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Hemolin: An Insect-Immune Protein Belonging to
the Immunoglobulin Superfamily

SHAO-CONG SUN, INGRID LINDSTROM, HANS G. BOMAN,

INGRID FAYE, OTTO SCHMIDT*

Insects have an efficient defense system against infections. Their antibacterial immune
proteins have been well characterized. However, the molecular mechanisms by which
insects recognize foreignness are not yet known. Data are presented showing that
hemolin (previously named P4), a bacteria-inducible hemolymph protein of the giant
silk moth Hyalophora cecropia, belongs to the immunoglobulin superfamily. Function-
al analyses indicate that hemolin is one of the first hemolymph components to bind to
the bacterial surface, taking part in a protein complex formation that is likely to initiate

the immune response.

verse environments and defend them-
selves against many parasites and micro-
organisms by highly effective cellular (1) and
humoral immune mechanisms (2). It has
been generally accepted that these reactions
do not depend on immunoglobulins (Igs)

INSECTS ARE WELL ADAPTED TO DI-
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(3) although attempts have been made to
identify antibodies in insects (4). Some in-
sect proteins (5-7) have been reported to
contain Ig-like domains (8). However, these
proteins do not seem to be involved in the
immune response, but rather they play a role
in neural cell interaction.

Antibacterial proteins have been identi-
fied in the giant silk moth, Hyalophora cecro-
pia, and these proteins constitute an impor-
tant part of the humoral immune defense. A
set of proteins induced by bacterial infection

REPORTS 1729



has been isolated from pupal hemolymph.
This set includes three groups of anti-
bacterial proteins—lysozyme, attacins, and
cecropins (9)—and hemolin, which was
previously called P4 (10). Experiments per-
formed on other insect species have con-
firmed that induction of these immune
proteins is a common response to bacterial
infection (2). These proteins are also in-
duced by wounding or by injection of
components of the bacterial cell wall,
such as lipopolysaccharides (LPS) or deg-
radation products from peptidoglycans
(2, 11).

Hemolin is a 48-kD protein present in
low but significant amounts in the he-
molymph of cecropia pupae (10). After in-
jection of live bacteria into pupae, the con-
centration of hemolin is 18 times greater
than normal. However, the hemolin does
not exhibit direct bactericidal effects (12).
We have characterized the cDNA of hemo-
lin (Fig. 1). Analysis of the deduced 413
amino acid sequence revealed unexpectedly
that the protein contains four internal re-
peats characteristic of immunoglobulin (Ig)-
like domains. Each domain is 90 to 110

B c —D —E —_F
Hemolin I NNPTVLECI IEGN-DQGVKY SNKKDGKSYNWQEH--NAALRKDE——--—- GSLVFLRP---QASDEGHYQCFAETPAG
Hemolin II GRPFQLDCVLPNA-YPKPLITWKKRL SGADPNAD-VTDFDRRNHSW--TDGNLYFTIVTKEDVSDIYKYVCTAKNAAV
Hemolin III GDVTMIYCMYGSN-PMGYPNYFKNGKDVNGNPED---RI TRHNRTS ---GKRLLFKTT---LPEDEGVYTCEVDNGVG
Hemolin IV GQDVTIPCKVTGL--PAPNVVWSHNAKPL-————-—— SGGRATVTD----SGLVIKGV---KNGDKGYYGCRATNEHG

*  x *
Neuroglian I
NCAM V
Ig Vx
Ig Cx

* * * x k k *

DNPFIIECEADGQ--PEPEY SWIKNGIIFDWQ----AYDNRMLRQP--GRGTLVITIP---KDEDRGHYQCFASNEFG
GNQVNITCEVFAY--PSATISWFRDGQLLPSS---NYSNIKIYNTPS--ASYLEVTPD---SENDFGNYNCTAVNRIG
GDRVTITCRARQG—--ISSWLAWYQQKPEKAPK (-13-) PSRFSGSGSGTDF TLTISSL--—QPEDFATYYCQQYNSYP
SGGASVVCFLNNFYPKDINVKWKIDGSERQNGVLNSWTDQDSKDSTYSMSSTLTLTKD---EYERHNSYTCEATHKTS

Fig. 2. Alignment of the Ig-like domains of hemolin and four other representative members from the
Ig superfamily. The sequences were aligned with the GAP program and visually optimized. The solid
bars above the alignment indicate the approximate positions of the potential B strands (8). The B strands
A and G and the B strands C’ and C" from IgVk are omitted. Conserved amino acids, present in at least
four of the eight domains, are typed in bold letters, and those that are highly conserved among the Ig
superfamily members are indicated by asterisks below the last domain of hemolin.

amino acids in length and contains two
cysteine residues at homologous positions.
A number of other amino acids are con-
served among the repeated domains, partic-
ularly around the Cys residues. Most of
these amino acids are also conserved among
the members of the Ig superfamily (8).
Representative types of Ig domains are
aligned in Fig. 2 such as insect neuroglian
(7), mouse neural cell adhesion molecule
(NCAM) (13) (C2 type), the variable region
of the human « light chain (Ig V) (14), and

CTGGAGTATAAGGCACGGGTACACAATGGCGTTCAAGAGTATAGCAGTTTTAAG CGCCTGCATAATTGTGGGTTCA GCGCTTCCCGTGGATAAATAC CCG 100
M A F K S | AV LS AC I | AL P V D K Y 25
GTGCTGAAAGACCAGCCGGCCGAGGTTCTCTTCAGGGAGAATAACCCAACGGTC CTCGAATGTATCATCGAAGGGA ACGATCAGGGAGTCAAGTACTCCT 200
vV L K AEVLFRENﬁPT EO©O ! I EGNDOQG V KY S W 5
GGAAAAAGGATGGGAAATCCTACAACTGGCAGGAGCATAACGCCGCTCTTCGCA AGGATGAAGGATCTTTGGTATT CCTGAGACCGCAAGCCTCAGACGA 300
K K D GK S Y NWQQEHNAALW RIKUDEGSLV FLRP QA S D E 92
GGGTCACTACCAGTGCTTCGCTGAAACCCCAGCCGGTGTTGCCAGCTCGAGGGT GATCAGCTTCAGGAAGACTTAC CTAATCGCGTCGCCAGCAAAGACA 400
GHY QO F A ET P A GV A S SRV IS R K TY LI A SPAKT 125
CACGAGAAAACGCCAATCGAAGGCAGGCCTTTCCAATTGGACTGCGTCCTCCCT AACGCTTACCCTAAACCCTTGA TTACTTGGAAGAAACGTTTGTCCG 500
HEKTPI EGRZPFOQLDOVLPNAYPI KTPTLITWEKTKR RTLSG 15
GAGCCGATCCTAACGCTGACGTGACTGACTTTGATCGCCGCAATCACAGCTGGA CTGACGGAAACCTCTACTTTACAATCGTCACTAAAGAGGACGT CAG 600
A NADVTDFDRRHHSWTD LYy FT I VT KEDV §s 192
TGACATTTATAAATACGTATGCACCGCCAAGAACGCAGCGGTTGACGAAGAGGT AGTTTTGGTGGAGTATGAAATC AAGGGAGTGACAAAAGACAACTCT 700
D I'Y KY VOTAKNAAVDEEUV VLV EYEI KGVTKTDNS 225
GGGTACAAGGGTGAGCCGGTCCCTCAATACGTAAGCAAGGATATGATGGCTAAA GCTGGTGACGTTACCATGATAT ACTGTATGTATGGAAGCAATCCTA 800
GY K GEPVPQYV SKDMMAKA AGDV TMI YOMY GS NP M 25
TGGGTTATCCTAACTACTTCAAGAATGGTAAGGACGTGAATGGAAACCCTGAAGACCGTATCACCCGCCACAATAGAACCTCAGGCAAACGTCTCCTCTT 900
G Y P N Y K [ G PEDRITHHNRTSGKRLLF 292
CAAGACAACACTGCCAGAAGACGAGGGCGTATACACTTGTGAAGTCGACAATGGAGTCGGCAAACCCCAGAAACAC AGTTTGAAATTGACTGTAGTCAGT 1000
KT T LP EDEGVYTOEVDNGVGH KTPAQKHU HT SLZIKTLTUVV S 326
GCACCGAAGTACGAACAGAAACCGGAAA AGGTGATCGTCGTCAAACAAGGACAG GATGTCACGATCCCTTGCAAGGTGACCGGTCTGCCAGCGCCCAACG 1100
Y E P E KV | V.V K Q Q 0DV T PO K VTGL PAPNUV 35
TCGTCTGGAGCCATAACGCGAAGCCTCT AAG CGGTGGTAGAGCTACGGTCACCGACAGTGGTCTGGTCATCAAAGG CGTAAAAAATGGTGACAAGGGATA 1200
VW S HNAKP L G GRATV T DS GL VI KGV KNGD K G Y 392
CTACGGCTGCAGGGCTACTAACGAGCATGGAGATAAATACTTCGAGACCCTTGT ACAAGTTAACTAAACAGGTTAA CTTGAATGTGGACTGTCAAAATAC 1300
Y GO RA TN EHGDKY F ETL V QV N sTOP 413
GTAAAAAAGACATAAATGACAGTTGTGCGTCAACATCAAACTATAAGAACTTTT TAGGTTATATTATAATCGAAAT AAGTAATAAAATAAAATTATTATA 1400
AAATAT 1406

Fig. 1. Sequence of cDNA encoding hemolin. The cDNA clone pCP434 (23) coding for a partial
sequence of hemolin was sequenced with the dideoxy chain termination method (Sequenase, U.S.
Biochemical). Based on the 5’ sequence of pCP434, an oligonucleotide (21 nucleotides) primer was
synthesized and used to construct a hemolin-specific cDNA library, from which a clone containing the
missing information was isolated. The first strand synthesis of cDNA was accomplished by primer
extension (24). The second strand synthesis and the following steps including the ligation of the cDNA
into pTZ19R were done with a cDNA synthesis kit (Pharmacia). This library was screened with a
genomic subclone containing the 5’ coding region of the hemolin gene (25). The isolated clones were
sequenced. The DNA sequence was analyzed with MacGene Plus software (Applied Genetic Technol-
ogy). The sequence is numbered from the first base at the 5’ end. The polyadenylation signal,
AATAAA, is underlined. The deduced amino acid sequence is numbered from the initiating
methionine. The amino acid sequence matching the NH,-terminal sequence determined from the
purified hemolin (12) is underlined. The putative N-linked glycosylation sites are indicated by arrow-

heads. The Cys residues-in the mature part of the sequence are circled.
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the constant region of the mouse k light
chain (Ig C,) (15). The four Ig-like domains
of hemolin resemble the C2 type. Chou-
Fasman analysis (16) of the hemolin se-
quence predicts large stretches of B sheets.
Folding of hemolin primarily as 8 structure,
which is typical of Ig-like domains, has also
been predicted by analysis of circular dichro-
ism spectra of the protein (12).

Although glycosylation of purified hemo-
lin has not been detected (12), the deduced
protein sequence reveals three potential
N-glycosylation sites. Hemolin contains a
typical eukaryotic signal peptide (17) and
lacks a transmembrane sequence. These
properties are consistent with the finding
that hemolin is a soluble protein released
into the hemolymph of insects. However,
immunocytochemical localization of hemo-
lin on the surfaces of the fat body and certain
hemocytes (12) indicates that hemolin may
also attach to membranes.

Comparison of the hemolin with mole-
cules from the Ig superfamily by the GAP
program (18) revealed a close relation to the
insect molecules neuroglian, amalgam (6),
and fasciclin II (5), and to vertebrate pro-
teins such as mouse neural adhesion mole-
cule L1 (L1) (19) and mouse NCAM (13).
The relative sequence identity is strongest to
neuroglian (38%), followed by amalgam
(28%), fasciclin II (24%), L1 (23%), and
NCAM (20%). A particularly strong overall
sequence homology was found to the first
four Ig-like domains of neuroglian. The fifth
domain of neuroglian shows homology
mainly to the last domain of hemolin. There
is no significant homology between hemolin
and the fibronectin-like domains of neuro-
glian (Fig. 3A). Because mouse L1 is closely
related to neuroglian (Fig. 3B), we com-
pared the hemolin sequence to that of L1.
Although hemolin is less similar to L1 than
to neuroglian, conserved regions are still
found in the five Ig-like domains located at
the amino end of the molecule (Fig. 3C).
Homology to NCAM, amalgam, and fasci-
clin II is particularly high in the last Ig-like
domain of hemolin (Fig. 3D).
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To investigate the function of hemolin,
we used an in vitro attachment assay to
analyze binding of hemolymph components
to the surface of bacteria. After 1 minute of
incubation, only hemolin and a 125-kD
protein can be extracted from the bacteria
(Fig. 4, lane 6). After a 2-min incubation
period, a band of about 170 kD is detected
(lane 5) that becomes the most abundant
protein associated with the bacterial surface
after 3 minutes of incubation (lane 4, arrow-
head). After 3 minutes several other proteins
are also detected (lane 4).

To determine whether the protein with
apparent molecular size of 170 kD is a
complex of hemolin and the 125-kD pro-
tein, we analyzed protein extracts under
native conditions. Proteins eluted from bac-
teria migrated in the upper region of the gel
(Fig. 5A), whereas purified hemolin mi-
grates to the lower half of the gel (20).
However, when the most heavily stained
band was excised from the gel and separated
further by SDS—polyacrylamide gel electro-
phoresis (PAGE), it generated a protein of
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125 kD and two others of about 48 kD (Fig.
5B). The two smaller proteins are related as
revealed by analytical papain digests (20),
but only one of them is clearly stained by
antiserum against hemolin on a protein im-
munoblot (Fig. 5C). These results suggest
that hemolin, together with a related pro-
tein, may form a protein complex on the
bacterial surface with a 125-kD protein. The
complex can be dissociated with SDS short-
ly after its formation but becomes stable to
SDS treatment after longer incubation. The
complex formation appears to be dependent
on the presence of sugar residues in the LPS
core of the bacterial cell wall since no pro-
tein of 170 kD was detected in attachment
assays performed with LPS mutants of Esch-
erichia coli K12 (21), whereas the binding of
hemolin was not affected (20).

The structural homology between hemo-
lin and neuroglian suggests that they have a
common ancestor molecule. Hemolin might
have diverged from neuroglian by gene re-
arrangements that also result in distinct
functions of the two types of molecules; the
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Fig. 3. Dot-matrix sequence comparison. The comparisons were made with the HOMOLOGY option
of the MacGene program (Applied Genetic Technology) with a window of 17 residues (range 8) and
cutoff of 64%. The complete amino acid sequence of hemolin was compared with Drosophila neuroglian
(A), mouse L1 (C), and NCAM (D). Comparisons of hemolin to amalgam and fasciclin II gave similar
results to those shown for NCAM (D). As a reference, neuroglian was compared with L1 (B). The
amino acid numbers, starting from the initiating methionines, and the structural domains of the
molecules are indicated on the axes. The Ig-like domains are indicated by roman numerals, and the
regions covering the fibronectin-like domains are labeled (Fn).
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membrane bound neuroglian is involved in
neural cell-cell interaction (7), whereas the
soluble hemolymph protein hemolin attach-
es to the surface of bacteria and possibly
other foreign objects.

Nonclonal forms of recognition, termed
“pattern recognition” (22), may have been
important in the evolution of the immune
system. Several of our observations indicate
that hemolin is a recognition molecule that
meets certain requirements for “pattern rec-
ognition™: hemolin belongs to the Ig super-
family, it is present in normal hemolymph,
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Fig. 4. In vitro binding assay. Hemolymph of
diapausing pupac of H. cecropia were bled into
ice-cold saturated ammonium sulfate solution
containing 0.025% phenylthiourca. Water was
added to adjust the concentration of ammonium
sulfate to 40% of saturation, and the solution was
incubated for 30 minutes on ice. The su tant
was recovered by centrifugation at 17,400g for 10
minutes at 0°C and stored at 4°C. Immediately
before the incubation experiment, the supernatant
(hemolymph fraction) was desalted over a PD10
column (Pharmacia) and diluted 1:10 with 10
mM tris-HCI (pH 8.2). The E. coli strain D21
was grown to late log phase, collected by centrif-
ugation, and suspended in 1/10 of the original
volume with 0.9% NaCl. An equal volume of
20% acetic acid was added, and the bacteria were
left at room temperature for 5 minutes. Five
volumes of 1 M tris-HCI (pH 8.2) was added, and
the bacteria were collected by centrifugation and
resuspended in one-tenth of the original culture
volume in 10 mM tris-HCI (pH 8.2). The bacte-
rial suspension was added to the hemolymph
fraction (0.5 ml of bacteria to 2.5 ml of fraction)
and incubated at room temperature for the time
indicated. The suspension (1 ml) was centrifuged
for 2 min at 10,000g, the pellet was washed twice
in 1 ml of water and then suspended in 200 ul of
0.5 M ammonium formate (pH 6.4). The ammo-
nium formate eluates were immediately adjusted
to 0.1% SDS and 10 mM DDT, heated at 70°C
for 5 minutes, and subjected to electrophoresis
(26). The gels were stained with Coomassie bril-
liant blue after separation of the following: he-
molymph fraction, 0.01 pl (lane 1); first i

10 wl (lane 2); second washing, 10 ul (lanc 3);
ammonium formate eluate after 3 min, 2 min, and
1 min of incubation, 10 pl (lanes 4, 5, and 6,
respectively); and ammonium formate cluate from
untreated bacteria, 10 ul (lane 7). Molecular mass
markers indicated on the right side are in kilodal-
tons. The positions of hemolin (H) and the
125-kD protein are indicated. The 170-kD band
is marked by an arrowhead.
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Fig. 5. Protcin complex A
formation of hemolin

with a 125-kD protein.

The proteins were sepa-

rated on a 10% polyac-

rylamide gel under non-

denaturing conditions at

pH 4, and visualized by

Coomassie brilliant blue. Protein immunoblots
were prepared (27) and tested with antiserum to
hemolin that has been purified on a hemolin
affinity column (12). Blots were incubated at 4°C
overnight in an antibody solution (120 pg pro-
tein/ml), diluted 1:1000 in a buffer containing
0.5% bovine serum albumin, 150 mM NaCl, and
10 mM Tris-HCI (pH 8). After being washed
with 0.02% Tween 20 in 0.9% NaCl the blots
were incubated with alkaline phosphatase conju-
gated to the F(ab'), fragment of goat antibodies
directed against rabbit Ig (sigma), and developed
with a solution containing nitro blue tetrazolium
and 5-bromo-4-chloro-3-indolyl phosphate. (A)
Native gel electrophoresis of protein extracts
eluted from the bacterial surface after 2 min. (B)
Separation of the major band (A) by SDS-PAGE,
stained with Coomassie brilliant blue. (C) Protein
immunoblot of (B) with antiserum against hemo-

. 125

and it is strongly induced after bacterial
infection. Finally, hemolin binds to surface
structures shared by many bacteria, where
it forms a complex with another he-
molymph protein, which might constitute
an important part of the primary immune
response.
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Dominant Negative Regulation of the
Mouse a-Fetoprotein Gene in Adult Liver

JEAN VACHER AND SHIRLEY M. TILGHMAN

Transcription of the mouse a-fetoprotein gene is activated in the developing fetal liver
and gut and repressed in both tissues shortly after birth. With germline transformation

e e o

in mice, a cis-acting element was identified upstream of the transcription initiation site
of the a-fetoprotein gene that was responsible for repression of the gene in adult liver.
This negative element acts as a repressor in a position-dependent manner.

HE APPROPRIATE DEVELOPMENT OF

I a multicellular organism requires the

expression of genes at the correct
time and in the correct cell type. Expression
of certain genes must also be repressed at a
later stage of development, once their tran-
scripts are no longer required by the orga-
nism. The a-fetoprotein (AFP) is activated
in the embryonic yolk sac, the fetal liver,
and, to a lesser extent, the fetal gut, but is
subsequently repressed in both neonatal liv-
er and gut (1-3). The decrease in liver AFP
mRNA occurs primarily at the level of tran-
scription (3).

Two opposing models can be proposed to
explain postnatal repression. In one in-
stance, the positive factors necessary for
AFP transcription are inactivated after birth,
thereby leading to a decrease in AFP
mRNA. Alternatively, these factors remain
unchanged in concentration, but are no
longer able to activate transcription of the
gene, due to the presence of a dominant
repressor. This is the case for the two silent
mating type loci in yeast (4-6). Genetic
experiments in mice have identified at least
one locus (termed raf, for regulation of
AFP) that might encode such a repressor (2,
7, 8).

One way to discriminate between these
two models is to ask whether the sequences
that are necessary for both positive and
negative regulation of the AFP gene coin-
cide, which must be the case in the first
model but need not be the case in the
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second. At least four elements that partici-
pate in high-level transcription of the AFP
gene have been identified by transfection
into tissue culture cells (9-14). In the mouse
gene, these include a proximal promoter in
the first 250 base pairs (bp) upstream of the
AFP cap site, as well as three enhancers
located upstream of the site of transcription
(+1 bp) at —2.5 kilobases (kb), —5.0 kb,
and —6.5 kb (9, 10, 14). In transgenic mice,
these four elements were sufficient to direct
high-level expression of a reporter gene in all
chromosomal locations into which the gene
was integrated (15). In addition, the report-
er minigene was transcriptionally repressed
after birth in a manner indistinguishable
from that of the endogenous gene.

As afirst test of the two models to explain
repression, we established that the AFP en-
hancers play no obligatory role in the post-
natal repression of the gene. The enhancers
were used to direct transcription of the
evolutionarily related albumin gene, which
normally does not undergo repression. No
repression in adult livers of transgenic mice
was observed. On the other hand, the recip-
rocal construct that consisted of the albumin
gene enhancer upstream of the AFP pro-
moter and minigene exhibited appropriate
repression after birth (16). These results
argued that the enhancers were not respon-
sible for repression, and we focused our
attention on the region proximal to the AFP
gene itself.

Three constructs bearing the AFP enhanc-
ers, an internally deleted AFP minigene
(15), and different amounts of DNA be-
tween —838 and —118 bp were generated
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