Methods

Physicochemical constraint violation by missense
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We find that the degree of impairment of protein function by missense variants is predictable by comparative
sequence analysis alone. The applicable range of impairment is not confined to binary predictions that distinguish
normal from deleterious variants, but extends continuously from mild to severe effects. The accuracy of predictions
is strongly dependent on sequence variation and is highest when diverse orthologs are available. High predictive
accuracy is achieved by quantification of the physicochemical characteristics in each position of the protein, based
on observed evolutionary variation. The strong relationship between physicochemical characteristics of a missense
variant and impairment of protein function extends to human disease. By using four diverse proteins for which
sufficient comparative sequence data are available, we show that grades of disease, or likelihood of developing
cancer, correlate strongly with physicochemical constraint violation by causative amino acid variants.

[Supplemental material is available online at www.genome.org. A Java executable of MAPP and documentation are
freely available for download at http:/ / mendel.stanford.edu/supplementarydata/stone_MAPP_2005.]

Missense mutations that impair protein function may result in
disease. For diseases caused by such deleterious mutations, a
simple but plausible model presents itself: The type of disease is
dependent on when and where the protein’s function is required
in the organism. Given the type of disease, its severity is likely
determined by at least three parameters: (1) the degree to which
the function of the protein is impaired by the missense mutation;
(2) variants of other genes that modulate the effect of the major
locus, also referred to as genetic background; and (3) the envi-
ronment. We present here a predictive statistical framework for
the first of these parameters, impairment of protein function by
missense mutations.

Our study was motivated by several observations relevant to
protein structure, function, and evolution, and by previous stud-
ies that addressed the relationship between the nature of mis-
sense variants, impairment of protein function, and resulting
disease (Miller and Kumar 2001; Sunyaev et al. 2001; Mooney
and Klein 2002; Ng and Henikoff 2002; Ramensky et al. 2002;
Botstein and Risch 2003; Krishnan and Westhead 2003; Cai et al.
2004; Lau and Chasman 2004). In aggregate, these studies sug-
gest that mutations in evolutionarily conserved sites tend to im-
pair protein function and lead to disease. There is also weak evi-
dence that protein impairment and disease severity are some-
what correlated with the physicochemical difference between
the original amino acid and the missense variant. However, no
transparent, quantitative relationship between evolutionary con-
straint, functional impairment, and disease severity has been de-
scribed. We believe that there has been a methodological barrier
to uncovering such a relationship.

Our analysis rests on two complementary ideas: (1) that dif-
ferences in standard physicochemical properties between the
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“wild-type” amino acid and the missense variant are the root
cause of functional impairment; and (2) that evolutionary varia-
tion among orthologs in the affected position is a sample of the
physicochemical properties that are tolerated at that position. By
using these two ideas as a premise, we devised MAPP (Multivari-
ate Analysis of Protein Polymorphism), which quantifies the
physicochemical variation in each column of a multiple se-
quence alignment and calculates the deviation of candidate
amino acid replacements from this variation. The greater the
deviation, the higher is the probability that a replacement im-
pairs the function of the protein, and the greater is its predicted
effect on the function of the protein. We show that the degree of
constraint violation by missense changes is highly predictive of
the functional impairment of the protein. Furthermore, we show
with four diverse proteins for which sufficient data are available
that constraint violations quantitatively translate to grades of
disease, or likelihood of developing cancer.

Results

MAPP methodology

MAPP consists of seven steps (Fig. 1A). We first build a multiple
alignment of orthologs or closely related paralogs; distant para-
logs are excluded to avoid including evolutionary variation that
specifies functional differences. The sequences’ evolutionary re-
lationships are inferred by standard likelihood analysis (Fried-
man et al. 2002), which also yields the branch lengths in substi-
tutions per site, for the tree (Fig. 1A, step 1). Based on the topol-
ogy and branch lengths of the tree, weights are calculated for
each sequence that control for phylogenetic correlation among
the sequences (Fig. 1A, step 2). Multiplication of the weights with
the fraction of sequences carrying a particular amino acid yields
the alignment summary (Fig. 1A, step 3), which we interpret by
using a matrix of physicochemical property scales (Fig. 1A, step
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4). The result is an estimate of the physicochemical constraints
on each position in terms of the mean and variance of the prop-
erty distributions observed in its alignment column (Fig. 1A, step
5). These statistics are biologically meaningful; the mean hy-
dropathy value at a position estimates its hydrophobic character,
while the variance measures the strength of that constraint. De-
viations from the alignment column are obtained for each pos-
sible variant by calculating its property difference from the mean
and dividing by the square root of the variance (Fig. 1A, step 6).
We interpret this statistic as a signed measure of constraint vio-
lation. To compute a single score measuring the violation of con-
straint across all properties, we first decorrelate the properties
themselves by using a principal component transformation (see
Methods). This is necessary because, for example, hydropathy and
polarity of the 20 amino acids are significantly correlated. The
decorrelation gives rise to a new coordinate system in which each
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axis is a principal component; the distance from the origin to any
variant is the variant’s decorrelated impact score (Fig. 1A, step 7).

An impact score is thus assigned to every possible variant in
the protein, here illustrated for p53 (Fig. 1B). A high impact score
identifies a potentially deleterious variant by virtue of its physi-
cochemical dissimilarity to the observed evolutionary variation,
whereas low-scoring variants are less likely to compromise pro-
tein structure or function. The preponderance of high scores in
p53’s DNA binding domain (positions 100-300) is consistent
with a corresponding high frequency of mutations that inacti-
vate the protein in somatic tumors (Olivier et al. 2002). Should a
single value be desired for each position (as a “summary con-
straint” or to illustrate the general mutability of the position), the
median of its 20 scores is taken (Fig. 1B). Mapping the medians
onto the crystal structure of p53 (Fig. 1C) indicates that the core
of the protein is moderately constrained, with the individual
impact scores being generally lowest for hydrophobic variants.
Surface residues not involved in ligand binding vary with little
consequence to protein function, whereas the residues involved
in DNA or zinc binding are least tolerant to substitution. MAPP’s
conversion of evolutionary variation into impact scores that cap-
ture physicochemical constraint is therefore generally consistent
with known principles of protein structure and function.

To compare impact scores with experimental data, we iden-
tified four mutagenesis studies (on Escherichia coli Lacl (Mark-
iewicz et al. 1994; Suckow et al. 1996), T4 Lysozyme (Rennell et
al. 1991), HIV Protease (Loeb et al. 1989), and HIV Reverse Tran-
scriptase (RT) (Wrobel et al. 1995) in which a large number of
single-substitution protein variants were assayed for their degree
of functional impairment. For each of these studies, we obtained
a multiple sequence alignment of homologs and calculated the
impact score for each variant that was assayed experimentally.
The variants and their associated impact scores were then subdi-
vided into three classes according to their experimentally deter-

Figure 1. (A) MAPP’s seven analysis steps. Evolutionary relationships of
the protein sequences in the multiple alignment are inferred by likelihood
analysis (1). Weights for each sequence are calculated to control for phy-
logenetic correlation (2). (The remaining steps consider each position in
the protein independently and are illustrated for one such position.) Each
column of the alignment is condensed into a summary in which each of
the 20 amino acids is represented by the sum of the weights of those
sequences carrying the amino acid at that position in the alignment (3).
The summary is interpreted using a universal matrix of physicochemical
property scales, only three of which are shown: hydropathy, polarity, and
volume (4). The result is an estimate of the physicochemical constraints
on each position in terms of the mean and variance of the property
distributions observed in its alignment column (5). Deviations from the
alignment column are obtained for each possible variant by calculating its
property difference from the mean and dividing by the square root of the
variance (6). To compute a single score measuring the violation of con-
straint across all properties, we first decorrelate the properties themselves
by using a principal component transformation. The decorrelation gives
rise to a new coordinate system in which each axis is a principal compo-
nent; the distance from the origin to any variant is the variant’s decor-
related impact score (7). (B) Each possible variant at each position in the
protein is color-coded by its MAPP score, shown here for human p53.
Each column corresponds to a position in human p53, in order of se-
quence. The spectrum of possible variants at each position reads from top
to bottom, arranged alphabetically by one-letter amino-acid abbreviation.
Scores for each variant are color-coded from low (red) to high (blue) as
a heat map, with temperature inverse to the predicted impact of that
change on the protein. The median score of possible variants at each
position is shown below with the same color code. This median was used
to color C. (C) Median MAPP scores plotted on the crystal structure of
human p53 (Cho et al. 1994; Delano 2002). Chelated Zinc and bound
DNA are white.
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mined activity: positive, as wild-type function; intermediate, as
moderately deleterious; and negative, as strongly deleterious.
Accordingly, we obtained three distributions of impact scores
per mutagenesis whose medians increased substantially with the
degree of a variant’s functional impairment (Fig. 2A). For each
mutagenesis, we also calculated a distribution comprised of the
impact scores of all achievable variants and compared this “con-
trol distribution” with each of the three experimental subdivi-
sions (see Methods). Positive variants scored lower than the con-
trol, negative variants scored higher, and the intermediate distri-
bution resembled the control (Fig. 2A). MAPP thus captures the
known phenomenon that the average substitution in a protein is
mildly deleterious to structure or function (Li 1997).

For each mutagenesis, the score distribution of variants with
positive activity is easily distinguished from its deleterious
complement (intermediate plus negative activity). Low impact
scores are clearly overrepresented (vs. control) in the positive
class and underrepresented in the deleterious class, whereas for
high impact scores the reverse is true (Fig. 2B). The ability to
discriminate between intermediate and negative variants
within the deleterious class motivated a closer comparison of
MAPP scores to the HIV RT data set, the only one for which
activity levels of variants were reported as continuous values
(Wrobel et al. 1995). Grouping the RT variants into four classes
by activity level and calculating the differences to the control
distribution shows the excess of high activity variants for low

scores, and low activity variants for high
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scores, with intermediates in between
(Fig. 2C). Median scores increase signifi-
cantly in successively impaired classes
(Wilcoxon test: >50% vs. >5% but
=50%, P <10~ % >5% but =50% vs.
>1% but =5%, P < 10-% >1% but
=5% vs. =1%, P = 0.0008). Most im-
portantly for the eventual goal of dis-
tinguishing deleterious variants on a
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them) revealed significant negative cor-
relation between impact score and the
logarithm of enzymatic activity (r= —0.56;
P<10739),

For a test of MAPP’s predictive abil-
ity, we devised a simple probability-
based rule that provides an impact-score
threshold, above which variants are pre-
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assayed variants in each the four muta-
genesis studies (Table 1). We com-
pared MAPP’s accuracy on these data
sets, ranging from 64.1%-80.4%,
against that of SIFT (Ng and Henikoff
2001), the most successful sequence-
based approach to classifying pro-
tein variants. SIFT’s accuracy using the
same alignment and mutagenesis data
varied from 55.0%-78.6%, under-
performing MAPP in every case (Ta-

Figure 2. Comparison of MAPP scores of protein variants with mutagenesis studies. (A) Scores of
protein variants assayed in the four mutagenesis experiments. Variants were partitioned by function as
positive (red), intermediate (green), or negative (blue). The interquartile range (25%-75%) of MAPP

scores for each set is shown, with the median value denoted by the M. Interg

distributions are in tan. (B) Deleterious variants (blue; intermediate plus negative from A) and positive
variants (red; from A) are contrasted. MAPP scores for each set were segregated in bins of width two
from zero to 40 (shown left to right); observed frequencies were calculated by dividing bin counts by
the total number of variants in that set. Vertical bars show the difference between observed frequencies
and control frequencies, with the latter obtained similarly from the appropriate control distribution. (C)

Contrast between experimental distribution versus control distribution as in B

tase variants. Variants were partitioned by enzymatic activity relative to wild-type (>50%, red; >5% but
=50%, green; >1% but =5%, light blue; =1%, dark blue). Colored squares show the median MAPP
score of each variant class above the bin to which it belongs, with C representing the median of the

control distribution.

ble 1). In further contrast to SIFT, MAPP
scores are widely spread across the
deleterious spectrum, a feature that
permits further testing of MAPP’s pre-
dictive capacity. Applying the same
model as before, we chose a more strin-
gent score threshold to discriminate in-
termediate and negative variants.
MAPP’s accuracy here varies from
62.6%-76.7% (Table 1), confirming its
ability to resolve strata of subfunctional
variants.

uartile ranges of control

of HIV reverse transcrip-
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