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the Epo-TB complex so as to engage epothi-
lone (Fig. 3). A similar arginine displacement
(4 A) has been observed in the binding of two
epothilones to cytochrome P450-EpoK (32).
The double arginine relocation reflects a sub-
tle reorganization of M-loop residues not pre-
viously seen with taxanes, but both epothi-
lone and Taxol bridge the M-loop and helix
H7 adjacent to the nucleotide-binding site
and thereby promote tubulin polymerization
and microtubule stability.

Instead of a common pharmacophore (8—
11), tubulin displays a promiscuous binding
pocket with the bound molecules exploiting
contacts with an optimal subset of binding
pocket residues. Although this provides a
unique challenge for “rational” ligand design,
it can be anticipated that the promiscuity
principle will apply to the binding of other
ligands that occupy the taxane site on TB,
namely, discodermolide, eleutherobin, and
the sarcodictyins (33).
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Heritable variation in complex traits is generally considered to be conferred by
common DNA sequence polymorphisms. We tested whether rare DNA se-
quence variants collectively contribute to variation in plasma levels of high-
density lipoprotein cholesterol (HDL-C). We sequenced three candidate genes
(ABCAT, APOAT1, and LCAT) that cause Mendelian forms of low HDL-C levels in
individuals from a population-based study. Nonsynonymous sequence variants
were significantly more common (16% versus 2%) in individuals with low
HDL-C (<fifth percentile) than in those with high HDL-C (>95th percentile).
Similar findings were obtained in an independent population, and biochemical
studies indicated that most sequence variants in the low HDL-C group were
functionally important. Thus, rare alleles with major phenotypic effects con-
tribute significantly to low plasma HDL-C levels in the general population.

Many clinically important quantitative traits
are highly heritable, but progress in the elu-
cidation of their genetic architecture has been
limited. Because quantitative traits do not
segregate in Mendelian fashion in most fam-
ilies, their distribution in the population is
presumed to reflect the cumulative contribu-
tion of multiple common DNA sequence
variants that each has a small effect (/7).
Sequence variants with strong phenotypic
effects may also contribute to variation in
complex traits (2). Although these variants
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are likely to be rare individually, they may be
sufficiently common in aggregate to contrib-
ute to variation in common traits in the pop-
ulation. Whereas most Mendelian disorders
are caused by a spectrum of different muta-
tions in a gene (or genes) (3), the contribution
of rare alleles to more common, quantitative
traits has not been systematically evaluated.

In this study, we evaluated the hypothesis
that rare sequence variations contribute sig-
nificantly to low plasma levels of high-
density lipoprotein cholesterol (HDL-C), a
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major risk factor for coronary atherosclerosis.
If this hypothesis is correct, then mutations
that impair HDL production or enhance HDL
catabolism should be significantly more com-
mon among individuals with low plasma lev-
els of HDL-C than among those with high
plasma levels of HDL-C. Furthermore, se-
quence variants with major phenotypic ef-
fects are likely to be found exclusively at one
extreme or the other, whereas alleles found in
both the high HDL-C and the low HDL-C
groups are likely to be neutral with respect to
plasma HDL-C levels. The prevalence of mu-
tations with major effects on plasma HDL-C
levels is not known. Molecular defects caus-
ing rare genetic forms of HDL deficiency
have been identified in the genes encoding
apolipoprotein Al (APOAI), the major pro-
tein component of HDL (4); the adenosine
triphosphate binding cassette (ABC) trans-
porter Al (ABCAI), required for the efflux of
cholesterol from cells to HDL particles (5);
and lecithin cholesterol acyltransferase (LCAT),
the enzyme that catalyzes the formation of
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cholesteryl esters in HDL (6). Homozygotes
for mutations in these genes have virtually no
circulating HDL-C, whereas heterozygotes
have about half the normal plasma level of
HDL-C. Mutations in ABCA1 have also been
associated with a less severe form of familial
hypoalphalipoproteinemia (7, 8), but system-
atic screening of these genes in population-
based samples has not been reported.

To determine whether sequence variations
in these three candidate genes contribute to low
plasma levels of HDL-C in the general popula-
tion, we sequenced the coding regions and con-
sensus splice sites of each gene in 32 individu-
als from each of four gender and race groups
[black men, white men, black women, and
white women (table S1)] constituting the upper
and lower 5% of the distribution of plasma
HDL-C levels in a population-based study of
Dallas County residents (9). Nonsynonymous
sequence variations were significantly more
common in the low HDL-C group than in the
high HDL-C group (Table 1). Of the 128 indi-
viduals with low plasma levels of HDL-C, 21
(16%) had sequence variants not present in the
high HDL-C group (Table 2). In contrast, only
3 (2%) of the individuals in the high HDL-C
group had sequence variants not found in the
low HDL-C group (P < 0.0001, Fisher’s exact
test). A total of 20 of the 21 mutant alleles
found only in the low HDL-C group were in
ABCAI (fig. S1) and two of these (W590S and
N1800H) were previously identified in individ-
uals with hypoalphalipoproteinemia (6).

Thus, one of six individuals with HDL-C
levels below the fifth percentile in the Dallas
Heart Study had a rare mutation in ABCAI or
APOAI. Similar analyses were performed in a
second sample comprising white Canadians
who had either low (10 to 34 mg/dl) or high (58
to 116 mg/dl) levels of HDL-C (Table 3). A
total of 21 (14%) of the 155 Canadians in the
low HDL-C group had sequence variants that
were not present in the 108 Canadians with a
high plasma level of HDL-C. In contrast, only
three individuals in the high HDL-C group
(3%) had sequence variants not present in the
low HDL-C group (P < 0.001, Fisher’s exact
test). Four sequence variants found in the Ca-
nadian low HDL-C group (ABCAI PSS5L,
NI1800H, S1731C, and R1851X) had been pre-
viously identified in subjects with hypoalphali-
poproteinemia (/0). One mutation (ABCAI
N1800H) was found in both the Canadian and
Dallas low HDL-C groups. In both Canadian
and Dallas groups, almost all of the excess se-
quence variations in the low HDL-C group were
in ABCA1. This may reflect the size of the coding
sequence of ABCAI, which is three times larger
than those of the other two genes; it is also pos-
sible that sequence changes occur more frequently
at this locus or that mutations arising in ABCAI
are more likely to persist in the population.

To test whether differences in population
substructure between the low HDL-C and high

HDL-C groups contributed to the observed dif-
ferences in the prevalence of rare sequence
variants, we compared the frequency of synon-
ymous substitutions in the high and low HDL-C
groups. The frequency of synonymous substi-
tutions was similar in the high HDL-C and low
HDL-C groups in both the U.S. and Canadian
populations (Table 1). Furthermore, the racial

composition of the low HDL-C and high HDL-C
groups was matched. Thus, it is unlikely that the
excess sequence variations in the low HDL-C
group is attributable to either population stratifica-
tion or chance variations in allele frequencies.
Analysis using a computer program [Poly-
Phen (/1)] that predicts effects of amino acid
changes on protein function (/2) indicated that

Table 1. Sequence variations in the coding regions of ABCAT, APOAT, and LCAT. Values represent the numbers
of sequence variants identified in 256 individuals from the Dallas Heart Study (DHS) (128 with low HDL-C and
128 with high HDL-C) and 263 Canadians (155 with low HDL-C and 108 with high HDL-C) (77). NS,
nonsynonymous (nucleotide substitutions resulting in an amino acid change); S, synonymous (coding
sequence substitutions that do not result in an amino acid change). GenBank accession numbers for DHS
ABCA1, APOAT, and LCAT sequences are NM_005502, NM_000039, and NM_000229, respectively.

Sequence variants
unique to one group

Sequence variants
common to both groups

Low HDL-C High HDL-C
NS S NS S NS S
DHS
ABCA1 14 6 2 10 19
APOAT 1 0 1 0 1
LCAT 0 1 1 1 1
Canadians
ABCA1 14 2 2 3 7 5
APOAT 0 1 0 0 2 0
LCAT 6 1 0 0 0 0

Table 2. Nonsynonymous sequence variations in ABCA1, APOAT, and LCAT in Dallas Heart Study
participants with low (n = 128) or high (n = 128) plasma HDL-C levels. The effect of each amino acid
(78) substitution on protein function was predicted with the use of PolyPhen (77, 79). Substitutions
affecting known functional residues in the protein or that resulted in large changes in surface accessibility
or side chain volume of the affected amino acid were scored as probably damaging. Substitutions that
negatively affected predicted transmembrane regions or that were predicted to have smaller effects on
surface accessibility or side chain volume of the affected amino acid on the basis of inferred protein
structure were scored as possibly damaging. Conservative substitutions at poorly conserved residues were

scored as benign. NA, not applicable.

Nucleotide Amino acid n Race Predicted effect
change change (78)

Low HDL-C ABCA1
¢.593C>A $198X 1 Black NA
c.742G>A P248A 1 Black Benign
c.1201A>C K401Q 1 White Benign
c.1769G>C W590S* 1 Black Probably damaging
c.1913G>A R638Q 1 Black Possibly damaging
c.2320A>T T774S* 4 Black Benign
C.2320A>T E815G 1 White Probably damaging
c.2444A>G S1181F 1 White Possibly damaging
c.3542C>T R1341T 1 Black Possibly damaging
€.4022G>C S1376G 1 Black Benign
c.4126A>G R1615Q 1 Black Possibly damaging
c.4844G>A A1670T 1 Black Possibly damaging
c.5008G>A N1800H* 1 White Possibly damaging
c.5398A>C D2243E 4 Black Benign

Low HDL-C APOAT
c.152G>C R51T 1 Black Possibly damaging

Low HDL-C LCAT
None

High HDL-C ABCA1
c.1486C>T R496W 1 White Probably damaging
c.5039G>A R1680Q 1 White Possibly damaging

High HDL-C APOAT

None

High HDL-C LCAT

¢.340G>A V114M 1 Black Benign

*These sequence variations have been identified previously.
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72% of the nonsynonymous sequence variants
identified in the low HDL-C group were likely
to adversely affect protein function. In a previ-
ous study (12), 69% of nonsynonymous muta-
tions associated with a functional disorder were
predicted to be damaging with the use of this
algorithm, compared to 32% of nonsynony-
mous sequence variants identified in DNA sam-
ples from arbitrarily selected individuals. Thus,
the proportion of nonsynonymous sequence
variants predicted to be damaging in the low
HDL-C groups with the use of PolyPhen was
comparable to that obtained for disease-
associated sequence variants (12, 13).
Biochemical measurement of cholesterol ef-
flux rates in cells from Canadian subjects with
nonsynonymous sequence variants in ABCAI
provided further evidence that the sequence
variants identified in this study were causally
related to low plasma levels of HDL-C (Table
3). Eleven of 14 ABCAI sequence variants rep-
resented in the low HDL-C group were associ-
ated with cholesterol efflux rates that were two
standard deviations or more below the mean
value obtained in subjects with normal HDL-C
levels [i.e., =38% of total cellular cholesterol

per 2 hours (Table 3)]. Conversely, the choles-
terol efflux was within the normal range in cells
from two individuals in the high HDL-C group
who had a missense mutation (Thr”74—Pro’74)
in ABCAI. These findings are consistent with
the notion that the excess of sequence variants
in subjects with low HDL-C reflects an accu-
mulation of damaging alleles in this group.
The results of this study provide direct evi-
dence that rare variants contribute significantly
to low plasma levels of HDL-C, a common
quantitative trait. To determine whether any of
the common sequence variants identified in this
study influenced plasma levels of HDL-C, we
tested for associations between sequence varia-
tions with frequencies > 10% in at least one
racial group and plasma levels of HDL-C in the
Dallas Heart Study (table S1). Previously we
showed that functionally significant sequence
variations in APOE (14) and APOAS5 (15) are
associated with plasma lipid levels in all four
major gender and race groups in this popula-
tion. In contrast to those results, we found no
sequence variation in ABCAI that was system-
atically associated with plasma levels of
HDL-C in men and women of both race groups

Table 3. Nonsynonymous sequence variations in ABCA71, APOAT, and LCAT in white Canadians with low
(n = 155) or high (n = 108) plasma HDL-C levels. Cholesterol efflux data for the controls is the mean
+SD. ND, not done; NA, not applicable. Functional effects of amino acid substitutions were estimated as

described in the legend to Table 2.

Cholesterol efflux

Nﬁ:ll;?t'ede Qqn;r"nz ?;Ig) n Predicted effect (% of total cellular
8 g cholesterol/2 hours)
Low HDL-C ABCAT
c.254C>T P85L* 1 Probably damaging 0.8
c917G>A R306H 1 Benign ND
c.1375A>C T459P 1 Possibly damaging 0.28
c.1651C>G H551D 1 Probably damaging 0.32
c.1769G>T W590L 1 Probably damaging 0.31
c.28937>C R965C 1 Probably damaging 0.59
¢.3077T>C L1026P 1 Benign 0.25
¢.3966G>A W1322X 1 NA 0.38
¢.4156G>C E1386Q 1 Benign 0.51
c.4430G>T C1477F 1 Probably damaging 0.34
c5116G>A D1706N 1 Possibly damaging 0.38
¢.5192C>G S1731C* 1 Possibly damaging 0.28
c.5398A>C N1800H* 1 Possibly damaging 0.27
¢.5864C>T R1851X* 1 NA 0.26
c.6217A>G T2073A 1 Possibly damaging 0.28
Controls (n = 46) 0.52 = 0.07
Low HDL-C APOAT
None
Low HDL-C LCAT
c.167T>C L56P 1 Possibly damaging ND
c.254G>A W85X 1 NA ND
c.382G>A G128S 1 Probably damaging ND
c.463A>G N155D 1 Possibly damaging ND
c.901G>A D301N 1 Benign ND
c.1103G>T G396V 1 Probably damaging ND
High HDL-C ABCA1
¢.1664A>C K555T 1 Benign ND
¢.2320A>C T774P* 2 Benign 0.63/0.57
High HDL-C APOA1
None
High HDL-C LCAT
None

*These sequence variations have been identified previously.
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(table S2). Two sequence variants were associ-
ated with plasma HDL-C levels in two groups
(white men and black men), but the effect of
these variants on HDL-C levels was modest.
For example, plasma HDL-C concentrations
were 52 * 17 mg/dl in black men homozygous
for the Met®®® allele of ABCAI and 48 *+ 15
mg/dl in homozygotes for the common allele
(11e®%3) at this locus. These data are consistent
with haplotype analyses of the ABCAI gene
(16) and with quantitative trait linkage mapping
studies, which have not provided consistent
support for common variants at any locus con-
tributing to variation in plasma HDL-C levels.
Nonetheless, our results do not exclude a role
for common sequence variations in hypoal-
phalipoproteinemia. Because we screened pri-
marily the coding sequences and flanking in-
tronic regions of the three candidate genes, it is
possible that common sequence variations in
intronic or regulatory regions not sequenced in
this study confer susceptibility to low plasma
levels of HDL-C. Alternatively, specific haplo-
types or combinations of alleles at these loci or
common sequence variants at other loci may
contribute to low plasma HDL-C levels.

The strategy used in this study can be gen-
eralized to analyze the relationships between
sequence variations in candidate genes and
other quantitative traits in humans. Screening
individuals with low or high levels of a trait
increases the likelihood of detecting function-
ally significant sequence variations. Compari-
son of the numbers of sequence variants found
in individuals with trait levels at opposite ends
of the distribution provides a method to assess
the significance of the variants identified, in-
cluding rare variants that are unlikely to be
detected by haplotype-based association stud-
ies. The method is unbiased, because the selec-
tion of individuals has its basis solely in their
phenotype and has the added advantage of not
requiring ascertainment of families.
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Natural killer (NK) cells provide a central defense against viral infection by using
inhibitory and activation receptors for major histocompatibility complex class |
molecules as a means of controlling their activity. We show that genes encoding
the inhibitory NK cell receptor KIR2DL3 and its human leukocyte antigen C group1
(HLA-C1) ligand directly influence resolution of hepatitis C virus (HCV) infection.
This effect was observed in Caucasians and African Americans with expected low
infectious doses of HCV but not in those with high-dose exposure, in whom the
innate immune response is likely overwhelmed. The data strongly suggest that
inhibitory NK cell interactions are important in determining antiviral immunity and
that diminished inhibitory responses confer protection against HCV.

Natural killer (NK) cells are key components
of the innate antiviral immune response. In
vivo, they are under the constitutively domi-
nant influence of inhibitory receptors for self-
MHC class I ligands (Z, 2), such that effector
functions occur only when activating signals
overcome inhibitory signals (3, 4). The killer
cell immunoglobulin-like receptors (KIR)
represent a diverse family of activating and
inhibitory receptors that are integral in this
model. As with their MHC class I ligands, the
population diversity and rapid evolution of

the KIR genes strongly suggests that they are
under pathogen-mediated selection (5-7).
KIR haplotypes vary in number and type of
genes present, and because HLA4 and KIR map to
separate chromosomes, some individuals lack
specific KIR-HLA receptor-ligand pairings. To
date, only activating KIR have been associated
with disease outcome (8—10), whereas the influ-
ence of inhibitory K7R on disease is undetermined.
Hepatitis C virus (HCV) is a common in-
fection worldwide, causing cirrhosis and hepa-
tocellular carcinoma. About 20% of individuals
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resolve acute infection, an outcome associated
with specific components of the adaptive im-
mune system (/7), including HLA class I (12).
Because resolution of HCV infection may also
involve the innate immune system, including
NK cells (13, 14), we examined the possible
synergistic influence that corresponding K/R-
HLA combinations might have on the outcome
of HCV infection.

Individuals who were exposed to HCV (685
with persistent and 352 with resolved infection)
(table S1, A to C) were categorized according
to their KIR-binding motifs based on HLA-B
and -C genotyping data (/5). Group 1 HLA-C
(HLA-C1) allotypes have asparagine at residue
80 and are ligands for the inhibitory receptors
KIR2DL2 and KIR2DL3, which segregate as
alleles of a single locus (Table 1). The remain-
ing HLA-C allotypes (group 2, HLA-C2) have
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Table 1. Frequency of KIR and HLA receptor-ligand pairings in the population studied, stratified by race, study site, and route of infection.

KIR2DLT- KIR2DL2- KIR2DL3- KIR2DS1- KIR2DS2- KIR3DL1- KIR3DS1-
N HLA-C2 HLA-C1 HLA-C1 HLA-C2 HLA-CT* HLA-Bw4 HLA-Bw4*
N (%) N (%) N (%) N (%) N (%) N (%) N (%)
All 1037 689 (66.4) 591 (57.0) 754 (72.7) 231 (22.3) 441 (42.5) 635 (61.2) 216 (20.8)
Racet
UK Caucasian 340 219 (64.4) 144 (42.4) 271 (79.7) 78 (22.9) 144 (42.3) 205 (60.1) 83 (24.4)
USA Caucasian 355 220 (62.0) 163 (45.9) 265 (74.6) 88 (24.8) 167 (47.0) 205 (57.7) 89 (25.1)
USA African- 271 205 (75.6) 108 (39.9) 166 (61.3) 47 (17.3) 99 (36.5) 188 (69.4) 31(11.4)
American
USA other 69 44 (63.8) 30 (43.5) 52 (75.4) 17 (24.6) 30 (43.5) 35 (50.7) 12 (17.4)
Route
No blood 543 372 (68.5) 229 (42.2) 382 (70.3) 115 (21.2) 222 (40.9) 344 (63.3) 105 (19.3)
products
Blood products 494 317 (64.2) 217 (43.9) 372 (75.3) 116 (23.5) 219 (44.3) 291 (59.0) 111 (22.5)

*Receptor ligand pairing inferred by protein sequence but not directly demonstrated.

TExcludes two non-Caucasian individuals from the United Kingdom.
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