —Rab-NP4
this phylogeny. This method uses a maximum-likelihood approach . —Rab-NP5
based on an empirically derived matrix of amino acid substitution Rab-MCP1

- . Rab-MCP2

probabilities. Because this method does not reconstruct sequences o
sites at which the alignment postulated an insertion/deletion events, w NP3
reconstructed the occurrence of these events using maximum pars H-D5

H-P4

mony. | P4
H-D6

[} 0.05 0.10
| I S—|

Results 2
Fig. 2. NJtree based on proportion differengg 4t 76 aligned amino
acid sites of mammalian defensins. Tests of significance of internal
Phylogenetic Analysis branches: # < 0.05; ** P < 0.01; *** P < 0.001. Prefixes of sequence
symbols indicate the species as follo@z—Cavia cutleri; Cp—Cavia
Sporcellus; H—human;M—mouse;R—rat; Rab—rabbit.

Figure 2 shows the NJ tree of mammalian defensin
Sequences for the mouse, rat, guinea pig, and rabbit
formed species-specific clusters, each of which was sUppattern of Nucleotide Substitution
ported by a statistically significant internal branch (Fig.
2). The human sequences clustered together, apart froin order to examine the extent of constraint at the amino
the other species, but in this case the cluster was naicid level in different regions of the molecule, we com-
separated from others by a significant branch (Fig. 2)putedds andd,, for all pairwise comparisons within five
Because of the lack of an outgroup, this phylogenetic treggene families (mouse 1 and 2, rat, guinea pig, and rabbit;
cannot be definitively rooted; it is rooted in Fig. 2 to Table 1). The human genes were not included in this
correspond to the known phylogeny of placental mam-analysis becaus#; was undefined in some comparisons
mals, with Rodentia as an outgroup to Primates andamong them (data not shown). In the case of all five
Lagomorpha (Li et al. 1990). The simplest interpretationfamilies, dy, showed a consistent pattern of being highest
of the pattern of species-specific clustering is that defenin the mature defensin, intermediate in the propiece and
sin genes have duplicated independently in the specidswest in the signal peptide, a trend that was highly sig-
examined after the species diverged from common annificant by a Friedman Rank Sum analysis of variance
cestors. Even between rat and mouse, which have beditable 1). By contrastds showed no consistent pattern
estimated to have diverged 17-25 Mya (Janke et alof difference among the three regions (Table 1). These
1994), none of the loci are orthologous. Within the results indicate that the mature defensin is the least con-
mouse genes, there were two major clusters (designateskerved region at the amino acid level, while the signal
1 and 2 in Fig. 2). In contrast to the mouse, rat, and rabbipeptide is the most conserved.
genes, the deep branches within the human gene cluster In some individual comparisorty, in the mature de-
were very short; thus interrelationships among the hufensin was substantially higher thegfor the same com-
man genes were poorly resolved. parison. This is a highly unusual pattern of nucleotide
MP analysis of these data produced eight equally parsubstitution, since in most genel exceedsdy (Nei
simonious trees. The strict consensus tree of these wd®987, pp 79-83). Becausk, > dy is predicted by the
very similar to the NJ tree (data not shown). The speciesneutral theory of molecular evolution (Kimura 197d),
specific clusters of genes received high bootstrap suppo# dg is evidence of positive Darwinian selection acting to
in the MP tree: The mouse and guinea pig clusters eachromote diversity at the amino acid level (Hughes and
received 100% support, the rat cluster 99%, and the rabNei 1988). For example, meaty exceeds meadg for
bit cluster 81%. As with the NJ tree, the human genes diccomparisons betweew-def5and other mouse family 1
not form a strongly supported cluster (data not shown).genes (Table 1).
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Table 1. Mean numbers of synonymoudd] and nonsynonymousl) nucleotide substitutions per 100 sites (+ S.E.) in within-species compari-
sons of mammalian defensths

Signal peptide Propiece Mature defensin

ds du ds du dg du
Mouse 1: 15.% 8.3 5.6x2.4 18.9+ 6.3 16.7+ 4.2 13.0+5.4 31.4+7.1*

M-def5vs others
All 21.0+8.3 6.0+ 2.5 15.9+5.3 71+1.7 10.5+5.0 13.3+3.0

Mouse 2 33.%14.2 2.9+ 2.0* 155+ 5.0 7.8£2.1 32.2+10.3 14335
Rat 9.4+ 6.1 3.0£2.2 9.1+ 4.6 9.7+ 2.6 19.8+ 7.4 21.4+ 4.6
Guinea pig 0.20.0 0.0£0.0 0.0+ 0.0 0.7+ 0.7 2.8+2.8 2.0+1.4
Rabbit 5.2+ 3.8 47+2.4 47.6+£12.5 25.4+ 4.3 31.5+9.3 38.8£6.5

2 Sequence families are as in Fig. 2. Tests of the hypothesisifhat dy: * P < 0.05. The hypothesis of a difference in medéyandd, among
regions was tested by the Friedman Rank-Sum Test (a nonparametric analysis of variance for blocked data; Hollander and Wolfedl9%3). For
= 0.7 n.s.; fordy, S = 10.0 P = 0.001)

Whend,, was plotted againsig for all within-family ~ seven mammalian defensins; we repeated this type of
comparisons for the five families of genes analyzed inanalysis for our sample of 28 defensins (Fig. 4A). A
Table 1, the pattern in the mature defensin was strikinglysignificant negative correlation was observed between
different from that seen in the two other regions (Fig. 3).net charge in the propiece and net charge in the mature
(Note that between-family comparisons were not in-defensin (Fig. 4A). Moreover, as shown in Fig. 4A, the
cluded because in many of thedewas undefined; data negative charge in the propiece usually balanced the
not shown.) In the signal peptide (Fig. 3Al; exceeded positive charge in the mature defensin so that the net
dy in every comparison; and in the propietgexceeded charge of the two together was slightly negative. In four
dy for most comparisons (Fig. 3B). By contrast, in the cases the negative charge in the propiece exactly bal-
mature defensindy often exceededls, sometimes anced the positive charge in the mature defensin so that
greatly so, especially in comparisons whelgewas low  the net charge was neutral; and in one case the net charge
(Fig. 3C). Because synonymous substitutions, being sgyag slightly positive (Fig. 4A).
lectively neutral or nearly so, should accumulate more or | order to test whether this balancing of charges in
less regularly with time, such a pattern of substitutionpropiece and mature defensin has occurred throughout
suggests that, in the defensin gene family, gene duplicane evolutionary history of mammalian defensins, we re-
tion has often been followed by a rapid burst of nonsyn-constructed ancestral sequences using the method of
onymous substitutions and that the rate of nonsynonyyang et al. (1995). This method is based on a phyloge-
mous substitution subsequently slows down. netic tree, and the reliability of the method is likely to

In the case of the rabbit defensin genisanddy in - jmprove if the phylogeny used is reliable. For this rea-
both the propiece and the mature defensin were signifison we used the phylogeny based on 23 sequences il-
cantly greaterR < 0.01) than the corresponding values in ystrated in Fig. 5. Because the relationships among hu-
the signal peptide; indeedis and dy in other regions  man defensins and between human and other mammalian
were five to nine times as high as the correspondingjefensins were unstable in both NJ (Fig. 2) and MP trees,
values for the signal peptide (Table 1). No such patteriye did not include human sequences. Because this
was seen in the genes from other species (Table 1). Thigiethod does not consider insertion/deletion events, we
observation suggests that in the rabbit the signal peptidg|sg excluded R-NP3, which has a large deletion in the
region may have been homogenized among loci by Pasiropiece (Fig. 1).
interlocus recombination events. _In Fig. 4B, the net charge of the propiece is plotted

When conservative and radical nonsynonymous dif-against that of the mature defensin for the 22 recon-
ferences were compared among rodent defensin gengrycted internal nodes of the phylogeny. There was a
families, py Was found to be significantly higher than sjgnificant negative linear correlation between net charge
Pnc in the mature defensin in several comparisons (Tablgg|yes for the two regions, as for the 28 extant sequences
2). No such pattern was seen in the signal peptide Ofrjg. 4A B). The net charge of the propiece and the ma-

propiece (data not shown). This suggests that over long,re defensin together was zero or less in the case of all
periods of evolutionary time, one of the ways that mam-reconstructed sequences (Fig. 4B).

malian defensins have diversified is to alter the pattern of There were 36 internal branches in the phylogeny of
residue charges in the mature defensin region. Fig. 5 at which the reconstruction hypothesized at least
one amino acid replacement to have taken place. We
compared numbers of amino acid changes in these
Michaelson et al. (1992) plotted net charge in the pro-branches pairwise within branches because the branches
piece against that in the mature defensin in the case dh the tree varied considerably in length (Fig. 6). There

Reconstruction of Ancestral Sequences
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Table 2. Mean numbers of conservative\) and radical ) hon-
synonymous substitutions per 100 sites (£ S.E.) in comparisons of ma-
ture defensin regions between families of rodent defensin §enes

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
ds
B
0.8
07 |
0.6 |
0.5
% 04
0.3
0.2
0.1 ¢
H
o o
02 0.4 0.6 0.8
ds
c
0.8
0.7
0.6
0.5
Z 0.4
0.3
0.2 4
0.1
0 .
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

d

Fig. 3.

Plots of numbers of nonsynonymous substitutions per site

Pne Pnr
Mouse 1  vs mouse 1 3097.3 17.4+ 6.7
VS mouse 2 55.8 8.5 68.8+ 10.2
vs rat 49.6+ 7.7 44.6£9.4
Vs guinea pig 41.67.6 66.8+ 9.7*
Mouse 2 vs mouse 2 762.8 22.6£6.1*
vs rat 50.2+ 8.2 82.3+ 11.1*
Vs guinea pig 57.%#8.2 69.3+£11.8
Rat vs rat 15241 22.1+ 6.6
VS guinea pig 39971 55.3£10.3
Guinea pig vs guinea pig 1414 3.0£3.0

2 Sequence families are as in Fig. 2. Tests of the hypothesipihat
pnr: ¥ P <0.05

charge occurred at about equal rates in the propiece and
in the mature defensin, while subtraction of a positive
charge occurred much more frequently in the mature
defensin than in the propiece (Fig. 6). Thus, the regula-
tion of the net charge of both the mature defensin and the
propiece over evolutionary time seems to have occurred
mainly by addition and subtraction of negatively charged
residues in the propiece, by addition of positively
charged residues in the propiece, and by addition and
subtraction of positively charged residues in the mature
defensin. For all 36 branches, when the net charge
change in the propiece was plotted against the net charge
change in the mature defensin, a significant negative lin-
ear correlation was found (Fig. 4C). Thus, when the ma-
ture defensin became more positive in charge, the pro-
piece either showed no change in charge or actually
became more negative, whereas when the mature defen-
sin became less positive in charge, the propiece tended to
become less negative.

It is of interest to examine the pattern of residue
change reconstructed for particular branches, particularly
those at which patterns of nucleotide difference sug-
gested that nonsynonymous differences occurred in a
nonrandom way so as to favor charge changes (Table 2).
One such branch was the branch leading to the mouse 2
family (labeled 1 in Fig. 5). According to our reconstruc-
tion, on this branch in the mature defensin there were 10
amino acid changes involving charge change in the ma-

(dy) vs number of synonymous substitutions per sig) (n within- - ; ) : A
family comparisons of different regions of mouse, rat guinea pig, andture defensin: six changes involving subtraction of a

rabbit defensin genes signal peptideB propieceC mature defensin.  positive charge, three involving addition of a positive
In each case, the line is a 45° ling €& X). charge, and one involving subtraction of a negative
charge. The net charge change in the mature defensin
were significantly more changes in the propiece than irthus changed from +8 to +6. In the same branch, there
the mature defensin involving no charge change, involvwas one change in the propiece involving subtraction of
ing the subtraction of a negative charge, and involvinga negative charge, balanced by one subtraction of a posi-
the addition of a negative charge (Fig. 6). Indeed, ndive charge; the net charge in the propiece remained at
change involving the addition of a negative charge was-11. Thus, in spite of the extraordinary number of charge
hypothesized to occur at any branch in the mature deehanges in the mature defensin, the net charge of mature
fensin (Fig. 6). Changes involving addition of a positive defensin plus propiece remained negative. Addition of
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A M-Def2
0 M-Def3
M-Def6
-2 M-Cor
: : M-Def1
™ ’ M-Def5
T M-4C-2
MCRS4C-2
1 M-CRS4C
M-4C-4
M-4C-5
M-CRSC4-5

Y o R-NP1

) . ‘ ) . R-NP4
0 2 4 6 8 10 12 14 Cp-1A
2 Cc-1a

Cp-1B
o —— Rab-NP3a

Rab-NP4
L | _[E Rab-NP5

Rab-MCP1

Rab-MCP2

-4

Propiece

Mature

Fig. 5. Phylogenetic tree used for reconstruction of ancestral se-
-6 quencesPrefixesindicating species are as in Fig. 2.

Propiece

-8 coc In the branch leading to the guinea pig genes (labeled
o ) 2 in Fig. 5), there were nine charge changes in the mature
. . defensin: In six cases a positive charge was subtracted,
—12 o e while in two cases a positive charge was added and in
one case a negative charge was subtracted. The charge of
™ 2 . . . " 12 W the mature defensin changed from +6 to +3. In the same

oture branch, there were 13 charge changes in the propiece: In

¢ six cases a positive charge was added, in four cases a
8 " negative charge was subtracted, in one case a positive
charge was subtracted, and in two cases a negative
. charge was added. The net charge of the propiece
changed from —11 to —4. Thus, in this branch, the mature
defensin became less cationic, while the propiece be-
came correspondingly less anionic.

Propiece

Discussion

When certain closely related defensin genes were com-
pared, the rate of nonsynonymous nucleotide substitution
substantially exceeded the synonymous rate in the ma-
ture defensin region (Fig. 3C). In more distant compari-

sons, however, the synonymous rate exceeded the non-

Fig. 4. ANetcharge in the propiece vs that in the mature defensinforsynonymOus rate (Fig. 3C) In other gene rgglons, the
28 mammalian defensins & -0.742;P < 0.001). The line is a45°line  SYNonymous rate was higher in most comparisons (Fig.
(Y = X). B Net charge in the propiece vs that in the mature defensin3A,B). The simplest explanation for these observations is
for 22 reconstructed ancestral sequences corresponding to the nodestéfat, after gene duplication, certain pairs of newly dupli-
Fig. 5 ¢ = -0.755,P < 0.001). The line is a 45° line¥(= X). C  cated mammalian defensin genes have been subject to
Charge change in the propiece vs that in the mature defensin, as reso e Darwinian selection favoring diversification of
constructed to have occurred in 36 branches of the phylogeny of Fig. . . . L.
(r = -0.548;P < 0.001). The line is the linear regression liie=  the mature defensin at the amino acid level. A similar
0.486 -0.808). pattern of nucleotide substitution has been observed in
certain other multigene families, including serine prote-
three positively charged residues in the mature defensiase inhibitors (Hill and Hastie 1987) and immunoglob-
and subtraction of one negatively charged residue weralin V region genes (Tanaka and Nei 1989).
more than compensated by subtraction of positive It is not known what factors might favor changes in
charges from the same region. the amino acid sequence of mammalian defensins. One

Mature
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Il - propiece
* 1 - mature
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Fig. 6. Mean numbers (with S.E.) of amino changes in 36 branches m#sidue; those involving addition (ADD-) or subtraction (SUB-) of a
the tree in Fig. 5 reconstructed by the method of Yang et al. (1995); ontyegatively charged residue; and those involving no charge change. For
branches in which at least one amino acid change was hypothesize@gach category, the hypothesis that the number of changes occurring in
have occurred were included. Changes were categorized as those invtiie- propiece equaled that in the mature defensin was tested by paired
ing addition (ADD+) or subtraction (SUB+) of a positively chargedsamplet-test: ** P < 0.05; ** P < 0.01; *** P < 0.001.

possibility is that defensins have diversified in responsepropiece, and that this balance of charges is an adaptation
to changes in the microbial species to which a given hosto prevent cytotoxic effects prior to cleavage of the pro-
is exposed. The fact that mammalian defensins have dipiece (Michaelson et al. 1992). Our reconstruction of
versified in a species-specific manner is consistent withancestral defensin sequences allowed us to examine the
this hypothesis, since in adapting to a new niche eaclpattern of change in the mature defensin and in the pro-
species is likely to encounter a new microbial commu-piece over evolutionary time. The results suggest that, in
nity. spite of some dramatic changes in the pattern of residue
Gene duplication is believed to be necessary for theeharges in the mature defensin over evolutionary time,
evolution of new gene function (Li 1982), but the mecha-coordinate changes have occurred in the propiece and/or
nism whereby new gene functions arise remains unin the mature defensin itself so as to keep the net positive
known. The most widely cited hypothesis is that, aftercharge of the mature defensin low enough so that it is
gene duplication, one gene copy is redundant andnore or less balanced by the negative charge of the pro-
thus free to accumulate mutations at random; by chancpiece. Furthermore, because when the mature defensin
such mutations may endow this gene with a new functiorbecomes less positive, the propiece tends to become less
(Onho 1973). In fact, however, several lines of evi- negative (Fig. 4C), these results suggest that it may be
dence contradict this hypothesis (Hughes 1994). Oneleleterious if the net charge of the propiece plus the
of these is the evidence that in several cases genmature defensin is strongly negative as well as if it is
duplication is known to have been followed not by strongly positive.
random substitution in one gene but by a burst of posi- Like any method of reconstruction of ancestral states,
tively selected amino acid changes leading to functionathe method used here is subject to some error. However,
differentiation of the two daughter genes (Hughes 1994)because the method is based on an empirically derived
Because the mammalian defensins seem to have evolvedatrix of amino acid changes among closely related,
according to the latter model, the present case adds toonserved proteins, it is unlikely to overestimate the fre-
the evidence against the hypothesis that functionallyquency of radical amino acid changes, such as those
novel genes arise from nonfunctional, redundant genénvolving a change of residue charge. Thus the recon-
copies. structed pattern of a continued balance between the cat-
In the case of the mammalian defensins, it has beeionic character of the mature defensin and the anionic
hypothesized that the net positive charge of the matureharacter of the propiece is likely to refect the actual
defensin is balanced by a net negative charge in theourse of evolution.
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Wright (1932) posed as a central problem of evolution — motes charge profile diversity in the antigen-binding cleft of class
the question of how Species are able move among mul- ! major histocompatibility complex genes in mammals. Mol Biol
. L o . e Evol 7:515-524
.tlple adaptlve peaks ina _hyp_erspace in which fitness Janke A, Feldmaier-Fuchs G, Thomas WK, von Haeseler A, Paabo S
IS a function O_f gene comblnatlor_l. In the case of mam- (1994) The marsupial mitochondrial genome and the evolution of
malian defensins, this problem might be expressed: How placental mammals. Genetics 137:243-256
is the transition made from one pattern of residue chargeagan BL, Selsted ME, Ganz T, Lehrer RI (1990) Antimicrobial de-
in the mature defensin to another—a process that may be fensin peptides form voltage-dependent ion-permeable channels in

driven by selective pressure arising from the composition g'la:ar lipid bilayer membrane. Proc Natl Acad Sci USA 87:210-

of the microbial community to which the species is ex- kimyra m (1977) Preponderance of synonymous changes as evidence
posed—while maintaining intact the balance between for the neutral theory of molecular evolution. Nature 267:275-276
charges in the propiece and in the mature defensin. Ous W-H (1982) Evolutionary change of duplicate genes. Isozymes 6:
results suggest that, at least as regards charge balance,>>-92

mammals have been able to move from one defensill1i(:htenstein AK, Ganz T, Selsted ME, Lehrer RI (1986) In vitro tumor
cell cytolysis mediated by peptide defensins of human and rabbit

“peak” to another while avoiding adaptive “valleys” in granulocytes. Blood 68:1407-1410
which the charges in these two regions would be stronglyichaelson D, Rayner J, Conto M, Ganz T (1992) Cationic defensins
unbalanced. arise from charge-neutralized propeptides: a mechanism for avoid-

ing leukocyte autocytotoxicity? J Leukoc Biol 51:632—-639
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