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42.85-hour imposed day length. The ratio of sched- 
uled bedtime t o  scheduled wake time was main- 
tained at 1:2 for each forced desynchrony protocoL 

31. Using the NOSA technique, core-temperature data 
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were modeled as a harmonic regression model wi th 
continuous first-order autoregressive [AR(l)] noise 
defined as 

y,= s,+x, + v, (1) 

where yt is the core-temperature measurement at 
t ime t , s, is the circadian signal, x, is the forced 
desynchrony component, and v, is the AR(1) noise. 
We define 

(2b) 
v, = e ~ p ( - a A ) v , - ~  + st  ( 2 ~ )  

where p is mean temperature, .i is the intrinsic period of 
the circadian pacemaker, A, and B, are respectively the 
cosine and sine coefficients of the rth harmonic of the 
circadian signal, C, and D, are respectively the cosine 
and sine coefficients of the kth harmonic of the forced 
desynchrony component, 1 is the sampling interval, ol is 
the approximate time constant of the thermoregulatory 
system, and the st's are independent, identically distrib- 
uted Gaussian noise with zero mean and variance uf. 
The variance of vt is a: = ug[1 - exp(-2a1)]-'. The 
choice of two harmonics to model the circadian com- 
ponent is based on Brown and Czeisler (32), whereas the 
choice of eight harmonics t o  model the forced desyn- 
chrony component was determined empirically. The 
model was fit t o  the data by an exact maximum likeli- 
hood method [R. H. Jones, Longitudinal Data with Serial 
Correlation: A State-Space Approach (Chapman & Hall, 
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u, = 

(3) 

where T is the study length [E. N .  Brown, V. Solo, Y. 
Choe, Z. Zhang, Tech. Rep. 95-07 (Statistics Research 
Laboratory, Department of Anesthesia and Critical Care, 
Massachusetts Ceneral Hospital, April 1996; revised 
November 1997)]. The hormone measurements have 
no thermoregulatory component; hence, for their anal- 
yses, we used the model in Eq. 2 with vt = st, and the 
formula in Eq. 3 with a = J. For the free-running 
studies, only core body temperature was sampled and 
the fitting did not include a forced period. NOSA can 
include periodic terms that may arise from nonlinear 
interactions between the basic periodic signals st and x,. 
We have explored such additional terms and identified 
those that rise above the level of noise in the temper- 
ature data. However, when these are included, the 
effea on the average endogenous period reported here 
is minimal (<1 min) and not statistically significant. We 
therefore report the endogenous periods estimated 
without interaaion periodicities, which can be used to 
investigate related nonlinear processes that are beyond 
the scope of this report. 
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Arabidopsis Galactolipid 
Biosynthesis and Lipid 

Trafficking Mediated by DGDl 
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The photosynthetic apparatus in plant cells is associated with membranes of 
the thylakoids within the chloroplest and is embedded into a highly specialized 
lipid matrix. Diacylglycerol galactolipids are common in thylakoid membranes 
but. are excluded from all bthers. Isolation of the g e n e - ~ ~ ~ 7 ,  encoding a 
galactosyltransferase-like protein, now provides insights into assembly of the 
thylakoid lipid matrix and subcellular lipid trafficking in Arabidopsis thaliana. 

Of the four lipids associated with thylakoid 
membranes in plants only one is a phospholip- 
id; the ubiquitous phosphatidylglycerol. The 
other three are nonphosphorous diacylglycerol 
glycolipids with one or two galactose moieties 
or a sulfonic acid derivative of glucose attached 
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to diacylglycerol (1).  The galactolipids consti- 
tute the bulk (close to 80%) of the thylakoid 
lipid matrix and, within green plant parts, 70 to 
80% of the lipids are associated with photosyn- 
thetic membranes. Most vegetables and fruits in 
human and animal diets are rich in galactolip- 
ids. Their breakdom products represent an im- 
portant dietary source of galactose and polyun- 
saturated fatty acids (2). 

Thylakoid membrane lipid biosynthesis in 
plants requires both carbohydrate and fatty 
acid metabolic pathways and is not restricted 
to chloroplasts, where galactolipids are found 
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(Fig. 1); it also involves enzymes in the en- 
doplasmic reticulum (ER). Subcellular traf- 
ficking is required to transfer lipid moieties 
from the ER to their ultimate destination in 
the thylakoid. Molecular species of galacto- 
lipids can be distinguished on the basis of 
their fatty acid constituents (3). Lipid moi- 
eties assembled inside the chloroplast tend to 
include a 16-carbon fatty acid in the sn2 
position of diacylglycerol, whereas lipids de- 
rived from the ER pathway tend to contain an 
18-carbon fatty acid in this position because 
acyltransferases of the plastid and the ER 
have different substrate s~ecificities. The 
plastid pathway is dispensable in many plants 
(4) ,  but no naturally occurring plant without 
a functional ER pathway is known. One mu- 
tant of Arabidopsis, actl (acyltransferase I), 
is deficient in the plastid acyltransferase (5) 
that catalyzes lysophosphatidic acid biosyn- 
thesis (Fig. 1). Other Arabidopsis mutants 
with an altered lipid composition (6) are 
deficient in fatty acid desaturases. 

The dgdl (digalactosyldiacylglycerol 1) 
mutant of Arabidopsis (7) is impaired in galac- 
tolipid assembly as suggested by a 90% reduc- 
tion in digalactosyl lipid content (Table 1). 
Growth, chloroplast ultrastructure, composition 
and ratios of different pigment protein com- 
plexes, light utilization, and chloroplast protein 
import are affected in dgdl (8). The dgdl mu- 
tant also shows an altered composition of the 
monogalactosyl lipid with a characteristic in- 
crease in molecular species containing 18-car- 
bon fatty acids (Table I), consistent with their 
presumed precursor function in digalactosyl lip- 
id biosynthesis (see below). 

Based on labeling experiments with isolated 
chloroplasts, it has been proposed (9) that one 
galactose moiety is transferred from one mo- 
nogalactosyl lipid onto a second to form the 
digalactosyl lipid (Fig. 1). The released diacyl- 
glycerol moiety is made available for M e r  
thylakoid lipid assembly, with the bulk appear- 
ing in the rnonogalactosyl lipid. As can be 
assumed from the fatty acid composition of the 
digalactosyl lipid in the wild type (10) (Table 
I), the responsible enzyme is specific for mo- 
lecular species derived from the ER. Accord- 
ingly, approximately equal amounts of ERde- 
rived molecular species are found in the di- 
galactosyl and monogalactosyl lipids in the 
wild type (Fig.1). Therefore, disruption of di- 
galactosyl lipid biosynthesis in the dgdl mutant 
would disturb assembly of other thylakoid l ip 
ids, in particular the ER-derived monogalacto- 
syl lipid. 

To test this hypothesis, we constructed an 
act1,dgdldouble mutant (11) (Fig. 1). The dou- 
ble mutant (Fig. 2) showed a more extremely 
stunted phenotype than either parent. Because 
the lipid composition of the double mutant was 
not too unlike that of either parent (Table l), it 
is improbable that the extreme growth pheno- 
type of the double mutant is due to specific lipid 

effects. However, the double mutant may not be 
able to produce sufficient amounts of thylakoid 
membranes, because both plastid and ER path- 
ways are disrupted (Fig. 1). 

At least two genes encoding putative mo- 
nogalactosyl lipid synthases are present in 
Arabidopsis (GenBank accession numbers 
AJ00033 1 and AL03 1004), which may have 
different substrate specificities and different 
associations with the chloroplast inner or out- 
er envelope (12-15). According to the model 
(Fig. l), a transient pool of monogalactosyl 
lipid is produced at the outer envelope from 
ER-derived diacylglycerol and is immediate- 
ly converted by DGDl. This process is ac- 
companied by a transfer of lipid moieties 
from the outer to the inner envelope. In the 
absence of DGD 1, monogalactosyl lipid can- 

not be efficiently synthesized via the ER 
pathway but the plastid pathway can compen- 
sate for this deficiency. Only when both path- 
ways are blocked, as in the act1,dgdl double 
mutant, is the overall galactolipid biosynthe- 
sis insufficient to support growth. Apparent- 
ly, the proposed initial biosynthesis of galac- 
tolipids at the outer envelope membrane can- 
not compensate for biosynthesis by DGDl 
but would explain the small amount of di- 
galactosyl lipid and the altered molecular 
species composition of monogalactosyl lipid 
in dgdl. Processes in parallel to the DGDl 
pathway may permit a less efficient transfer 
of lipids to the thylakoids in the dgdl mutant 
(Fig. 1) responsible for moderate growth 
(Fig. 2). In the actl mutant, which is not 
stunted, only the ER pathway is hlly opera- 

Fig. 1. Calactolipid biosynthesis PA . - -- DAG 
in Arabidopsis. Diacylglycerol (DAC) 
derived from either the chloro- 
plast or the ER pathway serves 
as a precursor for biosynthe- ~ ~ 1 - c ~ ~  c Yt 
sis of monogalactosyldiacylglyc- 
erol [1,2-diacyl-3-O-(P-D-galado- 

....( MGDJ+(DGDJ 
oE 

pyranosy1)-sn-glycerok MCD], and 
MCD is a precursor of digalacto- FFA 
syldiacylglycerol (1,2-diacyl-3-0- 
[a-D-galactopyranosyI-(1 +6)-0- 
~-~ -ga la~top~ranos~ l ] -sn-g l~c -  PA+DAG+MGDP+DGDP MGDE+DAG DGDE 
erol; DCD). Subscripts P and E 39% 2 %  10% 10 % iE 
indicate the origin of lipids from 
plastid and ER pathways. The L P A ~ ~ - P - G m  
contribution of each pathway in CS 

the wild type is indicated [mol% Acyl-ACP 

of total polar lipids derived from positional fatty acid analysis according t o  (lo)]. The proposed 
membrane association of the respective enzymes is indicated. Transient pools of MCD, and DCD, 
are shown in parentheses. Dotted arrows indicate inefficient processes bypassing the dgd7 block. 
ACP, acyl carrier protein; CS, chloroplast stroma; Cyt, cytosol; iE, inner envelope membrane; oE, 
outer envelope membrane; FFA free fatty acids; LPA, lysophosphatidic acid; PA, phosphatidic acid; 
3-P-Cro, 3-phosphoglycerol. 

Table 1. Fatty acid composition of galactolipids in different lines of Arabidopsis. Relative amounts (mol% 
of total fatty acids in lipid) of 7.10.13-hexadecatrienoic acid (all-~is-16:38~.'~.'~) and a-linolenic acid 
(all-cis-18:3A9~lz.15) in the two galactolipids as well as their fraction of total polar lipids (mol%) were 
determined by fatty acid methyl ester quantification in leaves from plants grown in tissue culture. SDs 
(three experiments) were <2.5% (galactolipids) and <1.0% (fatty acids). ND, not detectable. 

Wild type dgdl act 1 act1,dgdl 

Monogalactosyldiacylglycerol 49.8 53.5 53.7 44.2 
7,10,13-Hexadecatrienoic acid 28.9 14.1 0.8 0.7 
a-Linolenic acid 62.5 78.5 88.5 86.4 
Digalactosyldiacylglycerol 12.0 1.7 15.9 2.1 
7,10,13-Hexadecatrienoic acid 2.6 2.8 ND ND 
a-Linolenic acid 71.1 41.2 83.0 44.6 

Fig. 2. Appearance of 
the act7,dgdl double 
mutant of Arabidopsis. 
Four-week-old plants 
raised in soil of the wild 
type (ecotype Col-2), 
the single homozygous 
mutarrts act1 and dgdl, 
and the act1,dgdl 
double homozygous 
mutant. Wild Type act1 act1.dgdl 
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tional, yet the ratio of mono- to digalactosyl 
lipid is not 1 : 1 as would be predicted by the 
proposed DGDl pathway. However, second- 
ary processes such as differential lipid tum- 
over aimed at maintaining proper lipid com- 
position may come into play in actl. 

We isolated the DGDl locus and corre- 
sponding DGDl cDNA by a strategy based on 
the map position of dgdl. Resolution of the 
heterogeneous dgdl genetic background with 
markers characteristic for ecotypes Col-2 or Ler 
interspersed close to the dgdl locus was 
achieved by integration of mapping populations 
derived from crosses of dgdl to Col-2 or Ler 
wild type (16). The mutant phenotype was 
analyzed by thin-layer chromatography (TLC) 
of leaf lipid extracts; during fine mapping it was 
necessary to process several thousand samples. 
The map generated encompasses the DGDl 
locus and the yeast artificial chromosome 
(YAC), bacterial artificial chromosome (BAC), 
and cosmid contigs spanning the locus on chro- 

Fig. 3. Positional clon- 
ing of the DCD7 gene. 
(A) Partial genetic map 
of Aribidopsis chromo- 
some 3 and YAC dones 
containing DGD7. Num- 
bers in parentheses indi- 
cate recombinatim be- 
tween marker and dgd7 
per number of chro- 
mosomes analyzed. (B) 
Fine mapping between 
markers fad7 and 
2488a as well as BAC 
ICF clone no.) and cos- f 

mid (C clone no.) con- 
tigs. +, complementing 
clones; -, noncomple- 
menting dones. (C) 
Map of C49B. CSA, and 

mosome 3 (Fig. 3) (17). Different cosmids 
harboring inserts between T-DNA borders were 
tested for complementation. Because the dgdl 
mutant could not be transformed with large 
genomic fragments, we transferred the cosmid 
inserts into the wild type and crossed the T- 
DNA into the dgdl mutant (18). Analysis of 
three F, populations derived from crosses with 
independent lines containing cosmid C49B was 
consistent with genetic coniplementation by a 
gene on C49B. Sequencing of portions of C49B 
(GenBank accession number AF149842) iden- 
tified a putative gene located in the center of 
C49B, which was predicted to represent the 
DGDl locus. Therefore, C49B was used to 
screen a cDNA library (19). We identified and 
sequenced a 2649-base-pair (bp) cDNA (Gen- 
Bank accession number AF149841) (Fig. 3D). 
This cDNA appeared to be complete because it 
contained i n - h e  stop codons 5' of a putative 
start codon. The cDNA was inserted behind a 
cauliflower mosaic virus (CaMV) 35s promot- 

I I I  I 1 I I 

ClC3F3 1 c M 4  kb) 

B _________ - - - - - - - - - -  2 CIC4HB r ------- 
______- - - - - - - -  - - - - - - -____ - - -  

~, 
CSE. H, Hind Ill restric- D 
tion sites. (D) Structure 
of DGDl gene and 
cDNk Exons are shad- 
ed and numbered. The 
predicted chloroplast 
transit peptide (T) is 
indicated as well as the part showing similarity to glycosyltransferases (CTF; cross-hatched), the 
start (ATC) and stop (TAG) codons, and the C-to-T mutation (CK) in the dgd7 allele. CenBank 
accession numbers: genomic sequence, AF149842; cDNA, AF149841. 

Fig. 4. Reconstitution of the plant galactolipid 1 2 3 4 5 
biosynthetic pathway in E. coli. The Arabidopsis 
DCD7 and cucumber monogalctosyl lipid syn- - - 
thase cDNAs were introduced into E. coli on Q 

two compatible plasmids. Clycolipids were sep- 
arated by TLC and visualized with a-naphthol. 
Lane 1, E. coli without plasmid; lane 2, E. coli -.-- - 
containing only plasmid pACYC-311239 (DCD7 
cDNA); lane 3, E. coli containing the mo- 
nogatactosyl lipid synthase and empty pACYC- 
31 vector; lane 4, E. coli containing the mo- m 

nogalactosyl lipid synthase and pACYC-311239 
(DGD7 cDNA); lane 5, polar lipids from Arabi- 
dopsis wild-type leaves. 

Front 

MGD 

DGD 

- Start 

er and transferred directly into the mutant by 
Agrobacterium-mediated in planta transforma- 
tion (20). Two transgenic plants were recovered 
and both were phenotypically wild type with 
regard to growth habit and lipid composition, 
which indicates complementation. Genetically 
homozygous dgdl plants were identified in 
each complementation experiment by DNA- 
DNA hybridization with the restriction frag- 
ment length polymorphism (RFLP) marker 5E- 
5, which scores identical in Col-2 and Ler 
wild-type backgrounds but different in dgdl. 
Cosmid C49B and the DGDl cDNA lead to 
wild-type lipid composition in all tested trans- 
genic plants homozygous for dgdl. 

To obtain independent evidence for the 
identity of the DGDI locus, we sequenced 
the DGDl and dgdl loci. Comparison of the 
genomic and cDNA sequences revealed sev- 
en exons and a transition of a CAA (glu- 
tarnine) to a TAA (stop) codon in exon 6 in 
the dgdl allele. The DGDl cDNA is predict- 
ed to encode a 91.8-kD protein with weak 
sequence similarity in the COOH-terminal por- 
tion to bacterial and plant glycosyltransferases. 
To determine the biosynthetic activity of the 
DGDI gene product, the DGDl cDNA was 
expressed in Escherichia coli along with the 
monogalactosyl lipid synthase previously iso- 
lated from cucumbers (12, 21). In addition to 
monogalactosyl lipid, another glycolipid was 
observed that &grates with an authentic di- 
galactosyl lipid standard. In essence, we were 
able to reconstitute the plant galactolipid bio- 
synthetic pathway in E. coli (Fig. 4). Expression 
ofDGD1 alone did not lead to digalactosyl lipid 
biosynthesis. Thus, the DGDl gene indeed en- 
codes a digalactosyl lipid synthase that requires 
monogalactosyl lipid as substrate. 

A similar gene (BLASTP score 360) lo- 
cated on chromosome 4 (BAC F6N23) of 
Arabidopsis (tentatively designated DGD2) is 
predicted to encode a protein missing about 
340 amino acids of the NH,-terminal portion 
compared with DGD1, but it shows similarity 
to the glycosyltransferase-like sequence part 
of DGD1. The predicted DGDl protein con- 
tains an NH,-terminal transit peptide typical 
for proteins imported into the plastid and two 
strongly hydrophobic domains (amino acids 
347 to 372 and 644 to 670). This observation 
agrees with a proposed association of DGDl 
with the plastid envelope membranes (14, 
22). The availability of the DGDl gene, the 
similar DGD2 gene, and genes encoding mo- 
nogalactosyl lipid synthases of Arabidopsis 
will promote investigations into galactolipid 
biosynthesis and subcellular lipid trafficking. 
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Receptor for Motilin Identified 
in the Human Gastrointestinal 

System 
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Motilin is a 22-amino acid peptide hormone expressed throughout the gas- 
trointestinal (GI) tract of humans and other species. It affects gastric motility 
by stimulating interdigestive antrum and duodenal contractions. A heterotri- 
meric guanosine triphosphate-binding protein (G protein)-coupled receptor for 
motilin was isolated from human stomach, and its amino acid sequence was 
found to  be 52 percent identical to  the human receptor for growth hormone 
secretagogues. The macrolide antibiotic erythromycin also interacted with the 
cloned motilin receptor, providing a molecular basis for its effects on the human 
GI tract. The motilin receptor is expressed in enteric neurons of the human 
duodenum and colon. Development of motilin receptor agonists and antago- 
nists may be useful in the treatment of multiple disorders of GI motility. 

Gastrointestinal motility is a coordinated neu- 
romuscular process that transports nutrients 
through the digestive system ( I ) .  Impaired GI 
motility, which can lead to gastroesophageal 
reflux disease, gastroparesis (diabetic and 
postsurgical), irritable bowel syndrome, and 
constipation, is one of the largest health care 
burdens of industrialized nations. Motilin, a 
peptide that is secreted by enterochromaffin 
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cells of the small intestine (2); exerts a pro- 
found effect on gastric motility by inducing 
interdigestive (phase 111) antrum and duode- 
nal contractions (3-5). The structurally unre- 
lated macrolide antibiotic erythromycin in- 
duces similar effects that are perhaps medi- 
ated by interaction with motilin receptors in 
the GI tract, accounting for erythromycin's 
side-effects; including vomiting, nausea, di- 
arrhea. and abdominal muscular discomfort 
(6, 7). 

Motilin is highly conserved across species 
and is synthesized as part of a larger inactive 
prohormone. Mature motilin (22 amino acids) 
is generated by removal of its secretory signal 
peptide and cleavage in its COOH-terminus 
(8-11). Although high-affinity binding sites for 
motilin have been detected in the GI tract of 
humans and other species and in the central 
nervous system of rabbits. their molecular 
structure has remained undefined (12-18). 
High-affinity (dissociation constant, K, - 2 
nM) and low-density (binding capacity, Blnax - 
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