Nuevo Point, CA, and released offshore in Monterey
Bay. After release, the seals returned to instrumentation
sites where the data and videos were retrieved.

18. The experimental setup and instrumentation for the
dolphin studies are described in (25). The instrument
pack was neutrally buoyant and weighed 8 kg in air.
Twenty experimental dives from 50 to 110 m were
conducted in open water.

19. Blue whale studies used CRITTERCAM instrumentation
(36) attached with a low-profile silicon suction cup (22
cm diameter). The cup released after a predetermined
interval through the dissolution of a corrosible magne-
sium plug. The blue whale (length = 22 to 25 m) had
been individually identified photographically during
1990-98 along the California coast. It was considered
an adult of at least 10 years in age.

20. Gliding was defined as periods exceeding 3 to 12 s in
which no locomotor movements occurred and flippers
or flukes were aligned along the body axis. Deploy-
ments involving forward-facing cameras on Weddell
seals also used a tail-mounted *2-g, single-axis accel-
erometer (Ultramarine Instruments, Galveston, TX) to
assess stroking activity. Head movements of the blue
whale were considered indicative of stroke activity be-
cause of counter movements of the head and tail in
swimming cetaceans (25, 37). Videotapes were re-
viewed at normal speed, except for the blue whale;
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Identification of a Coordinate
Regulator of Interleukins 4, 13,
and 5 by Cross-Species
Sequence Comparisons
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Long-range regulatory elements are difficult to discover experimentally; how-
ever, they tend to be conserved among mammals, suggesting that cross-species
sequence comparisons should identify them. To search for regulatory sequenc-
es, we examined about 1 megabase of orthologous human and mouse sequences
for conserved noncoding elements with greater than or equal to 70% identity
over at least 100 base pairs. Ninety noncoding sequences meeting these criteria
were discovered, and the analysis of 15 of these elements found that about 70%
were conserved across mammals. Characterization of the largest element in
yeast artificial chromosome transgenic mice revealed it to be a coordinate
regulator of three genes, interleukin-4, interleukin-13, and interleukin-5, spread

over 120 kilobases.

Computational methods for recognizing coding
sequences in genomic DNA are capable of
detecting most genes; however, identifying reg-
ulatory elements in the 95% of the genome
composed of noncoding sequences is currently
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a substantial challenge. Regulatory sequences
tend to be highly conserved among mammals
(1), suggesting comparative sequence analysis
as a strategy for their identification (2). Exten-
sive studies focusing on understanding the reg-
ulation of three biomedically important cyto-
kines [interleukin-4 (IL-4), IL-13, and IL-5]
clustered at human 5931 have indicated that
these genes are coordinately coactivated in type
2 T helper (T2) cells (3). Transgenic mice
propagating human 5q31 yeast artificial chro-
mosomes (YACs) appropriately regulate the
human /L-4, IL-13, and IL-5 transgenes in mu-
rine T,;2 cells, independent of the site of inte-
gration (4). These data indicate that the ele-
ments regulating the coordinate tissue and tem-
poral expression of these cytokines are con-
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served in humans and mice. A comparative
sequence-based approach was employed to dis-
cover distant regulatory sequences involved in
controlling the complex expression patterns of
the 5q31 cytokines.

Database searches combined with GenScan
predictions identified 23 putative genes (includ-
ing IL-4, IL-13, and IL-5) in an ~1-Mb human
531 region and determined that the order and
orientation of all but one of these genes are
conserved in the murine chromosome 11 or-
thologous region (Fig. 1) (5-7). Comparative
analysis of these human and mouse sequences
(8) focused on discovering distant regulatory
sequences in the region, based on the observa-
tion that these elements are typically composed
of long sequences [=100 base pairs (bp) in
length] that are highly conserved among mam-
mals (=70% identity) (/). A total of 245 con-
served elements fitting these criteria was iden-
tified, of which 155 overlapped with coding
sequences (defined as sequences present in ma-
ture RNA transcripts) (9), and the remaining 90
were defined as noncoding (Figs. 1 and 2) (/0).
Of the 90 conserved noncoding elements, 46%
were in introns, 9% were within 1 kb of the 5’
and 3’ ends of an identified transcript, and 45%
were in intergenic regions >1 kb from any
known gene. Many of the noncoding elements
were found in clusters, such as in the intergenic
region between organic cation transporter 1
(OCTN1I) and P4—hydroxylase alpha (II'), sug-
gesting that they may be working cooperatively
as a functional unit (Fig. 1). One of the con-
served noncoding sequences (CNSs), CNS-7,
located in the intergenic region between gran-
ulocyte-macrophage colony-stimulating factor
(GM-CSF ') and IL-3, had previously been iden-
tified experimentally as an enhancer controlling
the coregulation of these two cytokines (/7).
This finding supports the choice of the criteria
used in this sequence-based approach to iden-
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tify biologically relevant noncoding sequences.

Fifteen of the CNSs were assessed for their
presence in other vertebrates and their copy
number in the human genome. Degenerate
primer pairs of the elements were used to am-
plify genomic DNA of other vertebrates, and
the resulting products were sequenced (/2). Ten
of the elements were highly conserved in at
least two mammals in addition to humans and
mice (Fig. 1 and Table 1). Twelve elements
appeared unique in the human genome, as de-
termined by low-stringency Southern blot hy-
bridizations (/3): Of the noncoding sequences
examined, ~70% are conserved across mam-
mals and unique in the human genome, features
commonly noted in experimentally identified
distant regulatory elements (/).

The largest conserved noncoding sequence,
CNS-1 (401 bp), which is located in the inter-
genic region (~13 kb) between /L-4 and IL-13,
was chosen for in-depth functional analysis on
the basis of several features that suggest it
might be a distant regulatory element. CNS-1
demonstrates a high degree of conservation
across mammals (~80% identity in mice, hu-
mans, cows, dogs, and rabbits) (Table 1), con-
trasting sharply with the relatively low conser-
vation observed in the coding regions of the
flanking genes, IL-4 and IL-13 (~50% identity
between humans and mice) (Fig. 2). This ele-
ment is single copy in the human genome and
has been conserved during evolution not only
with regards to sequence but also to genomic
location [mapped in dogs, baboons, humans,
and mice to the /L-4 through /L-13 intergenic
region (/4)]. Binding sites for transcription fac-
tors known to regulate the expression of IL-4
and /L-13 were not found in CNS-1 (/5); how-
ever, we determined that CNS-1 overlaps with
two (T2 cell specific) of the eight deoxyribo-
nuclease (DNase) I hypersensitive sites (HSs)
previously localized in the /L-4 through /L-13
region (16) (Fig. 2).

The biological properties of CNS-1 were
characterized through the creation and analysis
of multiple lines of mice bearing a 450-kb
human YAC transgene (Fig. 1) either contain-
ing or lacking the CNS-1 element. To reduce
the uncertainties of comparing different founder
lines of transgenic mice, we inserted JoxP sites
(17) into the YAC transgene flanking the
CNS-1 element and introduced this modified
YAC into the genome of mice (three separate
founder lines were created). To ‘delete the
CNS-1 element, we bred the human YAC
transgenic mice from each of the founder lines
with mice expressing a Cre recombinase trans-
gene (/8). This resulted in the generation of two
lines of transgenic mice derived from each
founder line, one with a CNS-1-containing
YAC transgene (CNS-1%") and one witha YAC
transgene in which the CNS-1 element had
been deleted (CNS-19¢). The deletion of
CNS-1 was the only rearrangement in the hu-
man [L-4 through /L-13 region detected by
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Southern blot analysis (79). YAC copy number
was the same in the paired CNS-1** and CNS-
19! transgenic animals as determined by both
Southern blot analysis (/9) and fluorescent in
situ hybridization (FISH) (Fig. 3) (20). These
findings suggest that the paired CNS-1** and
CNS-19¢! transgenic mice are genetically iden-
tical in every aspect except for the presence or
absence of the CNS-1 element.

To assess whether CNS-1 affects expression
of the human 5g31 cytokines, we isolated high-
ly purified naive CD4* T cells from the spleen
and lymph nodes of paired CNS-1"* and CNS-
1¢¢! transgenic mice and stimulated the cells in

<—— CNS-12: 222 bp 84%
<= CNS-11%: 155 bp 81%

@

|_S— CNSs-14: 172 bp 70%

CNS-15%: 193 bp 82%

<= CNS-9*%: 192 bp 77%
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JONS-3: 153 bp 76%
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CNS-16*: 317 bp 76%

vitro under conditions that favor development
of either Ty;1 or T2 cells (21, 22). Neither the
IL-4 nor IL-13 human transgenes were ex-
pressed during T,;1 differentiation in either the
CNS-1*t or CNS-1¢! transgenic cells, suggest-
ing that CNS-1 was not required for the repres-
sion of these cytokines in Ty1 cells. When T
cells were stimulated to promote T,,2 differen-
tiation, the CNS-1¢°! transgenic cells developed
less than half as many human IL-4—producing
cells and less than a third as many human
IL-13-producing cells as the CNS-1"* trans-
genic mice did (Fig. 4, A and B) (22). In the
T2 cells that expressed human IL-4 and IL-13,

Fig. 1. Physical map of
the 1-Mb human 5q31
region. The locations
of the 23 genes in the
interval (7) (gray box-
es), their direction of
transcription (gray ver-
tical arrows), and the
locations of all CNSs
(red horizontal arrows)
are shown. A number
next to a horizontal
arrow indicates that
more than one CNS
was found at that lo-
cation. The lengths
and percent identities
of the human and
mouse alignments of
the 15 noncoding se-
quences investigated
in this study are given.
The 12 elements’ de-
termined to be single
copy in the human
genome are in bold.
Noncoding sequences
conserved in other
vertebrates (Table 1)
are marked with an
asterisk. The locations
of the human YAC
(A94G6) and P1 clones
(H23 and H24) (verti-
cal bars) used in this
study are shown.
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Fig. 2. Percent identity plot displaying locations for CNS elements in the
IL-4 through IL-13 region. Conserved sequences are plotted in relation to
their coordinates in the human genome (horizontal axes), and their
percent identities are indicated on the vertical axis (9). Sequences
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Fig. 3. YAC copy number determined by FISH.
Interphase nuclei of spleen cells isolated from
paired (top) CNS-1%* and (bottom) CNS-179!
YAC transgenic mice (line 1) hybridized with
two P1 probes [H23 (green) and H24 (red)] (Fig.
1) as described (79) are shown. Similar hybrid-
ization patterns were obtained for line 3.

however, the amounts produced per cell, as-
sessed by the mean fluorescence intensity, were
the same in the paired human CNS-1"* and
CNS-19! YAC transgenics. The observation
that CNS-1 influences the number of T2 cells
expressing IL-4 and IL-13 but does not influ-
ence their levels of expression per cell suggests
that this element does not act as a classical
enhancer but rather appears to be involved in
modulating chromatin structure. Production of
human IL-5 was also significantly reduced in
the CNS-19¢! transgenic cells as compared with
the paired CNS-1%* transgenic cells (Fig. 4C).
The lack of suitable antibodies for flow cytom-
etry detection of human IL-5 precluded us from
distinguishing whether the reduced expression
of human IL-5 was due to a decrease in the
number of cells producing it or due to a de-
crease in the amounts produced by individual
T;;2 cells. All three paired CNS-1** and CNS-
19¢! YAC transgenic lines were examined, and
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Fig. 4. Expression of human D Mouse IL-4 E Mouse IL-13
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clonal antibodies (27, 22). (C)

Human IL-5 and (E) mouse IL-13 protein levels were determined by ELISA with supernatants of
activated T cells collected at either 3 or 7 days (following restimulation) after stimulation of naive
cells (217, 22). Bars represent means and standard errors of the means.

the absence of CNS-1 consistently resulted in a
decrease in the number of T,;2 cells expressing
human IL-4 and IL-13.

Transcript levels of human IL-4, IL-13, and
IL-5, as well as the two noninterleukin genes
closest to CNS-1, kinesin family member 34
(KIF34) and RADS50, were quantified in the
paired CNS-1"* and CNS-19! transgenic mice
(23). The mRNA levels of the three human
cytokines were reduced in CNS-19¢! T,;2 cells,
reflecting the differences observed in the pro-
tein levels and indicating that CNS-1 acts
through its effect on the transcriptional activity
of these genes. Expression levels of human
KIF34 and RAD50 were essentially the same in
the brains, hearts, kidneys, livers, and isolated
T,;2 cells of the paired CNS-1** and CNS-19¢!
transgenic mice. RADS50 is a large gene (span-
ning 87 kb) located between CNS-1 and IL-5
(Fig. 1). The fact that the CNS-1%! transgenic
mice produce substantially less human 7Z-5, but
unaltered amounts of RADS50, suggests that
CNS-1 acts over a large genomic interval to
specifically affect the expression of Ty2 cell-
specific cytokines.

The initial production of murine IL-4 and
IL-13 was significantly less in CNS-1"* trans-
genic T2 cells, whereas at later time points,
CNS-1"* and CNS-19¢! transgenic T,;2 cells
expressed comparable amounts of these cyto-
kines (Fig. 4, D and E). Human IL-4 and IL-13
do not modulate murine T;;2 cell development
in vitro, as determined with CD4* T cells from
nontransgenic mice (24). These data indicate
that the initial reduction in murine IL-4 and
IL-13 production in the CNS-1** transgenic
cells is probably not due to the expression of the
human IL-4 and IL-13 transgenes, suggesting
that a competitive interaction may exist be-
tween the human CNS-1 element and a trans-
acting murine factor(s). The observation that, at
subsequent time points, the murine cytokines
are expressed at equivalent levels in CNS-1™
and CNS-19! transgenic cells may be due either
to alterations in the levels of such putative trans
factor(s) with increasing cell division or to pref-
erential expansion or survival of murine IL-4—
and IL-13—producing cells.

Our study illustrates the utility of compara-
tive sequence analysis in the identification of
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Table 1. Cross-species sequence analysis of 15 conserved noncoding ele-
ments. Human and mouse sequence alignments of each element were
inspected, and primer pairs were chosen from the most conserved regions.

REPORTS

Hence, for each CNS, the size of the PCR amplified product(s) is smaller than
the size of the element indicated in Fig. 1. Numbers in parentheses are
percent identity. Dashes indicate that PCR did not amplify a product.

Conserved Product base-pair size
noncoding
sequence Human Cow Dog Pig Rabbit Rat Mouse Chicken Fugu
CNS-1 224 220 (86) 218 (80) 229* 200(72) 214 (75) 214 (76) 266* 155*
CNS-2 104 104 (90) 105 (93) 104 (89) 101 (90) 105 (85) 104 (85) 192* 245*
CNS-3 131 - - - - - 131(73) - -
CNS-4 77 77 (88) - - - 77 (87) 77 (87) - -
CNS-5 157 - 157 (82) - - 159 (84) 159 (81) - -
CNS-6 148 - - - - - :Ilgg 587; - -
CNS-8 122 - - - - - 79 - -
CNS-9 124 125 (88) 125 (91) 125 (88) 125(92) 124 (86) 124 (86) 120* 111*
CNS-10 213 214 (82) - 210 (84) 209 (83) 211(79) 211 (77) - -
CNS-11 120 - 119 (89) 119 (90) 120 (83) 119 (80) 119(79) - -
CNS-12 200 - - - - 194+ 194 (78) - -
CNS-13 314 315(73) 295* 317 (75) - 324 (67) 327 (68) - 473*
CNS-14 128 - - - - - 128 (60) - -
CNS-15 127 125 (90) 125(91) 125 (90) - 127 (86) 127 (86) - 88*
CNS-16 109 109 (74) - - 109 (84) 111(83) 109 (80) - -
*Only primer sequences were conserved. tAmplified PCR product was not sequenced.
distant regulatory elements. Of the 15 human California Institute of Technology library CitbC)7 and 9. Sequences present in mature mRNAs were computa-
H sequenced in either draft or finished format: 240C4 tionally identified either by exact GenPept matches
and mouse conserved noncoding elements we (202 kb), 3.5% draft; 111181 (151 kb), AC005742 or exact UniGene matches combined with partial
examined, most are also present in other mam- finished; 219010 (204 kb), 5.0% draft; 32119 (131 GenPept matches and/or GenScan predictions of
mals. These data, in combination with analysis kb), 40X draft; 33024 (150 kb), 3.5X draft; 54K15 probability scores =0.15. Database matches include
of the orthologous human 5g31 interval in dogs (145 kb), 5.0 draft; and 327023 (185 kb), AF248716 the 5’ and 3’ untranslated regions of mRNAs; there-
. . .. 40X draft. fore, some of the 155 conserved coding sequences, as
revealing a strikingly similar pattem of CNS 6. K. A. Frazer et al., Genome Res. 7, 495 (1997). defined in this study, are not translated.
elements (25), suggest that most of the human 7. Human repetitive elements were masked with Repeat- 10. To prevent the inclusion of RNA and RNA pseudo-
and mouse CNS elements we identified have Masker (A. F. A. Smit and P. Green; additional program genes in this set of conserved noncoding sequences,
; ; ; information is available at http://www.genome. we masked all tRNA and most of the known small
been a ctively conserved becauge ofa blqloglcal washington.edu/uwgc/analysistools/repeatmask.htm). nuclear RNA genes in the human 5q31 sequence with
function. CNS-1 appears to be involved in gene Using gapped BLAST searches (default parameters), we RepeatMasker. However, because computational
activation by modulating chromatin structure, a compared masked 5q31 sequences with sequences in s;reens fare biasedfag;ninst g(l)\lA genes, :jt is poszible
i i in vi the National Center for Biotechnology Information that a fraction of these conserved noncoding
function for Wh.mh there are o standard in vito (NCBI) databases, GenPept (release 113) and UniGene elements may actually be transcribed.
assays, suggesting that this element‘ would have (30 September 1999), and analyzed the sequences for ~ 11. C.S.Osborne, M. A. Vadas, P. N. Cockerill, J. Immunol.
been difficult, if not impossible, to identify with potential coding regions with GenScan [C. Burge and S. 155, 226 (1995).
traditional experimental methods. The use of a Karlin, J. Mol. Biol. 268, 78 (1997)]. The following 14 12. Genomic DNA was purchased from Clontech Labora-

450-kb YAC transgene containing eight human
genes, each potentially serving as “a reporter,”
allowed us to determine that CNS-1 regulates
some, but not all, of the genes in a large genom-
ic interval (120 kb) on human 5q31. These reg-
ulatory features of CNS-1 reveal the complexity
of long-range regulatory elements and the pow-
er of comparative biology in discovering and
deciphering the properties of such elements.

References and Notes

1. Q. Li, S. Harju, K. R. Peterson, Trends Genet. 15, 403
(1999).

2. R. C. Hardison, J. Oeltjen, W. Miller, Genome Res. 7,
959 (1997); W. Miller, PipMaker (additional program
information is available at http://globin.cse.psu.edu/
pipmaker).

3. A. Abbas, K. M. Murphy, A. Sher, Nature 383, 787
(1996).

4. D. ). Symula et al., Nature Genet. 23, 241 (1999).

5. Human 5931 sequence (clones: H14, H13, H23, H11,
H16, H21, H18, H15, H24, H17, H26, H25, H81, H22,
H20, and H82) was obtained (for a list of human
clones submitted to GenBank, see http://www-hgc.
Ibl.gov/human-p1s.html) and assembled into nine
contigs of the following sizes (given in the direction-
ality of centromere to telomere): 380.0, 13.8, 155.3,
106.9, 155.5, 5.4, 8.9, 32.3, and 90.0 kb. On the basis
of the physical map of the region, the eight gaps have
estimated sizes of 12, 4, 5, 3, 16, 2, 5, and 5 kb,
respectively. Seven mouse chromosome 11 bacterial
artificial chromosomes (BACs) were isolated from

genes in the interval were previously known and local-
ized on the basis of exact GenPept database matches
(NCBI numbers are given): Ubiquinone-binding protein
(D50369), GDF-9 (NM_005260), KIF3A (AF041853),
IL-4 (A00O76), IL-13 (U10307), RAD50 (U63139), IL-5
(NM_000879), IRF1 (P10914), OCTN2 (NM_003060),
OCTN1 (NM_003059), P4-hydroxylase alpha (II)
(NM_004199), GM-CSF (P04141), L-3 (P08700), and
Long chain fatty acyl CoA synthetase 2/KIAAO837
(AF099740/AB020644). Four genes were identified on
the basis of GenScan predictions, exact expressed se-
quence tag (EST) matches, and their similarities to
known proteins, and they are referred to as a homolog
of the gene to which they had the highest BLASTX
score: pMLLT2-homolog (NM_005935), APX-homolog
(Q01613), Septin2-homolog (D86957), and Cyclin
I-homolog (NM_006835). Of the five genes referred to
by their UniGene number, one was identified solely on
the basis of an exact UniGene match (Hs.70932), and
four were identified by exact UniGene matches in
conjunction with GenScan predictions and mouse and
human conserved sequences (Hs.11637, Hs.77114,
Hs.13308, and Hs.591082). Two database matches
were determined to be pseudogenes: the Lim-domain
match (X93510) was exact but only to the first 98 out
of 1130 nucleotides in the mRNA, and the P4-
hydroxylase alpha (II) pseudogene had neither an open
reading frame nor an exact matching EST.

8. Alignments between the human and mouse genomic
sequences were computed with a dynamic program-
ming method, scoring each nucleotide match as 1,
each mismatch as — 1, and each gap of length k as —6
to 0.2k. The percent identity plot displays the human
positions and the percent identity of each segment of
the alignment between successive gaps that has a
length of at least 40 bp and at least 60% identity.

tories (Palo Alto, CA) (catalog numbers dog 6950-1,
rabbit 6960-1, rat 6750-1, mouse 6650-1, human
6550-1, porcine 6651-1, bovine 6850-1, and chicken
6852-1). Drosophila melanogaster and Fugu rubripes
genomic DNA were isolated with standard methods.
Polymerase chain reaction (PCR) amplifications were
performed as follows: 100 ng of genomic DNA from
each species was mixed with 200 uM of each de-
oxyribonucleoside triphosphate, 1 .M of each oligo-
nucleotide primer (5 M for degenerate primers), 5
wl of 10X PCR buffer (PerkinElmer), and five units of
AmpliTaq DNA Polymerase (PerkinElmer) in a 50-p.l
volume. The samples were amplified under standard
PCR reaction conditions in an automated thermal
cycler (PerkinElmer 9700) for a total of 35 cycles with
the following primer pairs: CNS-1 forward, 5'-
TGATTTCTCGGCAGCCAGGGAGGGCC-3"; CNS-1 re-
verse, 5'-GGTGCCTGCGTCACCTCTGACCACAC-3';
CNS-2 forward, 5'-CCTCTCAGCAT TTATCTTGGGC-
3'; CNS-2 reverse, 5'-AGAGCCATAANNGTGTTT-
GGG-3'; CNS-3 forward, 5'-CNAGTNGNTCAGGGC-
NNGATGCCCAGG-3'; CNS-3 reverse, 5'-AAGGGNG-
TCTGNTCNTNCTGGAGCCTGCC-3'; CNS-4 forward,
5'-GCATGAAGNAT TGNTGGCCC-3'; CNS-4 reverse,
5'-CTCTCTGGCNCTGGAACACC3’; CNS-5 forward,
5'-ACNGTTTTTNGTGTGCAGCACT-3’; CNS-5 re-
verse, 5’-ATTCTTTNAAAACCCCATATC-3'; CNS-6
forward, 5'-TAGNANAGTGAGGATGTCTG-3’; CNS-6
reverse, 5'-AAACCCCAGCNCTGGGCAAACAG-3'; CNS-8
forward, 5'-AAGTAAACNCTGNAAAANNTG-3'; CNS-8
reverse, 5'-CNCNNAAGTATACT T TGGAATCC-3'; CNS-9
forward, 5'-TNACTCNCAGTGACTGATNTTTG-3'; CNS-9
reverse, 5'-ATCNCCTCCNNGTNTCT TTGCAAC-3'; CNS-
10 forward, 5'-CANGATGACTCAGCCAGCACAAG-3';
CNS-10 reverse, 5'-CCTNNTCTAGGAAATGGGCT-
TGC-3'; CNS-11 forward, 5'-GGCAAANTGTCA-
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13.

14.

18.
19.
20.

CAATGTTC-3'; CNS-11 reverse, 5'-CTGTCANAGC-
CACACAGAAG3'; CNS-12 forward, 5'-TCCACATTT-
TCTTNCCTTTG-3'; CNS-12 reverse, 5'-GTNTCNCT-
GCCCTTTGATG-3'; CNS-13 forward, 5'-GGNTGAGA-
TNCTGGAGGCTC-3'; CNS-13 reverse, 5'-GAGCAG-
GTCTGACNNGGGTG-3'; CNS-14 forward, 5'-TTG-
GCAATTCCCCTGAAA C-3’; CNS-14 reverse, 5'-
AAGCTKAGYTCTGGCAGG-3'; CNS-15 forward, 5'-
AAGNNTGTT GCTANGGTCACTGTG-3'; CNS-15 re-
verse, 5'-GCAGNTGTGGTTTTGAGANGTTCA T-3';
CNS-16 forward, 5'-CTCCCACATCCTTGGGAGGG-
3'; and CNS-16 reverse, 5'-CCAGNAGCCAGGGACA-
CACC-3'. Amplified PCR products were analyzed by
gel electrophoresis on 3% Nusieve GTG agarose gels
(BioWhittaker Molecular Applications, Rockland, ME),
extracted with QIAquick Gel Extraction Kits (QIA-
GEN, Valencia, CA), and sequenced with Big Dye
chemistry (PE Applied Biosystems, Foster City, CA).
Human genomic DNA (8 pg) (catalog number 6550-1
from Clontech Laboratories) was digested (with Pst I,
Msp |, Bgl II, Pst I, and Taq®l), separated in an 0.8%
agarose gel, transferred onto membrane (Hybond N+,
Amersham), hybridized at 52°C overnight in Church
Buffer [0.5 M NaHPO, (pH 7.2), 1 mM EDTA, 7% SDS,
and 1% bovine serum albumin] with the most stringent
wash at 58°C [0.04 M NaHPO,, (pH 7.2), 1 mM EDTA,
and 1% SDS]. Probes were generated by PCR amplifi-
cation of human genomic DNA using primer pairs of
each CNS element and then gel purified (72). A CNS
element was defined as single copy if none of the five
lanes containing DNA (one of each restriction digest)
had more than one or two bands (assumed to be a
polymorphism).

Gridded high-density dog and baboon libraries (BACPAC
Resources, Roswell Park Cancer Institute, Buffalo, NY)
were screened by hybridization with CNS-1 probes gen-
erated by PCR amplification of dog and human genomic
DNA (72), respectively. Content mapping of 9 dog BACs
and 14 baboon BACs for the presence of KIF3A, CNS-2,
IL-4, CNS-1, IL-13, and RAD50 by PCR defined the
location of CNS-1 to the /L-4 through /L-73 region.

. CNS-1 sequences (human, mouse, dog, rat, cow, and

rabbit) were searched (the Transcription Factor Da-
tabase is available at http://transfac.gbf-braunschweig.
de/TRANSFAC/index.html) for consensus binding
sites of four proteins [NF-AT (nuclear factor of acti-
vated T cells), c-maf, GATA-3, and STAT6 (signal
transducer and activator of transcription 6)] known
to regulate /L-4 transcription. No conserved consen-
sus binding sites were found.

. N. Takemoto et al., Int. Inmunol. 10, 1981 (1998); S.

Agarwal and A. Rao, Immunity 9, 765 (1998).

. YAC A94G6 (450 kb) (6) was retrofitted with

plys2neo vector (gift from K. Peterson) as described
[B. C. Lewis, N. P. Shah, B. S. Braun, C. T. Denny,
Genet. Anal. Tech. Appl. 9, 86 (1992)]. The yeast
shuttling vector, pRS406.CNS-1.loxP, was construct-
ed as follows: A 2.4-kb Sac | fragment containing
human CNS-1 was cloned into pRS406 (Stratagene)
to generate pRS406.CNS-1. Oligonucleotides, LoxP—
Pml | (forward 5'-GTGTAACT TCGTATAGCATACAT-
TATACGAAGTTATCAC-3'; reverse 5'-GTGATAACT-
TCGTATAATGTATGCTATACGAAGT TACAC) and Lox-
P-Sph | (forward 5'-CTAACTTCGTATAGCATACAT-
TATACGAAGT TATGCATG-3'; reverse 5'-CATAACTT-
CGTATAATGTATGCTATACGAAGT TAGCATG-3'), con-
taining LoxP sequences with sticky ends were syn-
thetically synthesized, annealed in vitro, and sub-
cloned into Pml | and Sph | sites of the pRS406.CNS-1
vector, creating pRS406.CNS-1.loxP. This vector was
linearized at the PfIM | site, and the pop-in/pop-out
method [K. Duff, A. McGuigan, C. Huxley, F. Schultz,
). Hardy, Gene Ther. 1, 1 (1993)] was used to modify
the retrofitted A94G6 YAC. YAC DNA was isolated at
a final concentration of ~1 ng/ml and microinjected
into fertilized FVB mouse eggs using standard proce-
dures as previously described (6).

K. Wagner et al., Nucleic Acids Res. 25, 4323 (1997).
G. G. Loots, unpublished observations.

For FISH, slides of lymphocytes isolated from 4- to
6-week-old F1 transgenics were prepared and hybrid-
ized with two human P1's (H23 and H24) (5) as
described [E. D. Green et al., in Mapping Genomes,
vol. 4 of Genome Analysis: A Laboratory Manual

REPORTS

Series, B. Birren et al., Eds. (Cold Spring Harbor Press,
Cold Spring Harbor, NY, 1999), pp. 303-413].

21. Naive CD4™* T cells were sorted to >99% purity from
spleen and lymph nodes of transgenics (6 to 8 weeks
old) on the basis of small forward- and side-scattering
characteristics and CD4*, CD62L" phenotype. Cells
were activated using irradiated antigen-presenting cells
with monoclonal antibodies against B T cell receptor
and CD28 with IL-2; for Th1 conditions, recombinant
murine IL-12 and antibody to IL-4 were used, and for
Th2 conditions, recombinant murine IL-4 was used.

22. D. |. Fowell et al., Immunity 11, 399 (1999). At
periods from 2 to 7 days, CD4* T cells were analyzed
with flow cytometry (positive cells were gated as
compared to isotype antibody controls and are based
on at least 10,000 flow cytometric events) for ex-
pression of the designated murine and human cyto-
kines by intracellular cytokine detection after 4 hours
of restimulation with phorbol myristate acetate and
ionomycin (PMA/IONO) (4). Supernatants from acti-
vated T cells were collected (either 72 hours after the
primary stimulation with antibodies and irradiated
antigen presenting cells or 24 hours after restimula-
tion of 7-day-old cultures with PMA/IONO) and an-
alyzed with enzyme-linked immunosorbent assay
(ELISA) for human IL-5 and murine IL-13.

23. Total RNA was isolated with RNA-STAT-60 (TEL-
TEST“B"). Five micrograms of RNA was reverse-tran-
scribed into cDNA (Superscript //, Gibco), and expres-
sion levels were measured with TaqMan Syber-Green
quantitative PCR assay (PerkinElmer). The sequences
of the TagMan primer pairs used to quantify mRNA
are as follows: human IL-4 forward, 5'-ACAGCCTCA-

CAGAGCAGAAGACT-3'; human IL-4 reverse, 5'-GT-
GTTCTTGGAGGCAGCAAAG-3’; human IL-5 forward,
5'-ATAAAAATCACCAACTGTGCACTGAA-3’; human IL-
5 reverse, 5'-CAAGTTTTTGAATAGTCT TTCCACAG-
TAC-3’; human IL-13 forward, 5'-CAGAAGCTCCGC-
TCTGCAAT-3’; human IL-13 reverse, 5'-ACACGTT-
GATCAGGGATTCCA-3'; human KIF3A forward, 5'-
CGCAGTCTCGAGAGCGTCAA-3’; human KIF3A re-
verse, 5'-ACACCGGGTGCGCAGA-3’; human RAD50
forward, 5'-TGTTGGCTGGCAGGATCTTT-3'; hu-
man RAD50 reverse, 5'-CGTGAGACCCGCGAATCT-
3’; mouse glyceraldehyde phosphate dehydrogenase
(mGAPDH) forward, 5’'-GGCAAAT TCAACGGCACA-
GT-3'; and mGAPDH reverse, 5'-CCTCACCCCATTT-
GATGTTAGTG-3'".

24. R. M. Locksley and Z. E. Wang, unpublished observa-
tions.

25. K. A. Frazer, unpublished observation.

26. We thank A. Nyugen, W. Dean, and K. Lewis for DNA
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recombinase transgenic mice; I. Plajzer-Frick for as-
sistance with FISH; C. McArthur for flow cytometry;
and K. Peterson and M. Dunaway for critical read-
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Specialized Fatty Acid Synthesis
in African Trypanosomes:
Myristate for GPl Anchors

Yasu S. Morita, Kimberly S. Paul, Paul T. Englund*

African trypanosomes, the cause of sleeping sickness, need massive amounts
of myristate to remodel glycosyl phosphatidylinositol (GP1) anchors on their
surface glycoproteins. However, it has been believed that the parasite is unable
to synthesize any fatty acids, and myristate is not abundant in the hosts
bloodstreams. Thus, it has been unclear how trypanosomes meet their myris-
tate requirement. Here we found that they could indeed synthesize fatty acids.
The synthetic pathway was unique in that the major product, myristate, was
preferentially incorporated into GPIs and not into other lipids. The antibiotic
thiolactomycin inhibited myristate synthesis and killed the parasite, making
this pathway a potential chemotherapeutic target.

Trypanosoma brucei causes human sleeping
sickness and livestock disease in Africa. The
bloodstream form of this parasite covers its
surface with ~107 identical molecules of a
glycosyl phosphatidylinositol (GPI)—anchored
variant surface glycoprotein (VSG). The VSG
GPI contains the fatty acid myristate (14:0) as
its lipid moiety (/), and fatty acid remodeling
reactions incorporate these myristates into the
GPI precursor (2). Despite the large require-
ment for myristate, this fatty acid is not abun-
dant in host bloodstreams (3), and the trypano-
some was believed to be unable to either syn-
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thesize fatty acids de novo or to shorten longer
fatty acids by B oxidation (4). This dilemma (5)
provided a rationale for our investigation of
fatty acid metabolism in trypanosomes. In stud-
ies on the cultured bloodstream form of 7.
brucei (6), we found that the elongation of
laurate (12:0) to myristate was highly efficient,
whereas the elongation of myristate to palmitate
(16:0) was inefficient. We wondered why try-
panosomes have a mechanism for the elonga-
tion of laurate, as there is little laurate in host
bloodstreams (3) or in the parasite (7). We
considered the possibility that trypanosomes
can actually synthesize fatty acids de novo and
that the elongation of laurate is a step in this
pathway.

To test this hypothesis, we established a
trypanosome cell-free fatty acid synthesis sys-
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