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Abstract

Immunoglobulins (Igs) constitute a subfamily of rapidly evolving proteins. It is postulated that this characteristic is due mainly to the
participation of these proteins in highly diverse functions of recognition and defense. Although this vision of rapid evolution in Igs is widely
accepted, various studies have demonstrated that diverse and contradictory forces not yet completely understood converge in the evolution of
these receptors.

In a recent study of the substitution patterns in the alleles that form the human IGHV locus, we found that the variation in genetic and
structural information does not occur homogeneously among the different genes, nor among the regions and positions conforming said locus.
In view of these results and of the importance of a better understanding of the basic evolutionary process in specific receptors (such as Igs)
for both immunology and molecular evolution, it is important to explore the nature of the diversification process in these proteins in detail.

In this work, therefore, we analyzed the substitution patterns in all the alleles reported for loci IGKV and IGLV in humans and mice, and we
compared the results with those previously observed in the human IGHV locus. We found that the process of evolutionary variation of the
Igs reflect the diversity of selective pressures operating on the different loci, genes, sub-regions and positions; for example, diversification
through substitution is generally centered on CDRs, but only few positions inside the CDRs were frequently substituted. In spite of this general
tendency, it is possible to observe differences in the degree of diversification among loci, families and genes. These tendencies to modify only
certain attributes of IGV genes seem to be in agreement with differential strategies associated with the restrictions of the molecular immune
recognition mechanism. The complexity of the evolutionary patterns observed in this study leads us to think that the predispositions observed
herein may also be due in part to processes of DNA dynamics.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction also to estimate the evolutionary patterns for reconstructing
the history of organismdHarvey et al., 1994; Tourasse and

One of the basic processes in the evolution of DNA Gouy, 1997; Li, 1997; Takano, 1998n addition, the analy-
sequences is the change of nucleotides over long periodssis of this evolutionary process has permitted the observation
of time; therefore, the study of these variations has been of phylogenetic differences among several types of genes. As
one of the fundamental topics of molecular evolutidm, ( an example, it is well known that certain structural proteins
1997. This type of analysis has made it possible not only such as histones, actins and ribosomal proteins are extremely
to understand the mechanisms by which DNA evolves, but conserved; whereas others have evolved intermediately
(hemoglobin, myoglobin, carbonic anhydrases, etc.) or
rapidly (Igs, MHC, interferons, interleukines, etdyhoff,
Rty 1972;. Fgrguson, 1980 This rate of evolutlion and |ts_
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(E. Vargas-Madrazo). or functions developed by the proteir®&ickerkandl, 1976
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As we mentioned, MHCs and Igs are the proteins with form of the antigen-binding site and the type of ligand recog-
the highest evolutionary rategf{lson et al., 1977; Kataoka  nized would point to the existence of additional restrictions
etal., 1982; Perlmutter et al., 1985; Klein et al., 1993; Klein, on the evolution of these proteins.

1986. Some estimates indicate that their rate of evolutionis  The germline genes of Igs are subject to evolving
500 times faster than that of histones, which are the slowest-processes (presumably rapid) that introduce changes in the
evolving proteins Ferguson, 1980 This tendency toward  sequence to make the immune system more apt or adaptable.
rapid evolution seems to be associated with the need for gen-Within these processes we find gene duplication, allelic
erating sufficient diversity to contend with an enormous spec- polymorphism and germline conversidtascual and Capra,
trum of antigens (Ag). 1991; Sitnikova and Su, 1998Although much has been

Although this vision of rapid evolution of MHCs and Igs  said about the high degree of polymorphism occurring in
is widely accepted, some studies show results that contra-lg genes, few studies evaluate the content of genetic and
dict this logic; for exampleBooker and Haughton (1994) structural information of the sequences at the level of allelic
found that some Ig genes present an extremely low rate of polymorphism in detail. In most studies on the evolution of
evolution. Likewise, phylogenetic studies of various species Ig genes, the distance between sequences is considered as a
have shown that Ig families have remained quite stable in measure of temporal separation, it being tacitly supposed that
time, a moderate degree of similarity among the Ig se- the probabilities of substitution are uniform and invariant
quences in different species being observaBlrdersson in all positions Eigen et al., 1988 The studies realized
and Matsunaga, 1995; Ota et al., 2D08imilar behavior under these premises have generally been applied to genes
has been noted in other multigenetic antigen-binding fami- of invariant or slightly variable proteins, since it is more
lies (Litman et al., 1999 The evidence indicating the conver-  plausible to assume sequence homogeneity in such a situ-
gence of diverse and contradictory forces in the evolution of ation. Nevertheless, it is well known that diversification in
Igs demonstrates the importance of delving more deeply into the variable regions of Igs is not distributed homogeneously
the nature of the diversification processes occurring in thesein all positions (Wu and Kabat, 1970; Vargas-Madrazo
proteins. et al., 1994. From this point of view, variability can range

The diversification of the recognition capacity of Igs is from total conservation in some positions to hypervariable
mainly the result of changes in the sequence that modify thein others Eigen et al., 1988 In addition, a closer view of
characteristics of the antigen-binding site, that is, of varia- biological complexity at the macromolecular level tells us
tion in the general form of this site and in the composition that not all the amino acid substitutions in a given protein
of the amino acids of the hypervariable loop¥ilson and have the same impact on evolutioAduCkerkand!, 1976
Stanfield, 1993 From this perspective, the number of pos- As we have already mentioned, Igs are subject to a vast
sible antigen-binding sites would be almost unlimited if the and complex menu of different selective forces. From this
Igs had a high rate of mutations with respect to the pos- perspective, those studies on proteins with a high mutational
tulated time. Nevertheless, diverse studies have shown thatate (Igs, for example), in which the content of the genetic
the hypervariability presented by the Igs is not as random and structural information of the sequences is considered
and elevated as had been postulat€dcho et al., 1993;  (vertical and horizontal analyses), can contribute to a
Vargas-Madrazo et al., 1994; Lara-Ochoa et al., 1986e more profound understanding of the nature of evolutionary
to restrictions operating at both functional and structural processes.
levels. Recently, we studied the substitution patterns in alleles

The antigen-binding site of Igs consists of six hypervari- composing the IGHV locus of humanR¢mo-Gonalez and
able loops: three of VH and three of VL, named H1, H2, H3 Vargas-Madrazo, 2005which is one of the most studied
and L1, L2, L3, respectivelyRoljak et al., 1978 Although of loci, since all of its members are mapped, sequenced
theseregions are hypervariable, ithas been demonstrated thagnd classified in phylogenetic tredsréwinkel et al., 1989;
with the exception of H3, the remaining five hypervariable Tomlinson et al., 1992; Milner et al., 1995
loops adopt only a small number of canonical conformations  Through the structural analysis of the substitution patterns
or canonical structures (CSJliothia and Lesk, 1987; Wilson in alleles of this locus, we found that the genetic and struc-
and Stanfield, 1993Besides, not all the combinations of CS tural information is not homogeneously distributed among
types exist in the sequences of known antibodies, only a fewthe genes, nor among the distinct regions that codify for them.
having been found thus favérgas-Madrazo et al., 1985 Explicitly, we observed that: (i) not all the genes are equally
These possible combinations or canonical structure classesubstituted; (i) among the different families and genes of the
(CSC) have been denominated structural repert@irethia IGHV, there are preferences for mutating only certain regions
et al., 1992; Tomlinson et al., 1995; Vargas-Madrazo et al., (FRs or CDRs) and positions and (iii) some of these prefer-
1999. In addition, it has been suggested that the forms of ences are common to the majority of these gerfmT(o-
the antigen-binding site present in the structural repertoire Gonzlez and Vargas-Madrazo, 2005 hese results suggest
correlate with the type of antigen recognizédaftin et al., that the diversification by substitution in alleles of the hu-
1991; Vargas-Madrazo et al., 1995; Lara-Ochoa et al., 1996;man IGHV locus is an evolutionary phenomenon that cre-
MacCallum et al., 1996 that is, a correlation between the ates diversity in genes and organisms through complex forces
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and selective pressures of diverse origintter et al., 1991; 2.2. Classification of the type of replacement

Nagylaki and Petes, 1982; Reynaud et al.,, 1989;

McCormack and Thompson, 1990; Rothenfluh et al., 2995 For each ofthe substitutions reported in the alleles, the type

The combination of evolutionary factors molding genetic of amino acid substitution (alterations of physico-chemical

diversity operates under a certain preferential strategy of properties) presented in each residue was analyzed; this was

change associated with diverse aspects of the functions ofdone in accordance with the system of the grouping and

the locus Zuckerkandl, 1976 analysis byGrantham, 1974Go and Miyazawa (198nd
Given that a better understanding of the basic evolution- Romo-Gonalez and Vargas-Madrazo (200%) these sys-

ary processes in the repertoires of specific receptors such asems, the alteration of physico-chemical properties is mainly

Igs is important for both immunology and molecular evolu- determined by the composition, polarity, molecular volume,

tion, and in view of the foregoing results, it becomes nec- exteriority and interiority of the lateral chains. Considering

essary to study various loci of the Ig protein family and allthese characteristics, we classified the amino acid substitu-

to compare the results obtained in different species. As wetions into three groups: (i) conservative, (ii) non-conservative

mentioned previously, the antigen-binding site is composed and (iii) radical.

of six hypervariable loops, three of VH and three of VL,

therefore, not only the heavy chain participates in the con- 2.3. Calculating the R/S ratio

formation of the antigen-binding site and in the recogni-

tion of Ags Wilson and Stanfield, 1993; Vargas-Madrazo Due to redundancy in the genetic code, base pairs changes

etal., 1995; Saul and Poljak, 1993; Vargas-Madrazo and Paz-in a codon may vield either a replacement (R) of one amino

Garcia, 2003 Since the functional properties of the VL do- acid by another or preservation of the same residue (a silent

main vary in respect to the VH, it would be interesting to (S) mutation). Because of this, it is possible to character-

contrast the properties observed in the human IGHV with the ize the evolutionary forces shaping the diversification of the

results reported here in VL loci IGKV and IGLV. In addi- different sub-regions of a gene by studying the replacement

tion to being the two species most studied in immunology, and silent substitutions rati@®/S ratio). TheR/S ratio was

humans and mice present many similarities in their mech- calculated by dividing the replacement substitutions by the

anism of Ig diversification\{/eill and Reynaud, 1996nd total number of silent substitution®/S) (Jukes and King,

in the characteristics of their structural repertoiféngagro 1979; Shlomchik et al., 1987The substitutions are counted

etal., 1997, 1998 consequently, itis also interesting to com- as nucleotide changes found in an allele with respect to the

pare the results for the Ig loci in these two species. We also predominant allele in agene. Codons undergoing random mu-

conducted studies of substitution patterns in the alleles of tation are predicted to yield &1 ratio of 2.9. Values below

the IGHV locus in mice, but since we obtained results con- 2.9 indicate conservation and those above 2.9 diversification

trasting strongly with those for other Ig loci in humans and (Jukes and King, 1979; Shlomchik et al., 1987

mice, we decided to report them in a separate article (now in

preparation).
3. Results
2. Methods 3.1. Analysis of allelism by gene
2.1. Construction of the database In Tables 1 and 2ve report those genes in which alle-

les have been found. This database includes: (i) 13 alleles

Starting from the IMGT databasént{p://imgt.cines.f}, from human locus IGKYV, which come from 12 of the 37
all the alleles reported (up to November 2003) for the IGKV functional genes that make up the locBsi(bie and Lefranc,
and IGLV loci in both humans and mice were compiled and 1998, 1998, (ii) 27 alleles from mouse locus IGKV, which
compared in detail with the predominant allele in each gene come from 10 of the 96 functional genesldrtinez-Jean
segment. We aligned each of the alleles with the allele repre-et al., 200}; (iii) 38 alleles from human locus IGLV, which
senting each gene and, following the criterion of maximum come from 22 of the 33 functional geneBaflares et al.,
homology, we assigned the sequences to the corresponding999; (iv) six alleles from mouse locus IGLV, which
allele. An analysis of the sequences made it possible to reascome from five of the eight functional genesc@aviner and
sign some of the alleles that presented errors in their assign-Guiraudou, 1999 It is important to note that in mouse locus
ment in the original database due to problems of alignment. IGKV, the amount of alleles is large if it is compared with
In order to have qualitative elements for this study, each of the the other three loci, and specially because these alleles come
original articles was reviewed to obtain the information rele- from only 10 genesTable 1. The evaluation of polymor-
vant to each sequence. The original sequences were checkegihism by gene and locus, indicates that the number of alleles
the experimental conditions, the source of the DNA, and found in thek and\ loci of both species is very limited,
other datawere collected in order to evaluate the quality of the all the more so in comparison with that observed in human
database. IGHV locus, in which 158 alleles were found in 42 of the
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Table 1
Number of alleles per gene reported for locus\fgn humans and mice
Clans and families Number of germline genes Number of allelic segments Gene name Number of alleles
Human
IGKV1 18 6 1-5 2
1-D-12 1
1-13 1
1-D-16 1
1-17 1
Clan | 1-39 1
IGKV3 7 3 3-11 1
3-D-15 1
3-20 1
IGKV4 1 0 0 0
IGKV5 1 0 0 0
IGKV2 10 3 2-29 1
Clan i 2-D-29 1
2-40 1
Total 37 12 13
Mouse
IGKV8 8 1 8-28 1
Clanl IGKV7 1 0 0 0
IGKV1 8 2 1-110 1
1-117 1
Clan i IGKV2 4 2 2-109 3
2-112 1
Clan Il IGKV3 9 0 0 0
Clan IVIVI IGKV4 24 0 0 0
IGKV5 5 0 0 0
IGKV6 12 1 6-32 1
IGKV9 4 0 0 0
IGKV10 3 2 10-94 9
10-96 7
IGKV11 1 0 0 0
ClanVv IGKV12 7 1 12-41 1
IGKV13 2 1 13-85 2
IGKV14 3 0 0 0
IGKV16 1 0 0 0
IGKV18 1 0 0 0
IGKV19 1 0 0 0
Clan VII IGKV17 2 0 0 0
Total 96 10 27

51 functional genesRomo-Gonalez and Vargas-Madrazo, (iii) In the case of those loci with the greatest number of re-

2005. ported alleles (KV10-94, KV10-96, KV2-109, LV2-14
In order to acquire greater confidence and control over y LV2-18), the different alleles are the result of inde-

the sequences under study, we decided to go to the original pendent studied_éfranc and Lefranc, 2001

source of each sequence to analyze diverse data regarding

the experimental origin of the information. The following

considerations show the quality of the database:

The foregoing observations indicate that the allelic diver-
sity among genes is, at least partly, independent of the exper-
imental origin of the sequences.

(i) Genes KV1-5, KV2-29, KV2-109, KV10-96, LV1-40, The fifth and sixth columns ofables 1 and Zhow the
LV2-11, LV1 and LV2 have been studied independently number of alleles reported for each gene. In contrast to the
by different research groups, the same allele having al- great variability (1-18 alleles) in the number of alleles per
ways been found for each genleefranc and Lefranc, = gene observed in the human IGHV locu®oMmo-Gonalez
2001). and Vargas-Madrazo, 200%n loci IGKV and IGLV, both in

(i) Nine different alleles have been reported in three in- humans and mice, most of the genes presented only one or
dependent studies for gene KV10-94efranc and two alleles. Only genes KV10-94, KV10-96 and KV2-109
Lefranc, 200}; for gene KV2-107 on the contrary, no  (with 9, 7 and 3 alleles, respectively) of th&ocus in mice,
alleles have been found in four independent studies and LV2-14 and LV2-18 (with three alleles each) of the V
(Lefranc and Lefranc, 2001 locus in humans were the outstanding exceptions. In any case,
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Table 2
Number of alleles per gene reported for locus\fgn humans and mice
Clans and families Number of germline genes Number of allelic segments Gene name Number of alleles
Human
1-40 2
IGLV1 5 3 1-47 1
1-51 1
2-8 2
2-11 2
2-14 3
IGLV2 5 6 2_18 3
2-23 1
Clan| 2_33 5
3-9 2
3-10 1
IGLV3 10 5 3-12 1
3-21 2
3-25 2
IGLV6 1 0 0 0
IGLV10 1 1 10-54 2
4-60 2
IGLV4 3 2 4-69 1
5-39 1
Clanll IGLV5 3 2 5_45 2
IGLV9 1 1 9-49 2
IGLV11 1 0 0 0
Clan Il IGLV7 2 1 7-46 1
an IGLVS 1 1 8-61 2
Total 33 22 38
Mouse
IGLV1 2 2 1-1 1
1-2 1
IGLV2 1 0 0 0
IGLV3 5 3 34 1
3-6 2
3-7 1
3-8 1
Total 8 5 6

it is generally notable that diversity regarding the number of to nine nucleotide changes among the four loci can be ob-
alleles reported is not equally distributed among the genes. served. Additionally, it should be noted that the amount of
substitutions in the four loci analyzed herein is significantly
less than that in the IGHV of humanRgmo-Gonalez and
Vargas-Madrazo, 2005The values for the number of maxi-
mum substitutions are as follows (the average is reported in
parentheses):

3.2. Number of substitutions per allele

As we stated in the structural analysis of substitution
patterns in the alleles of the human IGHV loci®ofmo-
Gonzalez and Vargas-Madrazo, 200&he number of alleles VHhuman  \k VA
per locus is not the only essential parameter in the evolution-
ary diversification of genetic information, since, for example,
an allele may present a large number of mutations with re-
spect to the principal allele, whereas another may differ only
in a single nucleotide. It can be seen that the alleles in the human IGHV locus

In Figs. 1 and 2we report the number of substitutions are much more mutated (ranging from 1 to 16 substitutions)
(silent and replacement) per allele for loci IGKV and IGLV than the ones studied here (human IGKV 1-4, human IGLV
in humans and mice, respectively. While the number of al- 1-7, mouse IGKV 1-9 and mouse IGLV 1-6 substitutions).
leles per gene is quite homogeneous, the great discrepancylthough the differences among the loci are notable, it is
existing in the number of substitutions per allele among some interesting to observe that, starting frdfigs. 1 and 2the
genes is very noticeable. When the total substitutions (silent proportion of alleles with 1-2 total substitutions constitutes
and replacement) are considered, variations ranging from onea majority in almost all of the loci. The only exception is

Human Mouse Human Mouse

Totals 16 (3.4) 4(18) 9(43) 7(20) 6(3.0)
Replacement 12 (2.3) 2(1.1) 5(2.0) 5(1.3) 5(1.9)
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Fig. 1. Number of substitutions occurring by species in each allele in lo&s Fpr both species, all the substitutions are shown in white, while only those
changes leading to a replacement at the amino acid level are represented in blue for mice and in red for humans. (For interpretation of the @fkmences to
in this figure legend, the reader is referred to the web version of the article.)

IGLV in the mouse, in which four of the six alleles present amino acid substitution (alteration of the physico-chemical
more than three substitutions. properties) present in each residue. In order to characterize
These results show that Ig diversification through allelic this type of variation in the content of genetic and struc-
variation is heterogeneous, for in spite of the marked differ- tural information in the genes, therefore, we classified the

ences existing among genes, loci and species, they share type of replacement in three groups: (i) conservative, (ii)

common evolutionary strategy and history of mutation. non-conservative and (iii) radical (see detailsGrantham,
1974; Go and Miyazawa, 1980; Romo-Gatez and Vargas-
3.3. Type and localization of substitutions per allele Madrazo, 200h

From a global estimate of the type of substitution occur-
To create diversity at the protein level, not only is the ringin the four loci studied, we found that 35% imply a con-
number of substitutions important, but also the type of servative amino acid modification, 55% non-conservative and
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Fig. 2. Number of substitutions occurring by species in each allele in loal Fpr both species, all the substitutions are shown in white, while only those
changes leading to a replacement at the amino acid level are represented in blue for mice and in red for humans. (For interpretation of the @dkmences to
in this figure legend, the reader is referred to the web version of the article.)

9% radical. An analysis of each one of the loci taken sepa- physico-chemical properties of the amino acids. From the
rately produced results (not shown) consistent with the fore- foregoing, it seems interesting to analyze whether the types of
going figures. Thus, more than half of the amino acid substi- substitutions are distributed equally in any sub-region (FR1,
tutions (64%) in the four loci analyzed imply partial or drastic FR2, FR3, CDR1, CDR2) or residue of the variable exons
alterations in physico-chemical properties (non-conservative studied here.

and radical), which suggest atendency toward diversification. A tool for differentiating the degree of variability among
These results are in contrast with those observed in the hu-substitutions per sub-region is the calculation of ratio of
man IGHV locus, in which a preponderance of conservative the replacement/silentR(S) substitutions (see details in
substitutions (61%) was founomo-Gonalez and Vargas-  Jukes and King, 1979; Shlomchik et al., 1987; Kirkham
Madrazo, 200k The previous results show that replacement and Schroeder, 1994; Ota et al., 2R0This analysis

in the different alleles is not random; on the contrary, they is pertinent in view of the results obtained in the hu-
show tendencies toward the partial or drastic alteration of the man IGHV locus, in which ther/S ratio indicates se-
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Table 3
RIS ratio for sub-segments of VL domain in humans and mice
Clans and families Number of genes Number of alleles CDR2
Human
Clan| IGKV1 18 (6} 7 2.0 16 1/0 0.3 0.5
IGKV3 6 (3) 3 2/0 1/0 0/8 —d 2.0
IGKV4 1(0) 0 - - 0 - -
IGKV5 1(0) 0 - - 0 - -
Clan i IGKV2 10 (3) 3 - - 2.0 - 2/0
Total 37 (12) 13 2.0 2.0 0.8 0.3 1.8
Mouse
Clan | IGKV8 8(1) 1 1/0 1.0 1.0 - 0/2
IGKV7 1(0) 0 - - - - -
Clan i IGKV1 8(2) 2 1.0 1.0 0 2.0 1/0
IGKV2 4(2) 4 0/2 2/0 0.8 3/0 0.5
Clan il IGKV3 9 (0) 0 - - - - -
Clan IV/VI IGKV4 24 (0) 0 - - - - -
ClanV IGKV5 5(0) 0 - - - - -
IGKV6 12 (1) 1 1/0 - - - -
IGKV9 4 (0) 0 - - - - -
IGKV10 3(2) 16 0/4 3.2 0.3 9/0 0/22
IGKV11 1(0) 0 - - - - -
IGKV12 7() 1 0/1 - - - -
IGKV13 2(1) 2 2/0 4/0 0/1 - 0.5
IGKV14 3(0) 0 - - - - -
IGKV16 1(0) 0 - - - - -
IGVK18 1 (0) 0 - - - - -
IGKV19 1(0) 0 - - - - -
Clan VIl IGKV17 2 (0) 0 - - - - 0
Total 96 (10) 27 1.8 2.3 0.4 14/0 0.1

IGKV genes grouped according to family and clan.

a The number of genes integrating each family is specified. The number of genes presenting alleles is reported in parentheses.

b No silent substitutions were found for some regions and families, while for others no replacement substitutions were found. In such cases,dhe number

replacement and silent substitutions is explicitly reported (numerator and denominator, respectively).
¢ Those positions for which no substitution of any kind was encountered are indicated with a hyphen.

Table 4
RIS ratio for sub-segments of VL domain in humans and mice
Clans and families Number of genes Number of alleles FR1 CDR1 FR2 CDR2
Human
Clan | IGLV1 5 (3P 4 1.0 d 0/1° 2/cP 210
IGLV2 5(6) 13 1.0 0.4 0/2 5/0 4.0
IGLV3 10 (5) 8 1.7 5.0 2/0 5.0 1.0
IGLV6 1(0) 0 - - - - -
IGLV10 1(1) 1 0/1 1/0 2.0 - 1/0
Clan i IGLV4 3(2) 3 - - - 0/1 2.0
IGLV5 5(2) 3 2/0 0/2 0/1 - -
IGLV9 1(1) 2 - - 01 - 01
IGLV11 1(0) 0 - - - - -
Clan Il IGLV7 2 (1) 1 - - - - 1/0
IGLV8 1(1) 2 - - - 1.0 -
Total 33 (22) 38 1.7 1.3 2.2 6.0 2.0
Mouse
IGLV1 2(2) 2 - 1.0 0/1 - -
IGLV2 1(0) 0 - - - - -
IGLV3 5 (4) 5 2/0 25 0.3 3.0 -
Total 8 (5) 7 2/0 2.0 0.3 2.0 -

Ig\V genes grouped according to family and clan.

a The number of genes integrating each family is specified. The number of genes presenting alleles is reported in parentheses.

b No silent substitutions were found for some regions and families, while for others no replacement substitutions were found. In such cases,dhe number

replacement and silent substitutions is explicitly reported (numerator and denominator, respectively).
¢ Those positions for which no substitution of any kind was encountered are indicated with a hyphen.

FR3

FR3
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lective pressure for diversification in the CDRs and in At this point, it is important to note that although up
some codons in particulaiRbmo-Gonalez and Vargas- to now there are more complex methods of estimating the
Madrazo, 200p the latter being associated with residues R/S ratio (Li, 1993; Yang and Nielsen, 2000; Massingham

frequently in contact with the AgMacCallum et al., and Goldman, 2005 there is also evidence in which
1996. the use of different methods, including the “classical”
28
12 —r -
10
24
53
8 H Ao
6 —
50

69

Variability
——

10

12—

4 9 14 19 24 29 31c 33 38 43 48 53 58 63 68 73 78 83 88
I I | I I
FR1 CDR1 FR2 CDR2 FR3

Amino acid Position

Fig. 3. Substitutions occurring by position in the& ¥xon of positions 1-88. For both species, all the substitutions are shown in white, while only those changes
leading to a replacement at the amino acid level are represented in blue for mice and in red for humans. (For interpretation of the referencethi® color in
figure legend, the reader is referred to the web version of the article.)
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used here, yielded essentially identical resulttighes,
2009.

The results of calculating th®/S ratio per family and sub-
region are summarized fables 3 and 4The analysis of the

total R/S ratio per sub-region (last row dfables 3 and ¥
showed differences with respect to the human IGHYV locus
(Romo-Gonalez and Vargas-Madrazo, 2Q0that is, ther/S
ratio for the VL domain was generally below the point of

55

46

24 27

Variability

ElLE

0S
4 9 14 19 24 29 32 38 43 48 b5ic 57 63 68 74 78 83 88

I I I | I |
FR1 CDR1 FR2 CDR2 FR3

Amino acid Position

Fig. 4. Substitutions occurring by position in tha ¥xon of positions 1-88. For both species, all the substitutions are shown in white, while only those changes
leading to a replacement at the amino acid level are represented in blue for mice and in red for humans. (For interpretation of the referencethi® color in
figure legend, the reader is referred to the web version of the article.)
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equilibrium ®R/S=2.9) in almost all the sub-regions of the implications. In this work, therefore, we analyzed the genetic
four loci analyzed. Thus, there is not only a low ratio of and structural information contained in the alleles of IGKV
alleles and mutations with respect to the human IGHV locus, and IGLV loci in humans and mice and compared the results
but in general the sub-regions of the variable exon in IGKV with those observed previously in the human IGHV locus
and IGLV locitend to be conserved. A notable example in this (Romo-Gonalez and Vargas-Madrazo, 2005
respectis that of CDR2 in the IGKYV lociin mice and IGLV in In previous sections of our study, we observed that the
humans, which showed values of 14/0 and 6.0, respectively.evolutionary variation processes in Igs generally tend more
These higR/S ratios in CDR2 were observed to be the result toward conservation than toward diversification, just as it has
of substitution in only a few families (s@ables 3 and 4 they usually been postulated in relevant literature, since most alle-
contrast not only with that occurring in the other sub-regions les show a tendency to substitute only one or two nucleotides.
of the variable exon, but particularly with the observations on This rate of variation is very similar to that observed in the
CDRL1 in the same loci (values of 2.3 and 1.3, respectively). alleles of humansKruglyak, 1997; Halushka et al., 1999
There would seem to be a tendency to diversify CDR2 more In spite of this low substitution rate, it is to be noted that
than CDR1. when these variations are examined taking into account the
Inview of the differences observed in tR& ratios among genetic and structural information, dissimilar tendencies are
the different sub-regions, the type of amino acid substitutions observed at distinct levels in the diversification of Ig genes.
occurring among these segments may also be expected to b&his means that their diversification is not homogeneous but
significantly different. Therefore, we calculated the distribu- reflects the diverse selective pressures and processes of DNA
tion of the three types of amino acid substitution previously dynamics operating on the loci, genes, sub-regions and po-
described for the distinct CDR and FR regions. We found sitions; since the greatest incidence of substitutions tends to
that the preponderance of non-conservative substitutions inoccur in those regions and residues that are important for the
the four loci analyzed tended to be centered on the CDRs,recognition of antigens, itis restricted in the regions responsi-
just as we expected, considering the functions of those re-ble for the general folding of the domaiM{lner et al., 1995;
gions (data not shown). A similar tendency had previously Tomlinson et al., 1996; Ota et al., 200Thus, these prepon-
been observed in the human IGHV locus, although it was not derant substitutions of only certain attributes in IGV genes
as evident as in the loci studied hereiRofno-Gonalez and seem to be in accordance with the function that they perform.
Vargas-Madrazo, 2005 At the same time, it must be considered that in concertation
Finally, the analysis of substitutions per residue showed a with selective pressure there are several mechanisms of DNA
bias in the replacement tendency not as marked as that obdynamics, like “concerted” evolution, that co-determine the
served in the IGHV; however, for the loci analyzed in this final properties of genes.
study, not all the positions were equally replaced, since we  The first thing that becomes evident is that not all of the
encountered some positions with a high number of substitu- loci and alleles of Igs are equally substituted, for instance,
tions. This is noteworthy in view of the limited number of the diversification processes by selective pressure operating
substitutions (2.76 on the average) presented by each alleleon locik and\ in humans and mice are more restricted than
in the four loci studied hereHgs. 3 and 4 In the IGKV those operating on the human IGHV locus. This agrees not
locus of mice, residues 24, 28, 50 and 53 (with 9, 8, 8 and only with previous reports on the germinal diversity in VH
4 replacements, respectively) were outstanding. Also, in theand VL (Chang and Casali, 1995but also with structural
IGLV locus of humans, only positions 50 and 31a presented (Vargas-Madrazo et al., 1995; Kabat and Wu, 1991; Wilson
more than three replacements. Among these positions, L50and Stanfield, 1993and functional Zouali, 1995; Ward
has been described as one having frequent contact with theet al., 1989 evidence that the VH domain plays a more
Ag. Another noteworthy case is that of IGLV locus in mice, preponderant role in the recognition mechanism and partic-
for in spite of its low ratio of substitutions, the majority of ularly in the diversification strategy. Indeed, in many spe-
those occurring were localized in the CDRs or in nearby areascific immune responses, the VL domain remains constant,
(Fig. 4). whereas the VH favors diversificatioddbat and Wu, 1991;
Wilson and Stanfield, 1993n this respect, it should be noted
that the few replacement mutations occurring in le@nd
4. Discussion N\ in humans and mice are mostly of the non-conservative
type, whereas those in the human IGHV locus tend to be
As itis previously mentioned, diverse and complementary conservative Romo-Gonalez and Vargas-Madrazo, 2005
forces converge on the evolution of Igs. Since few studies deal Since the number of substitutions in lacand\ in humans
integrally with this complex problem, a profound exploration and mice is very limited, the diversification of the VL do-
of the nature of the evolutionary diversification processes in main appears to be subject to few but significant changes.
these proteins is important. Allelic polymorphism is one of In contrast, the strategy for diversification in the VH do-
the fundamental sources of the evolutionary variation in Ilg main takes place through small and constant variations that
genesCook and Tomlinson, 1995however, thismechanism  could be modulating the plasticity of the antigen-binding
is poorly understood regarding its functional and structural site.
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In VL loci, even though diversification regarding the num-  results listed below seem to indicate the presence of a con-
ber of alleles is very limited (mostly one or two alleles per certed evolutionary and functional strategy acting on Ig genes
gene), it is possible to note certain preferences for creating (Zuckerkandl, 1978
greater diversity in some of the genes (10-94, 10-96, 2—-109,
2-14,2-18). Thistendency was also observed inthe IGHV lo-
cus in humansgomo-Gonalez and Vargas-Madrazo, 2005 : .
which means that diversification via the number of alleles ... different aIIek_as, genes_and loci; .

. (i) they are localized only in CDR2 but not in CDRL1.
does not occur homogeneously among the genes. This ten-
dency might be at least partly associated with strategies for  In regard to the substitution patterns by position, the few
the preferential gene usage observed in certain ontogenic omutations observed might possibly be distributed at random;
pathological states, or with the regulation of the immune net- however, it should be noted that, in the regions composing
work (Schroeder et al., 1995; Viale et al., 1994; Coutinho, the V exon, only some positions were highly replaced (24,
2000. Thus it is possible to postulate the existence of a cer- 28, 31a, 50 y 53), and these are in the CDRs or adjacent
tain correlation between the degree of polymorphism and theto them. Position L50 stands out prominently as one of the
genetic functionality of IgV genes, as it has been observed most frequently replaced positions in our study, and also as
in other multigenetic familiesNoel et al., 1999; Obata etal., one observed to be highly mutated within orthologous di-
2000. Nevertheless, it is important to consider that the evo- versity (Tomlinson et al., 1996 it has also been identified
lution of Igs does not occur through the direct selection of as being in frequent contact with the AlglécCallum et al.,
individual genes, but rather of a complete repertoire of genes1996. The possibility of mutation occurring by chance in
(Rothenfluh et al., 1995; Blanden et al., 1998 is possi- one single codon for a large number of alleles in unrelated
ble to suppose that mutual codetermination exist between theindividualsis very low. This being the case, the presence of re-
properties of the Ab repertoire and the extent of allelismin V placement mutations far above the expected values in position
genes, especially if we consider the diverse evidence indicat-L50 of loci IGKV in mice and IGLV in humans may indicate
ing that only a small fraction of the repertoire of Ig genes plays that these events are associated with mutational “hotspots.’In
a central role in determining the fundamental properties of short, the detailed study of substitution patterns in alleles that
the Ab repertoire in the immune systee@rney etal., 1989;  we have presented here makes it evident that the nature of the
Stewart and Varela, 1989; Coutinho, 2008s an example,  selective pressures acting on a given protein become obscure
studies on allogenic cells show that the self-recognition is upon examining only the complete protein, that is without
mediated only by a small group of gene&nkernagel and  considering the functions of each residiégen et al., 1988;
Doherty, 1977; Schurmans et al., 1991; Nasman and Booker and Haughton, 1994This is important because not
Lundkvist, 1998. It is also known that in the repertoire of all amino acid substitutions have the same impact on protein
both humans and mice, there exists a preferential use of cer-evolution Zuckerkandl, 1976
tain genes that varies with age, while others continue to be
expressed throughout lif&kKéarney et al., 1989; Coutinho,
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