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The Inference of Antigen Selection on Ig Genes1

Izidore S. Lossos,* Robert Tibshirani,† Balasubramanian Narasimhan,† and Ronald Levy2*

Analysis of somatic mutations in V regions of Ig genes is important for understanding various biological processes. It is customary
to estimate Ag selection on Ig genes by assessment of replacement (R) as opposed to silent (S) mutations in the complementary-
determining regions and S as opposed to R mutations in the framework regions. In the past such an evaluation was performed
using a binomial distribution model equation, which is inappropriate for Ig genes in which mutations have four different distri-
bution possibilities (R and S mutations in the complementary-determining region and/or framework regions of the gene). In the
present work, we propose a multinomial distribution model for assessment of Ag selection. Side-by-side application of multinomial
and binomial models on 86 previously established Ig sequences disclosed 8 discrepancies, leading to opposite statistical conclusions
about Ag selection. We suggest the use of the multinomial model for all future analysis of Ag selection.The Journal of Immu-
nology,2000, 165: 5122–5126.

Functional Ig genes are created by an ordered process of
gene rearrangement. The large diversity of the primary Ab
repertoire, which is independent of prior exposure to Ag,

is achieved by combinatorial permutation of the Ig heavy and light
chain V, D, and J segments and by addition or deletion of short
coding sequences at the VD and DJ joints in heavy chains and VJ
joints in the light chains. Following Ag encounter, the affinity of
the Ab for the Ag increases during a process of affinity maturation
(1). Affinity maturation results from a combination of somatic hy-
permutation of the rearranged V segments and Ag selection of
mutants with improved binding properties. This process leads to
preferential accumulation of replacement (R)3 as opposed to silent
(S) mutations in the complementary-determining regions (CDRs),
which form the Ag binding sites. Concomitantly, S as opposed to
R mutations, tend to cluster in the framework regions (FRs), which
are required to maintain structural integrity. Initial estimates of Ag
selection assumed a random pattern of R and S mutations and
assumed they would localize to a region proportional to the rela-
tive size of the CDR and FR (2). Therefore, in the case of Ig heavy
chain V region, mutations would localize three times more fre-
quently to the FRs than to the CDRs and a CDR:FR ratio.0.3
would indicate Ag selection (3). Subsequently, Shlomchik et al. (4)
proposed the use of a binomial distribution model for assessment
of Ag selection. However, this method failed to consider the in-
trinsic properties of the CDR and the FR. The codon compositions
of the CDR and the FR have mutational biases, since the CDRs
generally consist of codons which are more susceptible to R mu-
tations than those in the FRs. To account for the inherent suscep-

tibility of the CDR and FR to R mutations, Chang and Casali (5)
calculated the relative tendencies of the V regions of individual Ig
germline genes to accumulate R mutations (Rf), and used these Rf
values to estimate the expected frequency of R and S mutations, in
particular CDR and FR, for a given total number of mutations.
They used a binomial distribution model proposed by Shlomchik
et al. (4) to determine the probability that a particular number of R
mutations occurred by chance. This model, by definition, is appli-
cable to variables that have only two distribution possibilities,
whereas the total Ig mutations have four different distribution pos-
sibilities (R and S mutations in CDR and/or FR of the gene), thus
requiring application of a multinomial distribution model (6).
Moreover, previous methods failed to account for all the statistical
possibilities to obtain a certain observed number of R mutations.
Their equation consists of a single binomial probability whereas
the correct version should consist of a sum of all the binomial
probabilities, which include the observed value.

In the present work, we propose a new method for estimation of
Ag selection pressure on Ig genes that corrects the pitfalls men-
tioned above and apply this method to previously published Ig
gene sequences.

Materials and Methods
Multinomial distribution model for estimation of excess or
scarcity of R mutations in the Ig gene

The probability that an excess or scarcity of R mutations in VH CDR or FR
occurred by chance was calculated by a multinomial distribution model (6).
The total number of mutations in each VH gene is denoted byn 5 r1 1
s1 1 r2 1 s2, in which r1 and r2 are R mutations in the FR and CDR,
respectively, and correspondingly,s1 ands2 are S mutations in the FR and
CDR. The theoretical probabilities forr1, s1, r2, ands2 mutations are de-
noted byp1, q1, p2, andq2, respectively. These probabilities were calcu-
lated using the following equations:p1 5 RfFR 3 LrFR; q1 5 (12 RfFR) 3
LrFR; p2 5 RfCDR 3 (12 LrFR); and q2 5 (12 RfCDR) 3 (12 LrFR) in
whichLrFR is a relative size of the FR, andRfFR andRfCDR are the inherent
susceptibility to R mutations of the FRs and CDRs, respectively.RfFR and
RfCDR were calculated for each of the identified human germline genes and
were based on the chance of the occurrence in each codon of an amino acid
replacement given any single nucleotide change not resulting in a termi-
nation codon.

The probability of observingr1 or fewer R mutations in FRs is given by
the multinomial tail probability:

P~R1 # r1! 5 O
k50 . . . r1,k1S11R21S25n

S n
k, S1, R2, S2

D p1
k q1

S1 p2
R2q2

S2.
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The sum is taken over values ofk ranging from 0 tor1 and all combinations
of S1, R2, S2 such thatk 1 S1 1 R2 1 S2 5 n. To compute theP value of
an observed numberr1, it is customary to split the probability atr1: P 5
P(R1 , r1) 1 0.5 3 P(R1 5 r1). It should be noted thatP(R1 5 r1) 5
P(R1 # r1) 2 P(R1 # r1 21), andP(R1 , r1) 5 P(R1 # r1) 2 P(R1 5 r1).

The probability of observingr2 or more R mutations in CDRs is sim-
ilarly computed using the following equation:

P~R2 $ r2! 5 O
k5r2 . . . n,R11S11k1S25n

S n
R1, S1, k, S2

D p1
R1 q1

S1 p2
kq2

S2.

And the P value is computed using the formula:P(R2 . r2) 1 0.5 3
P(R2 5 r2). For both FR and CDR, we used one-sidedP values.

There is anapproximate method for computingP values for this
problem. We calculate the expected number of R mutations in the FR:
E 5 p1 3 n. Then we compute the standardized deviation:

r1 2 E

ÎE
.

Under the usual Poisson model, this quantity should have approximately a
standard normal distribution and can be compared with a normal table.
However, we found that this approximation can be quite poor, and hence
do not recommend it.

Assessment of the equation

To assess the applicability of this equation and to compare the results
obtained by this method to those previously reported by application of the
Chang and Casali equation (5), we evaluated Ag selection pressure on 7
autoantibodies evaluated by Chang and Casali (5), 24 autoantibodies and
lymphoma-derived VH genes randomly selected from previously published
articles (7–12), and 55 VH gene sequences derived from diffuse large B cell
lymphoma cases established in our laboratory (13). For this comparison,
we used theRfFR andRfCDR values implied in these articles. Recalculation
of these values resulted in slightly different Rf values for some of the VH

genes. The discrepancies most probably result from the use of slightly
different germline sequences before the final sequence of the VH gene locus
was established and from the use of sequences in which there are poly-
morphic variations. For the future calculation of the Rf values, we suggest
using our JAVA applet, available at http://www-stat.stanford.edu/imuuno-
globin, which calculates the Rf values for imported germline sequences.

Results
A total of 86 VH gene sequences were analyzed using the multi-
nomial distribution model equation for the presence of Ag selec-
tion as demonstrated by the conservation of the FR sequence
and/or excess of R mutations in CDR (Table I). These results were
compared with the results obtained by the binomial distribution
equation suggested by Chang and Casali (5). A total of eight dis-
crepancies leading to opposite statistical conclusions were ob-
served. These included six VH gene sequences in which an excess
of R mutations in the CDR (five sequences) or a scarcity of R
mutations in the FR (one sequence) were suggested by the bino-
mial distribution equation, but rejected by the multinomial distri-
bution model equation. In an another two VH gene sequences,
evidence for scarcity of R mutations in the FR was obtained using
the multinomial but not by the binomial distribution model equa-
tion. In the majority of the remaining VH gene sequences, theP
values obtained using the two equations differed in magnitude but
did not lead to discrepant statistical conclusions. The similarity
cannot be explained mathematically, but is quite fortuitous. There
is no guarantee in general that the binomial formula will give a
good approximation. The multinomial distribution model equation
suggested an excess and/or a scarcity of R mutations in the CDR
and FR, respectively, in 13 of the 14 VH gene sequences derived
from high-affinity autoantibodies. By contrast, the binomial distri-
bution suggested Ag selection in only 11 of these sequences. One
of the autoantibody sequences did not fulfill the statistical criteria
for Ag selection by either of the analytical models.

Discussion
Analysis of somatic mutations in V regions of Ig genes is impor-
tant for studying the evolution of the Ab response, for assessment
of the molecular features of autoantibodies, and for the investiga-
tion of lymphoma pathogenesis. Analysis of mutations in VH

genes can provide insights regarding the role of Ag before or dur-
ing lymphoma clonal outgrowth. In the absence of Ag-positive or
-negative selective pressure on Ig V regions, a random mutational
process would result in an even distribution of R and S mutations
throughout the coding sequence. However, Ag-selected Abs dem-
onstrated a higher frequency of R mutations in CDRs than in FRs,
whereas preservation of a functional Ig molecule is associated with
a higher frequency of S mutations and scarcity of R mutations in
FRs. In the past, such an evaluation was performed using the bi-
nomial distribution model equation, as suggested by Shlomchik et
al. (4) and further modified by Chang and Casali (5). The necessity
for such an evaluation and its wide usage are demonstrated by the
fact that the Chang and Casali article was cited 130 times (The
Web of ScienceSM on the Internet). However, their formula is in-
correct and application of the binomial distribution model to vari-
ables (mutations) that have more than two distribution possibilities
is incorrect. It should be viewed as the application of an improper
statistical method for the data analysis, similar, for example, to the
use of parametric statistical methods for the analysis of the non-
parametric variables. Moreover, Chang and Casali (5) considered
in their equation a single binomial probability, while correct sta-
tistical analysis should consist of a sum of all the observed prob-
abilities, as is proposed in the new method presented herein. Con-
sequently, incorrect biological conclusions may have been
reached, as indeed had happened in eight tested VH gene sequences
(Table I). Fortuitously, the magnitude of the observed difference
between the two statistical methods in the present study was rel-
atively small. However, we would argue that a proper statistical
method should require the application of a multinomial distribu-
tion equation for all future estimates of Ag selection.

In the present work, we propose a new statistical method for
estimation of Ag selection. It corrects the pitfalls present in the
previous method while still taking into account the inherent sus-
ceptibility of the codons of the CDR and the FR to R mutations.
One consideration not addressed here is the known propensity for
certain positions to mutate—hot spots (14). Our equation assumes
that mutations in VH genes occur randomly, thus disregarding the
possible contribution from intrinsic biases in the hypermutation
mechanisms due to the presence of mutational hot spots. Since the
hot spots are located in CDRs but not in FRs, the assumption that
mutations in FRs occur randomly is absolutely correct. Regarding
the CDRs, to consider mutational hot spots, one would need to
know all the hot spots in each VH gene sequence and their relative
propensity to undergo mutations in comparison to each remaining
non-hot spot codon in the sequence. Consideration of these hot
spots may require a custom equation for each VH gene sequence,
thus precluding its wide applicability. Until the data required to
construct the custom equation for each germline VH gene sequence
exists, our model can provide good approximation of the Ag se-
lection on Ig genes.

In conclusion, we suggest the use of the multinomial model for
all future analysis of Ag selection. The investigators should com-
pare the tested Ig gene sequence to the most similar germline se-
quence, with particular attention to the presence of known poly-
morphic variants. The JAVA applet for computing the multinomial
P values and Rf values of CDRs and FRs is available at http://
www-stat.stanford.edu/immunoglobin. Usage of this applet will
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Table I. Comparison of multinomial and binomial distribution models for estimation of Ag selection on human Ig genes

Ref. Sample
Most Similar Germline

VH Gene FR/CDR

Observed Mutations

PM
a PB

b,cR S

13 2 1-69 FR 10 10 0.002 0.002
CDR 8 3 0.121 0.082

3 1-69 FR 16 9 0.003 0.003
CDR 13 5 0.021 0.016

4 1-03 FR 19 5 0.429 0.138
CDR 7 2 0.276 0.144

5 1-03 FR 24 19 0.008 0.006
CDR 10 3 0.442 0.138

6 1-f FR 27 12 0.076d 0.039
CDR 13 3 0.131 0.069

7 1-f FR 7 12 0.006 0.007
CDR 2 1 0.842 0.145

8 2-05 FR 6 5 0.009 0.010
CDR 7 2 0.042 0.041

9 2-05 FR 1 2 0.063 0.097
CDR 2 0 0.141 0.187

10 2-05 FR 15 4 0.220 0.106
CDR 8 3 0.136 0.091

11 2-05 FR 1 1 0.237 0.315
CDR 1 0 0.276 0.370

12 2-70 FR 8 9 0.030 0.028
CDR 4 1 0.496 0.216

13 2-70 FR 6 7 0.005 0.006
CDR 5 3 0.265 0.168

14 3-23 FR 24 23 ,0.001 ,0.001
CDR 14 10 0.302 0.104

15 3-23 FR 3 3 0.081 0.092
CDR 3 0 0.126 0.141

16 3-23 FR 17 9 0.107 0.060
CDR 7 3 0.364 0.158

17 3-23 FR 4 6 0.030 0.034
CDR 3 0 0.290 0.223

18 3-23 FR 2 6 0.001 0.001
CDR 2 4 0.591 0.278

19 3-23 FR 9 6 0.001 0.001
CDR 11 4 0.006 0.006

20 3-33 FR 3 3 0.085 0.095
CDR 2 1 0.364 0.292

21 3-33 FR 5 0 0.759 0.237
CDR 1 1 0.567 0.382

8 3-33 FR 11 8 0.020 0.016
CDR 9 1 0.048 0.039

22 3-33 FR 18 13 0.002 0.002
CDR 16 2 0.008 0.006

23 3-33 FR 3 6 0.015 0.019
CDR 3 0 0.271 0.217

24 3-48 FR 9 12 ,0.001 ,0.001
CDR 9 5 0.140 0.088

25 3-48 FR 6 10 ,0.001 ,0.001
CDR 19 3 ,0.001 ,0.001

26 3-48 FR 8 12 0.001 0.001
CDR 4 4 0.693 0.177

27 3-48 FR 6 7 ,0.001 ,0.001
CDR 10 6 0.021 0.019

28 3-49 FR 12 3 0.517 0.174
CDR 4 2 0.439 0.216

29 3-49 FR 6 5 0.158 0.123
CDR 2 1 0.617 0.272

30 3-30 FR 11 7 ,0.001 ,0.001
CDR 15 4 0.001 0.001

31 3-30 FR 21 12 0.015 0.010
CDR 14 3 0.038 0.026

32 3-11 FR 14 6 0.124 0.074
CDR 7 3 0.229 0.133

33 3-11 FR 4 8 ,0.001 ,0.001
CDR 8 3 0.029 0.029

34 3-07 FR 2 6 0.006 0.008
CDR 2 1 0.486 0.299

a PM value, probability calculated by multinomial distribution model that excess (for CDR) or scarcity (for FR) of mutations occurred by chance.
b PB value, probability calculated by binomial distribution model that excess (for CDR) or scarcity (for FR) of mutations occurred by chance.
c P values found in the cited articles or calculated by us for those articles in which it was not provided.
d Values in boldface areP values leading to opposite statistical conclusions when binomial instead of multinomial distribution model was applied.
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Table I. Continued.

Ref. Sample
Most Similar Germline

VH Gene FR/CDR

Observed Mutations

PM
a PB

b,cR S

35 3-07 FR 21 13 0.101 0.052
CDR 6 4 0.795 0.117

13 3-07 FR 4 1 0.089 0.091
CDR 5 1 0.023 0.030

36 3-66 FR 37 21 0.030 0.012
CDR 18 3 0.100 0.048

37 3-73 FR 2 2 0.023 0.033
CDR 5 0 0.007 0.011

38 4-34 FR 1 2 0.234 0.313
CDR 0 0 0.722 0.557

39 4-34 FR 3 16 ,0.001 ,0.001
CDR 1 5 0.979 0.041

40 4-34 FR 8 6 0.064 0.053
CDR 5 1 0.201 0.145

41 4-34 FR 4 2 0.343 0.250
CDR 2 0 0.292 0.273

42 4-61 FR 4 4 0.005 0.006
CDR 5 4 0.148 0.122

43 4-30-4 FR 10 4 0.121 0.081
CDR 7 2 0.087 0.071

44 4-59 FR 14 10 0.025 0.020
CDR 9 2 0.114 0.076

45 4-59 FR 44 21 0.711 0.078
CDR 6 2 0.960 0.011

46 4-39 FR 4 6 ,0.001 0.001
CDR 8 2 0.016 0.017

47 4-39 FR 8 13 ,0.001 ,0.001
CDR 7 4 0.338 0.155

48 4-39 FR 27 18 ,0.001 ,0.001
CDR 19 11 0.090 0.043

49 4-39 FR 22 27 ,0.001 ,0.001
CDR 15 8 0.400 0.107

50 4-39 FR 14 14 0.016 0.012
CDR 6 3 0.671 0.159

51 4-30-1 FR 5 3 0.252 0.185
CDR 2 1 0.490 0.298

12 5-51 FR 12 4 0.245 0.128
CDR 6 1 0.147 0.109

52 5-51 FR 13 2 0.694 0.162
CDR 4 1 0.369 0.209

53 7-04-1 FR 13 19 ,0.001 ,0.001
CDR 6 3 0.700 0.153

5 mAb57 1-69 FR 5 2 0.018 0.019
CDR 8 1 0.002 0.002

mAb412.67 3-21 FR 2 2 0.011 0.018
CDR 6 0 0.002 0.003

mAb412.66 3-23 FR 2 2 0.021 0.024
CDR 5 0 0.006 0.009

mAb61 4-39 FR 0 1 0.002 ,0.001
CDR 5 1 0.002 ,0.001

mAb112 1-69 FR 5 4 0.018 0.004
CDR 6 1 0.030 0.004

mAb13 3-74 FR 0 1 0.007 ,0.001
CDR 4 0 0.002 0.004

mAb426.12.3 4.11 FR 2 7 0.003 0.006
CDR 3 0 0.255 0.118

7 UPN2 4-61 FR 3 3 0.006 0.009
CDR 7 1 0.005 0.004

UPN3 3-33 FR 7 1 0.651 0.223
CDR 3 0 0.222 0.177

UPN4 3-07 FR 3 1 0.223 0.218
CDR 3 0 0.076 0.082

UPN6 3-74 FR 9 4 0.099 0.073
CDR 6 2 0.117 0.076

UPN7 1-69 FR 12 2 0.287 0.140
CDR 7 2 0.064 0.054

UPN8 3-07 FR 2 0 0.236 0.255
CDR 2 1 0.141 0.169

8 1 5-51 FR 6 2 0.070 0.066
CDR 6 1 0.021 0.025
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allow uniform analysis of Ig sequences and prevent possible errors
that may occur while calculating the Rf values.
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CDR 6 0 0.022 0.04

KC17H 4-34 FR 8 5 0.140 0.1
CDR 3 2 0.519 0.2

9 71 5-51 FR 6 5 0.043 0.043
CDR 5 0 0.088 0.085

56 4-59 FR 5 5 0.001 0.002
CDR 9 2 0.004 0.005

54 3-23 FR 1 1 0.029 0.047
CDR 4 0 0.006 0.01

12 1 3-07 FR 5 10 ,0.001 ,0.001
CDR 9 1 0.021 0.01

2 4-34 FR 14 10 0.006 0.004
CDR 12 2 0.019 0.009

6 5-51 FR 18 4 0.520 0.14
CDR 7 1 0.198 0.11

11 4-34 FR 5 1 0.057 0.05
CDR 8 0 0.001 ,0.001
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