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ABSTRACT The complete primary structure of the 3.1S
leucine-rich a2-glycoprotein (LRG) present in human plasma
has been determined. This protein (Mr -45,000) consists of a
single polypeptide chain with one galactosamine and four glu-
cosamine oligosaccharides attached. The polypeptide has two
intrachain disulfide bonds and contains 312 amino acid resi-
dues of which 66 are leucine. The amino acid sequence can be
exactly divided into 13 segments of 24 residues each, eight of
which exhibit a periodic pattern in the occurrence of leucine,
proline, and asparagine. The consensus sequence for the re-
peating tetracosapeptide unit is Pro-Xaa-Xaa-Leu-Leu-Xaa-
Xaa-Xaa-Xaa-Xaa-Leu-Xaa-Xaa-Leu-Xaa-Leu-Xaa-
Xaa-Asn-Xaa-Leu-Xaa-Xaa-Leu. This periodicity suggests
that the unique structure of LRG arose from a series of un-
equal crossovers of a precursor oligonucleotide sequence that
encoded a building block rich in leucine. Overall, the amino
acid sequence of LRG is not significantly homologous to the
continuous sequence of any protein in the current data base.
However, the consensus tetracosapeptide sequence shows
strong homology to segments of many mitochondrial proteins,
viral envelope proteins, and oncogene proteins that have a
high leucine content and transmembrane domains. Tandem
repetition of similar segments also occurs in apolipoproteins
that have amphipathic helical potential. Prediction of the sec-
ondary structure by the Chou-Fasman rules and calculation of
the hydrophilic/hydrophobic profile by several methods con-
firm the tandem repetition of largely hydrophobic structural
units; these begin with a (turn that leads into an organized
structure with a-helical or fl-sheet potential. These structural
characteristics and the homology to mitochondrial proteins
and apolipoproteins suggest that LRG is a membrane-derived
or membrane-associated protein containing a series of do-
mains capable of bipolar surface orientation.

Although complete amino acid sequences have been report-
ed for about half of the nearly 100 proteins that have been
isolated from human plasma (1), little is known about the
structure of a series of well-characterized a- and p-glycopro-
teins of uncertain or unknown function (2). We have begun
study of some of these as part of a program for investigation
of the structure and function of human plasma proteins (3,
4). We report here the complete amino acid sequence of a
trace component ofunknown function that was isolated from
human serum in 1977 by Haupt and Baudner (5). They called
it 3.1S leucine-rich a2-glycoprotein (LRG) because of its
sedimentation coefficient, its unusually high content of leu-
cine, and its electrophoretic mobility. The protein was re-
ported to consist of a single polypeptide chain (Mr 50,000)
and to contain about 23% carbohydrate by weight (5). To our

knowledge, no other structural data have since been pub-
lished.
LRG is a trace protein of human plasma. The average con-

tent of LRG in adult serum is 2.1 mg/100 ml (5). Although
neither the site of synthesis nor the function are known and
no relationship to disease has been reported, LRG is of inter-
est because of its unusually high content of leucine, which is
about 17% by weight. Thus, about every fifth residue 'is leu-
cine. Whether the leucine is randomly distributed or occurs
in a regular structural pattern could only be determined by
amino acid sequencing, which we undertook and completed.
We found that the sequence exhibits a novel periodic pattern
unlike that previously reported for soluble globular proteins
except apolipoproteins (6-8). The single polypeptide chain is
composed of 312 amino acid residues, and the sequence can
be exactly divided into 13 blocks of 24 residues; eight of
these tetracosapeptide sequences exhibit a periodic pattern
in the distribution of leucine and certain other residues. The
periodic pattern is highly significant statistically; the seg-
ment comparison score in SD units for the top 100 scores is
18.06. This suggests that LRG arose by a series of unequal
crossovers of an oligonucleotide sequence that encoded a
prototype leucine-rich building block of about 24 amino acid
residues.
The periodicity in the primary structure of LRG is due to a

recurring pattern of leucine residues that produces a seg-
ment similar in hydrophobicity and length to that found in
the transmembrane segments of amphiphilic (amphipathic)
peptides and proteins (9, 10). Thus, we suggest that LRG
may be a membrane-associated or membrane-derived pro-
tein. This hypothesis is supported by predictions of the sec-
ondary structure and the hydrophilic/hydrophobic character
(hydropathy profile) of the polypeptide chain.

MATERIALS AND METHODS
Materials. Purified LRG prepared from human serum by

the method of Haupt and Baudner (5) and antiserum specific
for LRG were obtained from Behringwerke AG (Marburg/
Lahn, F.R.G.). The protein migrated as a single band in Na-
DodSO4/polyacrylamide gel electrophoresis both in the
presence and absence of 2-mercaptoethanol.
Methods. Methods used for the determination of the pri-

mary structure of proteins in our laboratory have been de-
scribed (3, 4, 11). The purified LRG was reduced and car-
boxymethylated before sequence analysis. The carboxy-
methylated protein (5-15 mg) was subjected to separate
digestions with L-1-tosylamido-2-phenylethyl chloromethyl
ketone-treated trypsin, Staphylococcus aureus V8 protease,
and endoproteinase Lys-C. The intact protein was also
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cleaved with dilute acid at 108'C for 4 hr (12). Each enzymat-
ic digest was separated by a combination of gel filtration and
high-performance liquid chromatography (HPLC) on an Ul-
trasphere ODS column (Altex, Berkeley, CA) or a Synchro-
pak RP-P column (SynChrom, Linden, IN) with a pro-
grammed gradient of 1-propanol containing 0.1% trifluoro-
acetic acid or 0.1% heptafluorobutyric acid (4). The digest
with dilute acid was separated by an automated two-step
HPLC system; this consists of a combination of anion-ex-
change chromatography with a Spherogel-TSK IEX-540
DEAE column (Altex) as the first step and chromatography
with a reversed-phase Ultrasphere ODS column as the sec-
ond. The purified peptides were analyzed with the amino
acid analyzer, and their sequences were determined by auto-
matic Edman degradation (3, 4, 11). Hexosamine analysis
was also done with the amino acid analyzer, after acid hy-
drolysis (3, 11).
Computer Analysis of Sequence Data. The sequence data

base of the Atlas ofProtein Sequence and Structure updated
to August 1984 and the programs SEARCH, ALIGN, RE-
LATE, and PRPLOT were provided by the National Bio-
medical Research Foundation.t The programs SEARCH,
RELATE, and ALIGN (13) were used either with the uni-
tary matrix or with the mutation data matrix; all gave a score
for statistical significance in standard deviations (SD) of the
real score above a score of 100 random runs. We used
PRPLOT to plot the hydrophilic/hydrophobic profile of the
molecule by utilizing different scales including those of Kyte
and Doolittle (14), Wolfenden et al. (15), Argos et al. (16),
and Eisenberg (10). PRPLOT was also used to estimate the
secondary structure predicted by the procedure of Chou and
Fasman (17) based on their values for the tendency of indi-
vidual amino acids to appear in a-helix, p-sheet, and /3-turn
structures.

RESULTS AND DISCUSSION
Amino Acid Composition. The amino acid composition cal-

culated from the sequence analysis (Table 1) corresponds
well with that obtained by amino acid analysis of the protein
(5). The very high content of leucine (66 of 312 residues) is
an unusual characteristic of this protein. By amino acid anal-
ysis the leucine content of the glycoprotein is 16.62% by
weight (5). The value for the polypeptide portion calculated
from the complete sequence is 21.75% by weight or 21.12
mole %. A search of the protein sequence data baset showed
that the leucine content ofLRG is exceeded only by those of
a vespid venom peptide, a few hypothetical bacteriophage
and mitochondrial proteins corresponding to gene se-
quences, and the hormone secretin. Most other sequences
listed that had a high leucine content (15-20 mole %) also
were for hypothetical mitochondrial proteins or were for
known mitochondrial cytochromes and enzymes, viral coat
proteins, or biologically active peptides. About one-third of
the amino acid residues of LRG are strongly hydrophobic.
Other notable features are the low content of tyrosine (3 resi-
dues), isoleucine (4 residues), and cysteine (4 residues). The
latter are linked in two disulfide bonds; one is close to the
amino terminus and is between cysteine-8 and cysteine-21,
and the other is near the carboxyl terminus and is between
cysteine-268 and cysteine-294.

Polypeptide Structure and Molecular Weight. Human LRG
consists of a single polypeptide chain containing 312 amino
acid residues, one GaIN oligosaccharide, and four GlcN oli-

Table 1. Amino acid composition of human LRG based on the
complete amino acid sequence determination

No. of No. of
Amino acid residues Amino acid residues

Aspartic acid 19 Valine 14
Asparagine 17 Methionine 3
Threonine 12 Isoleucine 4
Serine 21 Leucine 66
Glutamic acid 14 Tyrosine 3
Glutamine 20 Phenylalanine 10
Proline 22 Lysine 12
Glycine 23 Histidine 7
Alanine 21 Arginine 15
Half-cystine 4 Tryptophan 5

Mr of unmodified polypeptide chain is 34,346; number of residues
is 312. Thr-2 is linked to a GaIN oligosaccharide. Asn-44, Asn-151,
Asn-234, and Asn-290 are linked to GlcN oligosaccharides.

gosaccharides (Fig. 1). The Mr calculated for the unglycosy-
lated polypeptide chain is 34,346. An Mr of 35,970 was ob-
tained from electrophoresis in NaDodSO4/polyacrylamide
gels when the results estimated in gels ranging from 5% to
20% gel concentration were extrapolated by use of a double-
reciprocal plot. This value, which presumably reflects only
the polypeptide chain, is much less than the Mr of 49,600 ±
4,000 determined by equilibrium sedimentation (5). Howev-
er, the carbohydrate content of LRG (about 23% by weight)
contributes significantly to the Mr and also makes it difficult
to determine the Mr accurately by physicochemical meth-
ods. We estimate that the Mr of LRG is approximately
45,000, based on the value of 34,346 for the polypeptide por-
tion and an estimate of 600 for the GalN oligosaccharide and
of 2500 for each of the four GlcN oligosaccharides.
Number and Location of Oligosaccharides. Fig. 1 gives the

complete amino acid sequence of LRG and shows the sites
of attachment of the five oligosaccharides. The GalN is 0-
linked to the second residue (Thr-2). Both in its proximity to
the amino terminus and to a nearby proline, this linkage is
similar to that of the GalN attached to the amino-terminal
residue (threonine) in human hemopexin (11, 18). However,
no obligatory signal sequence for the attachment of GalN is
known, whereas GlcN is always N-linked to asparagine in
the tripeptide sequence Asn-Xaa-(Thr/Ser). In LRG there
are four GlcN oligosaccharides; these are linked to Asn-44,
Asn-151, Asn-234, and Asn-290. However, the asparagine is
not glycosylated in the putative acceptor sequence Asn-Leu-
Ser at positions 271-273. Nothing has been published about
the carbohydrate structure of the oligosaccharides of LRG;
however, a complex dibranched GlcN oligosaccharide is the
most common carbohydrate in human plasma glycoproteins
(19).

Internal Homology. Although many plasma proteins exhib-
it strong evidence of internal duplication in amino acid se-
quence (20, 21), at first appearance LRG does not. Despite
the frequency of leucine residues, there are only five in-
stances of a Leu-Leu sequence and only one case of the trip-
let sequence Leu-Leu-Leu, compared to 53 instances of sin-
gle leucine residues. This lack of a statistical distribution
puzzled us. However, first by visual inspection and then by
computer analysis with the program RELATE, we found
that the amino acid sequence of LRG fits a 13-cycle periodic
pattern dominated by a 24-residue peptide (tetracosapeptide)
which has the consensus sequence Pro-Xaa-Xaa-Leu-Leu-
Xaa-Xaa-Xaa-Xaa-Xaa-Leu-Xaa-Xaa-Leu-Xaa-Leu-
Xaa-Xaa-Asn-Xaa-Leu-Xaa-Xaa-Leu. All of the amino acid
residues identified in this sequence occur at least six times in
the alignment shown in Fig. 2. In the computer listing of the
100 segments having the highest scores for intrasequence ho-
mology (the top 100 of 39,903 comparisons), the lengths of all

tBarker, W. C., Hunt, L. T., Orcutt, B. C., George, D. G., Yeh,
L. S., Chen, H. R., Blomquist, M. C., Johnson, G. C. & Dayhoff,
M. 0. (Aug. 1, 1984) Atlas ofProtein Sequence and Structure, Pro-
tein Sequence Database, (Natd. Biomed. Res. Found., Washington,
D.C.).
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FIG. 1. Summary of the complete amino acid sequence of human LRG. The sequence is shown along with all peptides necessary for the
proof of sequence. The peptides obtained from different digestions are as follows: , tryptic peptides; S. aureus V8 peptides; ---,
endoproteinase Lys-C peptides; ---------, dilute acid peptides. The asterisk indicates a dilute acid peptide of a tryptic peptide. GaiN and GlcN
indicate the attachment sites for the galactosamine oligosaccharide and the glucosamine oligosaccharides, respectively. A potential glycosyla-
tion site (Asn-271) is shown by a plus sign. No evidence for polymorphism in the sequence of LRG was found except for a possible ambiguity at
position 215, where tyrosine may replace arginine in some molecules.

segments listed were divisible by 24, and all the segments fit
exactly into the periodic pattern of Fig. 2. In this pattern, the
complete sequence of 312 residues is exactly divided into an
array of 13 tetracosapeptide segments with no gaps inserted.
The segment comparison score for the tetracosapeptide seg-
ments is 18.06 SD units. A score of 3.0 SD units is consid-
ered significant (13).
The unique feature of the 13-cycle alignment is that it is

based mainly on a periodic distribution of a single amino acid
rather than on a recurrent sequence of several different ami-
no acids. More than 50 of the 66 leucine residues fit the pat-
tern, including almost all the leucines in the 200 successive
residues (nos. 38-237) in which the most homologous tetra-
cosapeptide segments are located. Four more leucines are
aligned in column 8 of Fig. 2. Since leucine is one of the most
hydrophobic amino acids and is usually present in an or-
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FIG. 2. Periodicity of leucine residues and tandem repetition of a 24-amino acid segment in the primary structure of LRG. The sequence of
Fig. 1 with position numbers is shown in the one-letter code for amino acids (13) and is aligned exactly into 13 segments (numbered in bold
type). Amino acids that occur at least six times in a vertical column are shown in bold type and are enclosed in shaded boxes. The consensus
sequence is given at the bottom, with the most frequent residues in bold type. Others that occur three or four times are also given in the
consensus sequence, and X is used where there is no clear preference. The cysteine (C) residues are circled and the disulfide bonds are
represented schematically. An asterisk denotes each asparagine (N) to which a GlcN oligosaccharide is linked, and a solid circle at threonine-2
indicates that a GalN oligosaccharide is attached.
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FIG. 3. Schematic representation of the tandem repetition of 24-amino acid segments in LRG. Each numbered block represents a segment
(see Fig. 2). Shaded blocks represent homologous segments that exhibit a periodic pattern of leucine and other amino acids. The numbers below
the diagram give the sequence positions. The locations of the GaIN and GlcN oligosaccharides and of the two disulfide bonds are shown.

dered structure (a-helix or /3-pleated sheet), the periodicity
of leucine residues probably reflects a unique structural
characteristic of LRG that has been attained by a series of
unequal crossovers of an oligonucleotide sequence that cod-
ed for a prototype building block that was rich in leucine.
Although the entire polypeptide sequence is exactly divisible
into 13 tetracosapeptide segments, only the central 8 seg-
ments exhibit strong inter-segment homology. These com-
prise a central core structure, illustrated schematically in
Fig. 3. The amino-terminal segment has a GalN oligosaccha-
ride and an intra-segment disulfide bond. The periodic pat-
tern of homology ends after segment 10. The last two seg-
ments are joined by a disulfide bond, and the last has a GIcN
oligosaccharide.
Sequence Homology to Other Proteins. To examine the pos-

sible occurrence in other proteins of sequences homologous
to the periodic tetracosapeptide of LRG, we used as a probe
a consensus sequence that represents the amino acid of high-
est frequency in each vertical column of Fig. 2. The se-
quence used was Pro-Pro-Gly-Leu-Leu-Gln-Gly-Leu-Pro-
Gln-Leu-Arg-Xaa-Leu-Asp-Leu-Ser-Gly-Asn-Xaa-
Leu-Glu-Ser-Leu, in which Xaa indicates that no amino acid
occurred with sufficient frequency.
By use of the program SEARCH and both the unitary ma-

trix and the mutation data matrix, we found that LRG has a
unique amino acid sequence that does not exhibit significant
homology over a series of contiguous segments to any pro-
tein in the current sequence data base.t However, most of
the repeating tetracosapeptide segments of LRG do exhibit
striking homology of their basic pattern with segments of a
number of polypeptides, most of which have a high leucine
content. These polypeptides include many viral envelope
proteins, oncogene products, and a number of known mito-
chondrial proteins, such as various cytochromes as well as
hypothetical mitochondrial proteins for which the sequences
have been deduced by cloning techniques. For example,
when the unitary matrix was used, the highest score for the
prototype tetracosapeptide sequence was given by a 24-resi-
due segment of hypothetical protein 4 of the human mito-
chondrion, which has a leucine content of 21 mole % (22).
Other segments of protein 4 and other mitochondrial pro-
teins scored high, but the matching segments were not con-
tiguous in the sequences of the proteins. When the mutation
data matrix was used, the highest score was for the hemag-
glutinin precursor of various strains of human and duck in-
fluenza virus (residues 441-464). This segment corresponds
to residues 78-101 in the second (HA2) chain of the pro-
cessed virus protein and exists as a long a-helix with a 36-A
hydrophobic exterior surface (23).
We do not suggest that the homology identified signifies a

genetic or evolutionary relationship. Rather, it probably re-
flects the fact that a high leucine content may result in a
periodicity in sequence similar to that of LRG. In an orga-
nized structure such as the a-helix or /pleated sheet (for
both of which leucine has a high potential), the hydrophobic
residues tend to cluster in a similar orientation (9, 10). Such
hydrophobic patches must either be in the interior of protein
molecules or, if on the exterior, will tend to interact with
hydrophobic membrane surfaces.

The high solubility ofLRG and its resistance to heat coag-
ulation are probably due to the combination of a high carbo-
hydrate content, which greatly increases the hydrophilicity
of the protein surface, and to the clustering of the hydropho-
bic leucine residues, which are probably internalized in the
protein.
Tandem Repetitions of Protein Sequences. Although fi-

brous proteins such as collagen have frequent short (tripep-
tide) repeating units, tandem repetitions of the length and
type found in LRG are rare. However, some apolipoproteins
contain a series of 11-amino acid or 22-amino acid segments
similar to although not closely homologous with the repeat-
ing sequence in LRG (6-8). Fitch (6) identified a 13-cycle
repeat of an 11-amino acid (or 22-amino acid) sequence in
human apolipoprotein A-I and proposed that it resulted from
a series of intragenic unequal crossovers. Barker and Day-
hoff (7) identified a similar periodicity in human apolipopro-
teins A-II, C-Il, and C-III and suggested that the four lipo-
proteins arose from a single ancestral gene. Recently Bo-
guski et al. (8) reported that rat apolipoprotein A-IV contains
13 tandem repetitions of a 22-amino acid segment with am-
phipathic helical potential. The consensus sequence of the
apolipoproteins is similar to that of LRG in length, in the
number of repetitions, and in the frequency of leucine and
other hydrophobic residues. However, the sequence homol-
ogy of LRG and apolipoproteins is not pronounced; hence,
they probably have a functional rather than a genetic rela-
tionship. The apolipoprotein repeating sequence can be
drawn as an a-helical wheel with amphiphilic character; that
is, the nonpolar residues are segregated on one section of the
circumference, and hydrophilic and charged residues are
aligned on the rest. The Chou-Fasman rules (17) lead to the
prediction of an alternating secondary structure, which is in
accord with a plot of the hydropathic index. The result is a
helical amphiphilic structure to which the function of lipid
binding is attributed.
Hydrophilic/Hydrophobic Profile. When the computer

program PRPLOT was used with different scales (10, 14-16)
to evaluate the hydrophilic/hydrophobic profile ofLRG, the
results were in general agreement. Computation of the hy-
dropathic index of Kyte and Doolittle (14) (Fig. 4) shows that
the eight conserved segments of the central core are largely
hydrophobic, whereas the amino-terminal segment and the
last two segments are mainly hydrophilic. Each of the cen-
tral eight segments has a predominantly hydrophobic pattern
with a short hydrophilic section in the middle or near the
carboxyl terminus. The patterns for the eight tandem seg-
ments are similar but not identical. The carboxyl-terminal
segment appears to end with a hydrophobic segment; this
could be buried inside the molecule, or it could be a trans-
membrane segment. In view of the high leucine content, the
hydrophobicity of LRG is not unexpected. However, using
the method of Eisenberg (10), we were unable to identify a
series of potential membrane segments of 21-24 residues in
length, such as those he described in some membrane pro-
teins. Also, the periodic leucine residues did not all cluster
together in an a-helical wheel as the hydrophobic residues
tend to do in apolipoproteins and amphiphilic peptides (8-
10).

Biochemistry: Takahashi et aL
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FIG. 4. Hydropathy profile (14) and secondary structure predictions (17) for LRG calculated by use of the PRPLOT program (see text
footnote t). In the secondary structure prediction, the residues are represented by dots and are shown in a-helical (sw), /3-sheet (M), and ,-
turn (p jt.) conformational states. Locations are given for the oligosaccharides (GaiN and GlcN) and for the disulfide bonds. The vertical lines
divide the structure into the 13 numbered tandem segments for which the amino acid sequences are given in Fig. 2.

Secondary Structure. The secondary structure predicted
by the Chou-Fasman rules (17) shows some repetition of
structural elements in the eight tandem conserved segments
of the central core of the molecule (shaded section of Fig. 3).
In fact, the predicted structure is nearly identical for seg-
ments 3 and 8, which have 11 residues in common. Although
the predicted secondary structure of the core segments is not
identical, the general pattern is similar. Most of the con-
served segments begin with a (3-turn, followed by an orga-
nized structure (either a-helical or (3-sheet) in the middle of
the segment, and end with a 3-turn. The two segments at the
amino terminus and the two at the carboxyl terminus are
each the loci of a disulfide bond and of carbohydrate, both of
which greatly affect the local structure in a way that is hard
to predict by the Chou-Fasman rules. These structural char-
acteristics and the homology to mitochondrial proteins and
apolipoproteins suggest that LRG is a membrane-derived or
membrane-associated protein containing a series of domains
capable of bipolar surface orientation.
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