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ABSTRACT: It has been proposed that the defense and
recognition functions of the immune system, especially
those mediated by antibodies, require a great diversity of
receptors, Nonetheless, functional and structural evidence
has demonstrated the presence of restrictions, both in the
use of the repertoire and in the recognition of antigens.
Fifty-one functional genes have been described in the
IghV locus; however, there is a variety of evidences indi-
cating that only a small fraction of the immunoglobulin
genes plays a central role in determining the fundamencal
properties of the antibody repertoire of the immune sys-
tern. On the basis of this functional and structural infor-
mation, we selected four IghV gencs and characterized
their polymorphism in a sample of Mexican individuals.
We also analyzed the implications for the recognition

INTRODUCTION

It has been proposed that the genetic processes creating
diversity in the repertoire of antibodies (Abs) can poten-
tially generate 10'" specificities, including those virru-
ally harmful [1}. This great diversity of specificities
enables us to understand, at least partially, that verce-
brates are able to cope with the great antigenic universe.
foreover, functional and structural evidence has dem-
onstrated that not all variants generated by the diversi-
fication processes have been found naturally in the cir-
culating Abs repertoires {2-7)}. This fact indicates
restrictions in using the Ab repertoire and therefore in
the recognition of antigens (Ags).
For example, the analysis of the structural repertoire of
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mechanism of the substitutions found in the sequenced
alleles. We found that diversification through allelism
varies from segment to segment, both in the amount of
alleles encountered and in the nature and distribution of
mutations in the codifying zone, which might depend on
its importance for the repertoire. Such functional charac-
teristics may be useful in the interpretation of differential
gene usage in certain physiclogical, ontological,
and/or pathological conditions.  Human Immunology 60,
732-740 (2005). © American Socicty for Histocompati-
bility and Immunogenetics, 2005. Published by Elsevier
Inc.
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immunoglobulins (Igs) has indicated the presence of
restrictions and topological preferences. Of the 300 pos-
sible general forms of antigen-binding sites generated by
the combination of diverse types of canonical structures
(SC) for five of the six hypervariable loops [8], only 29
combinations {SC classes, or CSC) have been found in Igs
51, Furthermore, not all hypervariable loops participate
equally to generate diversity in the structural repertoire.
Because H2, H3, and Ll vary in cheir length and con-
formation, chese are the ones mainly responsible for the
generation of structural variants that allow the recogni-
tion of different Ags {3, 5, 9, 10L

Similar to that observed in the structural repertoire,
limitations and directions in the functional analyses of its
variability have also been found. Studies evaluating gene
use have revealed that of the 51 functional segments that
codify the VIH domain of Igs, very few are expressed in
circulating Abs repertoires, although some of them are
prepoanderant in certain ontological, physiological, and
pathological states {2, 4, 6}. For instance, in humans, the
gene V3-23 (VH206) of the'IghV3 family (one of the most
numerous and expressed of IgV genes) is the most pre-
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ponderant one throughout life, not only of its family bur
of ail the IghV locus, with an expression of 209% to 30%
{11-131. This expression constancy of gene V3-23 is noc
observed in any other gene or gene family because in
other cases, preeminence varies according to the age and
physiopathology of the organism in question. Although
gene VO-1 is preferentially used in earlier developmental
stages and in autoimmune processes in the adult [6, 14,
151, the IghV4 family genes {mainly 4-59, 4-34, and
4-39) are more frequent in the adult’s repertoire {1, 2
16, 17]. These and other results imply that only a small
fraction of the repertoire of Ig genes plays an important
role in determining the fundamental properties of the
immune system’s repertoires of antibodies {7, 13, 18241,
and they outline the existence of an important selective
force in terms of structural, and hence functional, charac-
teristics acting on Ig genes {5, 25-29}. In this light, we
think that the study of some aspects of the molecular
evolution of V' genes and the consequences of these alter-
ations on the structural properties of the antigen-binding
site will help us understand the strategies of the immune
system for creating repertoires of diverse antibodies.
Although the mechanisms operating for the diversifi-
cation: of the Abs repertoire at a somatic level have been
studied in great detail, very lictle is known about the
genetic contribution for diversifying this repertoire [29—
323, Furthermore, it has been established that knowing
and understanding the germline repertoire and its pro-
cesses of evolutive diversification is fundamental because

such knowledge can contribute to the understanding of

the differential expression of V genes and their relation-
ship to certain pathologies {311 We have recently ana-
lyzed the substitution patterns in alleles of IgV genes in
humans and mice [33, 34] and found that in general
polymorphism is considered as one of the phenomena
introducing diversity in the germ line repertoire. Nev-
ertheless, this fact only indicates how little is known
about the contribution of polymorphism to the forma-
tion of repertoires of circulating antibodies, because most
of the studies evaluating polymorphism concentrate on
the calculation of allelic frequencies in a population.
Additionally, those studies come mostly from Caucasian
populations [35-38]. By a detailed analysis of this phe-
anomenon by means of parameters describing information
of the genetic and structural properties of the substitu-
tions, it is possible to observe patterns and evolutionary
strategies for diversification acting on those genes {33,
341. In view of the above, it is important to exzend the
characterization of polymorphism, atr least of certain
genes of interest {391,

To date, 51 IghV functional genes have been described
{40}; however, not all of them participate in the repertoire
of circulating antibodies. In previous work, we have pro-
posed bidimensional maps that permit the grouping and
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identification of V genes codifying for antibodies with
distinctive properties of recognition {391, On the basis of
this information, and on the basis of analyses of the use of
genes mentioned above, we selected four IghV genes and
characterized their polymorphism in a sample of Mexican
individuals. Additionally, we analyzed the implications for
the recognition mechanism of the substitutions found in
the sequenced alicles.

MATERIALS AND METHODS

Donor Selection

All subjects were invited to participate voluntarily. Par-
ticipants and pareats (in the case of minors) received an
explanation of the project objectives and the specitic
procedures included in the study. They then gave written
informed consent.

Natives, Ten unrelated individuals belonging to the
Nzhua population from Zongolica, Veracruz, were re-
cruited for this study. We chose this population on the
basis of its genetic homogeneity, a criterion they fulfill
because it has been geographically isolated from genetic
recombination with other populations, a characteristic that
guarantees {at least in part) the pure ethnicity required to
fulfill our study objectives. An expert anthropologist of the
CIESAS Goifo in Xalapa, Veracruz, designed a methodol-
ogy in order to characterize the indigenous population.
The methodology included determining the ethnicity of
all subjects by direct questioning. Each subject was asked
to state the ethnicity, country of birth, and language of
each grandparent. For each subject, this information was
used to construct a family tree of ethnicity.

Mestizos. A group of 10 unreiated individuals was in-
cluded. The group consisted of student volunteess, all of
whom were born and living in Xalapa and surroundings.
Although they are an admixed sample (Native American
with white) of individuals, they have an important native
background, as revealed in the anthropological study. In
Mexico, determigation of ethnicity is relatively easy be-
cause most of the genetic mixes have been with the
Spanish, and in few cases, with Africans, both of which
have characreristic phenotypes. However, in order to
assure mestizo origin, during the interview, we asked
patients about their ancestors. All subjects whose grand-
pareats were not Mexicans by birth were rejected for
inclusion in the study.

Selection of Genes for Study

The following genes were selected in accordance with the
structural criteria for the use of genes: gene V3-23
(VH26), which is expressed with great frequency in fetal
and aduit B lymphocytes and in autoantibodies {4, 30}
gene V6-1, the only member of the family IghV6, which




appears preferentially in fetal lymphocytes and autoanti-
bodies [6, 14, 151 and which is also the only gene that
codifies for CSC 3-5, a class with unique structural
characteristics {5, 39, 411; and genes V4-59 and V4-61,
which presented 100% identity in those relevant posi-
tions to the interaction with the Ab but codify for
different CSC (1-1 and 3-1, respectively) {391].

Primer Design

We designed family-specific primers for IghV segments
based on the methodology of Tomlinson et al. {421, in
which the priming regions are located on the heptamer
and part of the recombination spacer at the 3" end of the
VH exon, and regions of the leadering exon or intron at
the 5’ end. Priming on the heptamer has the advantage
that since the heptamer is lost during recombination,
rearranged IghV genes are not amplifed.

On the other hand, “internal” primers for IghV3 and
IghV4 were designed on the basis of those regions of CDR1
and CDR2 that display the greatest diversity within the
family and are the target of the V3-23, V4-59, and V4-59
sequences. This strategy allowed us to identify the gene of
interest. The sequences of the primers are listed in Table 1.

Preparation of Genomic DNA

Genomic DNA was isolated from peripheral white blood
cells obtained from 20 healthy volunteers (10 Mexican
native and 10 mestizo subjects) by means of a previously
described method {431, Briefly, 5 ml of whole blood was
collected in a tube with 0.057 EDTA at 15%. The whole
blood was transferred to a 20-ml polypropylene tube
containing 10 ml of ice-cold phosphate-buffered saline,
10 mM phosphate, and 150 mM NaCl, pH 7.2. The
nuclear peller was isolated by centrifugation at 800 g for
7 minutes at 4°C and then resuspended in 10 ml of
extraction buffer (300 mM sodium acetate, 50 mM
EDTA pH 7.5, RNaseA to a final concentration of 25
wg/ml), and 50 wl proteinase K. The samples were
incubated at 50°C for 5 hours. The pellet was extracted
twice with phenol/chloroform and once with chloroform,
and precipitated with ice-cold ethanol. Then the samples

TABLE 1 Family and gene-specific primers

Primer Sequence

VH3 5’ 5 - CTGAATTCCATGGAGTTTTGGGCTGAG- 3"
VH3 3’ 5 - GACTCTAGACAATGAACTTCCCCTCACT -3
VH4 5’ 5 - CTGAATTCCATGAAACACCTGTGGTTCTT -3
VH4 3’ 5/ GACTCTAGAGGGCTCACACTCACCTCCCCT-3 !
VHG6 5 5'*GACTCTAGAATGTCTGTCTCCTTCCTCAT—3'
VH6 3’ 5’ GGAATTCCTGACTTCCCCTICACTGTG- 3
V3-23° 5’ - AGCAGCTATGCCATGAGCTGG- 3’

V4-59 5'-TCCATCAGTACTTACTACTGG- 3’

V4-61 5/ -TCCGTCAGCAGTGGTAGTTAC- 3

M8, [11L

T. Romo-Gonzdlez et al.

were resuspended in 500 jul of water and quantified by
measuring their absorbance at 260 nm.

PCR Amplification and Sequencing

Genomic DNA was amplified by pairs of PCR primers
designed as previously described [42] in a thermal cycler
with Promega Thermius aquaticis (Taq) DNA polymerase.
Reaction mixtures (50 pl) were prepared containing 25
pmol of each primer, 5-10 g of genomic DNA, 2.5 units
of Taq polymerase, 20 WM each dNTPs and the recor-
mended buffer (Promega: 50 mM KCl, 10 mM Tris-H{!
pH 8.8, 1.5 mM MgCl,, 0.1% Triton X-100). The reac-
tion mixture was performed with 30 cycles of amplifica-
tion. Each cycle consisted of denaturation (94°C for 1
minute), annealing (55°C for 1 minute), and extension
(72°C for 2 minutes). At the end of 30 cycles, there was a
final extension at 72°C for 5 minutes. The product was
analyzed by running 5 pl on a 2% agarose gel. The
remainder was extracted with phenol/chloroform, precipi-
tated with ethanol, and digested with restriction enzymes
EwRI and Xbal. A band of the expected size was cut from
a 1.5% low melting point agarose gel and then purified
and precipitated with ethanol.

The product was ligated into Puc-19 that had been
digested with EcoRTand Xbal. The ligation mix was used
co transform Escherichia coli XL1-blue cells by electropo-
ration [44}. A single-stranded template fromn selected
plaques was prepared and sequenced by the dideoxy
chain termination method {45}

Several precautions were taken to avoid cross-contami-
nation. Negative controls (no genomic DNA added) were
always included in all amplifications to check for DNA
contamination. Independent amplification with identical
sets of primers was simultaneously undertaken to avoid
clones isolated from one amplification contaminating the
next. In all cases, we imposed the requirement that each
germline VH segment had to be observed in at least two
independent amplifications.

Compilation of Germline Database and
Structural-Functional Analysis

DNA sequences were aligned and translated by a sequence
analysis program (Lasergene). 'The sequences were comi-
pared in detail with the germline genes. Once the fixed
mutations (substitutions, insertions, or deleticns) had been
identified, each allele sequence was analyzed on the basis of
its implications for evolution and for the mechanism of
molecular recognition. This scheme has been developed by
our research group {5, 28, 291

RESULTS
Allelism Analysis per IghV Gene

Genes V3-23, V4-59, V4-61, and V6-1 were characterized
in 20 individuals (10 natives and 10 mestizos) through
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sequencing in order to determine the degree of polymor-
phism in those genes. The sequences obtained for each one
of the four studied genes were aligned and compared in
detail with the predominant allele of each one.

We did not identify new polymorphisms in the V6-1
and V4-61 genes in any of the examined samples. The
predominant allele, previously designated as V6-1*01
and V4-61%01, respectively {46}, was present in the
studied individuals in all cases. Regarding this, it is
important to point out that alleles have been reported for
both genes in the Caucasian population. For gene V6-1,
only one allele has been reported; five alleles have been
found for gene V4-61 {33, 46}.

For V3-23 and V4-59 (Figures 1 and 2), two new or
unreported alleles were identified. In the case of gene
V4-59, the variant found was designated as V4-59%11
because currently there are nine reported alleles in addition
to the predominant allele. All the individuals (natives or
mestizos) examined in this study presented the allele de-
scribed herein. This result in each individual comes from
homologous sequences of amplified DNA from at least two
independent PCRs, which provides reliability of the results
and discards possible contamination.

Also, upon characterizing gene V3-23, we identified a
new allele in addition to the three previously reported
and we designated it as V3-23%04. It is important to
point out that unlike that observed in gene V4-59, in the
samples examined here, both the predominant allele of
this gene (V3-23%01) and the new variant (V3-23%04)
were present. In the 20 individuals sampled (10 natives
and 10 mestizos), allele V3-23%04 was present in 5
individuals (2 natives and 3 mestizos), whereas in the
other 15, the sequenced allele was V3-23+01.

36 37 38 39 40 41
W V R ¢ a @
HV3-23%03%,V3-23 TGG GTC CGC CAG GCT CCA
HVI-23%02, VH26 mmm mmm mmm mmm eom —ee

M39660 TG
J00236 ,iG

U29481 ,IGHVE-23%0%,VH26=3.7 === === === === ==e —-=

AY757302, IGHV3E-23%04, e e e e e -

735

Number, Type, and Localization of Substitutions
in the Alleles Found

Inn the alleles reported here (V3-23%04 and V4-59*11),
we identified six and eight substitutions, respectively
{Figures 1 and 2). Such substitutions were located in the
following positions: 52 AG/TA; 52a G-T/A-C; 55 G/A
and 59 C/T in V3-23%04 and 41 C-A/G-C; 50 TA/CG;
53 TA/AC; and 69 A/G; 84 T/C in V4-59*11. In allele
V3-23%04, all substitutions were located in CDR2, and
five of the six were replacement substitutions.

It is important to note that the amino acid replacement
in positions 52 and 52a was the product of a double
substitution (Figure 1). Such positions have been observed
in frequent contact with the Ag {471 Regarding allele
V4-59*11, seven of its eight substitutions generated an
amino acid change, six of them occurring through a double
substitution in the codifying codon. Although the number
of substitutions is similar to that encountered in V3-
23*%04, and double substitutions occur repeatedly, the
substitutions in this allele are more heterogeneously dis-
tributed because they were located not only in CDR2, but
also in FR2 and FR3 (Figure 2). Despite the large number
of replacement substitutions seen in both cases, upon an-
alyzing the type of modification, only 2 of the 17 replace-
ments implied a nonconservative change in physicochem-
ical properties of the residue {33, 48, 491, whereas the
other 15 were of the conservative type (Figures 1 and 2).

DISCUSSION

It has been proposed that allelic polymorphism is one of the
fundamental sources of evolutionary variation in Ig genes
[30]. However, the functional and structural implications of
this mechanism are little understood. Because understanding

CDR2____

42 43 44 45 46 47 48 49 50 L B2 B2a 53 54
G K G 5 E w v s A I S G 5 G
GBG AAS GGG CTG GAG TGEG GTC TCA GCT ATT GGT AST GGT

MOPEE0  ,IBHVI-23*01L,V3-23
J00238 ,IGHVI-23%02,VH28
U29481 ,IGHVE~23%03,VH26-3.7

AYT57302,I6HV3-23%04,

FIGURE 1 Alignment of the alleles of gene IGHV3-23 in humans. The alleles previously reported and their substitutions are
indicated in red, the novel allele and its substitutions in blue. Among the substitutions, those generating amino acid replacements
were classified in three groups, according to the type of change in the physicochemical properties of the residue {33, 47, 48} red
for radical, yellow for nonconservative, and green for conservative substitutions.
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the germline repertoire and its processes of evolutionary
diversification is fundamental {31}, in the present work, we
studied germline diversification by substitution polymor-
phism in 4 of the 51 functional genes. This selection is
possible because not all genes participate equally, nor do they
have the same importance in the repertoire.

As a result of the study of substitution polymorphism in
the four genes selected, two new alleles were identified in
the codifying regions of genes V3-23 and V4-59. In gene
V4-59, the same allele was identified in all the individuals
analyzed. This preponderance might indicate an evolution-
ary advantage for this population. The same preponderance
was not observed in gene V3-23, in which case the indi-
viduals studied presented both the predominant allele of
the gene (V3-23%(1) and a new variant (V3-23*%04), Be-
cause the latter was present in the natives as well as in the
mestizos, it may be assumed that this allele originated
before the mixing of the races.

Although this study does not evaluate allelic frequen-
cies and the number of individuals sample is not extensive,
the following should be noted.

No novel alleles have been identified in gene V6-1. The
conservation observed herein is consistent with previous
reports because this gene has generally been described as
demonstrating little polymorphism [50-521 and few mu-
tations (the only mutation observed in the only allele
reported is of the silent type) {531, Furthermore, this
conservation occurs not only at the germiine level but also
at cthe somatic level {2, 6, 54, 551. The importance of this
gene for the repertoire {14, 56-59} and its marked con-
servation make it possible to consider the presence of
dynamic and evolutionary forces acting to maintain the
structural and functional characteristics of this gene.

Of ¢the 20 individuals sampled here, no new alleles were
found for gene V4-61. This is a surprising result, not only
because this gene, together with V4-59, is among the most
polymorphic ones of the IghV locus and one of the most
susceptible to mutation [33, 46}, but also because for gene
V4-59, we found an allele (V4-59%11) for this sample.

In contrast to the observed in gene V4-59, in which the
same allele was identified in all individuals, the new allele
reported herein for gene V3-23 is not present in all the
samples. Instead, some subjects presented the preponder-

nr allele of the gene (V3-23%01), whereas others presented
the variant {V3-23%04). Several studies have demonstrated
that this gene is onc of the most expressed in humans
throughout life, regardless of their ontological, physiolog-
ical, or pathological condition [4, 11-13]. In addition, it
has been demonstrated that the antibodies codified by this
gene, though great plasticity, recognize both self-antigens
as well as nonself ones (autoreactive and multireactive
antibodies) {11, 131

Previous studies of the IgV locus {33, 347 and of other
loci [60, 613 have made it evident that polymorphism

T. Romo-Gonzilez er 4|,

R/S ratio for subregion of human Vi
domain of genes V3-23, V4-59, V4-61,
and V6-1

Number
of alleles

Families and

CDR1 FR2

genes

ighVv3
V3-23

Ighv4
V4-59
V4-61

IghVs
Vé6-1
Totals

can be characterized in several ways, not only by the
number of alleles and their frequency in & determined
population, but also by the number of mutations per
allele [601—as well as by the distribution and type of
substitutions occurring throughout the gene [61].
Upon analyzing th
substitutions in the alleles of the sampled individuals, we

found that the number and the distribution of mutations

number, type, and location of

is not homogeneous and varies among these genes (Fig-
ures 1 and 2). Moreover, there is not only a biased
distribution of murations, but also a repeared substitu-
tion of some residues that occurs through double murta-
tions at the same codon. Given that the probability of
having a double substitution in a codon is very small
{0.0036 if exon V consists of 282 nucleotides), this
phenomenon may be associated with the presence of
mutation hotspots over these positions {621

Furthermore, if the distribution of substitation per
subregion is analyzed by calculating the replacement/silent
(R/S) ratio [63, G4] (Table 2), it is possible to observe
diversification tendencies proper to each genetic segment.
Particularly in gene V3-23, substitutions are favored in
CDR2 (R/S = 6.0); in gene V4-59, diversification s
favored on FR1 (R/S = 9.0), whereas the diversification in
gene V4-61 is more homogenous among the regions (Ta-
ble 2). These results imply that diversification is not ho-
mogenous throughout the subregions berween different
gene segments and, more important, that it is not centered
only on CDRs. This observation is interesting because i
has been postulated that certain subsegments of the FX
that are distant from the antigen-binding site could play
an important recognition role because they affect the an-
tigen binding [65—67] or the interaction with other non-
specific ligands {68, 691. For instance, position 71 in FR3
participates in the conformation of CDR2 {70, 71} or
affects VH:VL pairing [72, 731.

Consequently,the distinctive substitution patterns of
cach gene segment could generate substantial changes in
the affinity between alleles, which is possible with only a
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FIGURE 2 Alignment of the alleles of gene 1G1IV4-59 in humans. The alleles previously reported and their substitutions are
indicated in red, the novel aliele and its substitutions in blue. Among the substitutions, those generating amino acid replacements
were classified in three groups, according to the type of changé/ Y the physicochemical properties of the residue [33, 47, 48}: red
for radical, yellow for nonconservative, and green for conservative substitutions.
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few, but significant, changes. For example, in a previous
study that compared the affinity of two alleles of gene
V3-23 (V3-23*%01 and 03), it was observed that the vari-
ation (although small) in the positions substituted between
alleles produced deviations that made the Ag binding as
much as 20 times more effective {74}. This means that the
differences in CDR2 presented by the alleles V3-23%03
confer a marked increase on its affinicy [74]. With respect
to gene V4-59 (the other gene in which we found an
allele), there is no affinity test that compares the effects of
mutations on its alleles that postulates a correlation be-
tween the mutations found on it and their functionality.
However, it important to note that this gene has been
found encoding Abs molecules that bind a wide array of
three-dimensionally similar ligands such as streptococcal
M protein, myosin, other a-helical proteins, and carbohy-
drate epitopes [73}; it has also typically been found rear-
ranged in mutated mantle-cell lymphoma {76, 771.

To summarize, diversification by allelism in the genes
analyzed varies from segment to segment, both in the
number of alleles found and in the distribution and nature
of mutations in the codified area, depending on the im-
portance of each one for the repertoire. In previocus studies
by our research group, similar strategies have been ob-
served in the evolution of the families of Ig genes {28} and
their relationship with the topology of the antigen-bind-
ing site {39].
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