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Variation in the Membrane-Insertion and “Stalk” Sequences in Eight
Subtypes of Influenza Type A Virus Neuraminidase'

Janet Blok*#* and Gillian M. Air?

ABSTRACT: The two membrane-bound surface antigens of
influenza virus, hemagglutinin (HA) and neuraminidase (NA),
are known to vary considerably in amino acid sequence. From
immunological studies nine serologically distinct subtypes of
neuraminidase have been characterized, yet these all exhibit
the same enzyme activity. Many studies have been designed
to investigate variation in the antigenic properties of the
hemagglutinin and/or the neuraminidase. Here we have in-
vestigated the sequence variation of regions of the influenza
neuraminidase which are not involved in antigenicity. These
regions are the hydrophobic transmembrane segment and the
“stalk”. The NA gene of at least one strain from each of eight
of the nine NA subtypes was sequenced from the 3’ end by
using the dideoxy method in order to examine these regions.
The results reveal that the predicted protein sequence at the
N terminus is identical for the first six amino acids in all
subtypes while the next six are the same in most subtypes.
Following the first 12 amino acids, there is virtually no con-

’Ee enzyme neuraminidase (NA)! (EC 3.2.1.18) is one of
the two projecting surface antigens on particles of influenza
viruses, the other being the hemagglutinin. Neuraminidase
hydrolyzes terminal N-acetylneuraminic acid (NANA) from
receptors for the virus located on the surface of cells. Its
function in the viral replicative cycle is still not fully under-
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servation of particular amino acid side chains in the trans-
membrane sequence and in the stalk region of the neur-
aminidase, although the character of the polypeptide is
maintained. The transmembrane segment contains a high
proportion of hydrophobic amino acids while the stalk region
is rich in potential glycosylation sites, and it also contains at
least one Cys residue which may form intermolecular disulfide
bonds in the neuraminidase tetramer (at variable positions in
the different subtypes). The different predicted protein se-
quences of the eight NA subtypes can therefore be accom-

. modated into four regions of the tetrameric structure of the

neuraminidase, which is compatible with the electron micro-
graphs: an N-terminal conserved hexapeptide, the hydrophobic
transmembrane segment, a thin stalk which is stabilized by
carbohydrate and intermolecular disulfide bonds, and the
enzymatically and antigenically active “head”. Genetic var-
iation of the influenza neuraminidase is not confined to an-
tigenic properties.

stood, but it may be involved with the hemagglutinin in pro-
moting fusion of the viral and host cell membranes in the early
stages of the infectious cycle (Huang et al., 1980) or prevent
aggregation of virus particles during their release from host
cells (Palese et al., 1974).

Influenza neuraminidase is a tetramer of four identical
glycosylated polypeptides which is coded by one of the eight
negative-stranded RNA molecules of the virus. Electron
micrographs show that the NA is composed of a square boxlike
“head” containing four coplanar subunits and a long thin
“stalk” with a small knob at the end (Laver & Valentine, 1969;

! Abbreviations: NA, neuraminidase; NANA, N-acetylneuraminic
acid; EDTA, ethylenediaminetetraacetic acid; Tris-HCI, tris(hydroxy-
methyl)aminomethane hydrochloride; RNA, ribonucleic acid; cDNA,
complementary deoxyribonucleic acid.
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FIGURE 1: (A) Electron micrograph of NaDodSO,-released intact
neuraminidase molecules from the recombinant virus A/NWS/
334-A/Tern/Australia/75y (HIN9). The NaDodSO, has been
removed, and the NA molecules have aggregated by the hydrophobic
tips of their tails which serve to anchor the NA in the lipid of the
viral envelope. The average diameter of a rosette is 32 nm. Electron
micrograph by N. G. Wrigley. (B) Schematic drawings of (a) the
neuraminidase molecule with its “square boxlike head” containing
four coplanar subunits and the “stalk” with a hydrophobic knob at
the end and (b) a rosette which contains six tetrameric neuraminidase
molecules which have “heads” of about 4 X 8 nm and stalks of about
10 nm.

Wrigley et al., 1973; see schematic drawing in Figure 1B).
The knob or end of the stalk is embedded in the viral mem-
brane, and isolated NA molecules aggregate via this hydro-
phobic region (at the base of the stalk) to form rosettes as
shown in Figure 1A.

The NA heads which project from the surface can be re-
moved from some strains of influenza virus by digestion with
proteases and recovered with complete antigenic and enzymic
activity (Mayron et al., 1961; Noll et al., 1962; Wilson &
Rafelson, 1963; Drzeniek et al., 1966; Rafelson et al., 1966;
Seto et al., 1966; Kendal & Kiley, 1973; Laver, 1978). These
heads do not aggregate which indicates that the hydrophobic
region of the NA is lost upon protease cleavage, and they also
appear by electron microscopy to have lost the thin stalk
(Wrigley et al., 1973). In the case of the N2 subtype, Pronase
digestion removes 73-75 amino acids from the N terminus of
the NA polypeptide (Blok et al., 1982).

Among type A influenza viruses isolated from people, lower
mammals, and birds, nine serologically distinct NA subtypes
designated N1-N9 have been described (Memorandum
WHO, 1980). cDNA copies of the RNA segments coding for
the NA from two of these subtypes have been sequenced and
protein sequences predicted [Fields et al. (1981) and Hiti &
Nayak (1982), N1; Markoff & Lai (1982), N2]. Amino acid
sequence studies of the isolated intact neuraminidase show that
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protein synthesis does start at the first AUG codon and that
the N terminus of the NA polypeptide is not modified fol-
lowing its synthesis; neither the initiating methionine nor a
signal peptide is cleaved off (Blok et al., 1982).

Although the antigenic activity is confined to the heads, a
comparison of the serologically unrelated N1 and N2 predicted
amino acid sequences (Fields et al., 1981, Hiti & Nayak, 1982;
Markoff & Lai, 1982) shows rather more homology in the
head region than in the N-terminal portion which is removed
by proteases. This N-terminal tail includes the only candidate
for a transmembrane sequence and is therefore of structural
importance. Since the morphology of many different NA
subtypes is similar in the electron microscope (Drzeniek et al.,
1968; Laver & Valentine, 1969; Wrigley et al., 1973) we were
interested in extending the sequence comparison of the N-
terminal region of the NA to the other subtypes and in seeing
if the varying sequences could be accommodated into a com-
mon structure.

This paper describes the cDNA sequences (15-20% of the
complete gene) obtained by priming from the 3’ end of the
NA genes from eight of the nine NA subtypes. These se-
quences contain the coding region for the N terminus of the
protein, the transmembrane segment, and the thin stalk and
are not involved in antigenic variation. These studies reveal
that there is a common sequence at the N terminus of influ-
enza type A neuraminidases, but following this, no amino acids
(such as Cys residues) align until around amino acid 85 from
the N terminus. There are, however, regions of similar amino
acid character which lead to a model for the structure of
influenza neuraminidase that is common to all subtypes.

Materials and Methods

Viruses. The influenza virus strains used were A/Mem-
phis/102/72 (H3N2), A/turkey/Oregon/71 (H7N3), A/
turkey/Ontario/6118/68 (H8N4), A/Shearwater/Austra-
lia/72 (H6NS5), A/duck/Alberta/28/76 (H4N6), A/
chick/Germany/49 (HION7), A/Black Duck/Australia/
702/78 (H3N8), and one laboratory recombinant, A/Mem-
phis/1/71,;~A/Bellamy/42y (H2N1). The viruses were
grown in the allantoic sac of 11-day-old embryonated chick
eggs and purified by absorption to and elution from chicken
erythrocytes followed by sucrose density gradient centrifuga-
tion (Laver, 1969).

Sequencing Procedures. Viral RNA was extracted from
purified virus, and the RNA gene segments were separated
on 3% polyacrylamide gels containing urea and eluted (Both
& Air, 1979). Segment 6 (NA gene) was sequenced by the
dideoxy method (Sanger et al., 1977) using the dodecanu-
cleotide d(AGCA GCAG,) as a primer (Blok & Air, 1980).

Results

The neuraminidase gene from at least one strain from eight
of the nine serologically distinct NA subtypes (N1-N8) has
been sequenced from the 3’ end, but attempts to sequence the
NA genes of several strains from the N9 subtype using the
dodecanucleotide primer and the dideoxy method have failed,
the most likely explanation being a sequence alteration such
that the dodecamer does not prime cDNA synthesis.

The nucleotide and predicted amino acid sequences of the
cDNA transcribed from the NA genes of one representative
of each of the eight NA subtypes are shown in Figure 2.
Peptide data from N2, N5, and N8 strains have shown that
the first ATG corresponds to the initiating AUG and that no
processing occurs at the N terminus (Blok et al., 1982). These
sequences range from 254 to 341 nucleotides in length, which
represent 17-23% of RNA segment 6 (NA gene). The first
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FIGURE 3: Alignment of a Cys residue in the N1 {A/PR/8/34 from Fields et al. (1981)], N3 (A /turkey/Oregon/71), N5 (A/Shearwa-
ter/Australia/72), N6 (A/duck/Alberta/28/76), N7 (A/chick/Germany/49), and N8 (A/Black Duck/Australia/702/78) subtypes. The
amino acids boxed with solid lines are the same in all of these subtypes while those boxed with dotted lines show two alternative but similar

amino acids. The potential glycosylation sites are underlined.

striking feature is that the N-terminal six amino acids of all
of the NA subtypes sequences are identical, and this is reflected
in the nucleotide sequences. The next six amino acids are the
same in five of the eight subtypes, the exceptions being the
N3 subtype which differs in one amino acid at position 12,
the N6 subtype which has three amino acid differences at
positions 9, 11, and 12, and the N7 subtype which is different
in all six amino acids (positions 7-12). After this initial similar
region at the N terminus, the predicted amino acid sequences
are totally different. The changes among the subtypes cannot
be explained by a shift in reading frame because the nucleotide
sequences are also very different. This is important to note
because when the dideoxy method with the RNA template is
used, only one strand is sequenced; thus there is always a
possibility of a “frameshift” error. Comparison of the amino
acid sequences translated from different reading frames in the
eight NA subtypes by computer diagonal matching (Gibbs &
Mclntyre, 1970) reveals no greater homology than that already
observed in the correct reading frames.

There are many potential glycosylation sites (Asn-X-
Thr/Ser; Neuberger et al., 1972) in the sequences, but they
cannot readily be aligned in the various subtypes, although
most of them occur in the region 40-80 amino acid from the
N terminus. The number of glycosylation sites varies from
two (in the N2 and N8 subtypes) to five (in most strains from
the N1 subtype) while the most common number is three (in
the N3, N4, and N7 subtypes).

All NA subtypes contain at least one Cys residue in the first
75 amino acids from the N terminus, and several subtypes
contain more than one cysteine. The various Cys residues in
sequences from each subtype were aligned to search for hom-
ology among the sequences similar to that seen for the HA,
but no similarity in the surrounding sequences could be seen
among the different NA subtypes in the N-terminal 80 amino
acids. There is, however, a Cys residue near the end of the
sequence data which has a common environment in all se-
quences known. Figure 3 shows the sequences of the N1
(Fields et al., 1981), N3, N5, N6, N7, and N8 subtypes with
these Cys residues aligned. Although not all of the amino acid
residues around this Cys are the same, several positions contain
amino acids which are similar in size or character.

Discussion

In the gene sequences coding for the N-terminal region of
the 12 hemagglutinin subtypes, there are certain amino acids,
in particular Cys residues, that are conserved throughout the
subtypes (Air, 1981). These studies have also revealed that
although potential glycosylation sites are rot strictly conserved

throughout the subtypes, they tend to be present in particular
areas of the sequence. It seems that the three-dimensional
structure of the HA, stabilized by disulfide bonds, is basically
the same in all subtypes, although there is considerable se-
quence variation (Wilson et al., 1981).

The sequence variation in the N-terminal region of the
neuraminidase is enormous. In fact, no homology can be seen,
and examination of amino acids 13-80 of the different subtypes
does not indicate that they are from proteins with the same
enzyme activity.

(A) Model Correlating Sequence Data and the Tetrameric
Structure of Influenza Neuraminidase. From electron mi-
croscopy studies it is known that the influenza neurminidase
is a tetrameric enzyme consisting of a head and a stalk. The
hydrophobic region at the base of the stalk serves to anchor
the protein in the host-derived lipid membrane of the virus
particle. The head carries all the enzyme and antigenic ac-
tivity. It was not known, however, which part of the poly-
peptide chain was embedded in the membrane.

From complete nucleotide sequence data, Fields et al. (1981)
noted that the only extensive hydrophobic region in the pre-
dicted amino acid sequence of PR8 neuraminidase is near the
N terminus. The amino acid compositions of tryptic peptides
isolated from the intact neuraminidase and Pronase-released
neuraminidase heads of the same N2 strain demonstrated that
the N terminus is indeed in the tail of the neuraminidase and
is removed by Pronase digestion from the heads which contain
the C-terminal sequence (Blok et al., 1982). Part of this NA
tail serves to anchor the neuraminidase in the viral lipid
membrane. The orientation of the influenza neuraminidase
is therefore opposite to that of the hemagglutinin, which has
its C terminus anchoring the protein in the lipid membrane.
Since the gene sequences obtained by priming from the 3’ end
of the viral RNA code for the N-terminal region of the NA,
the sequence data of the eight NA subtypes shown in Figure
2 represent a structurally important and nonantigenic part of
the molecule. The degree of sequence variation is rather
surprising.

(1) Hydrophobic Region. Following the N-terminal six
amino acids of the predicted protein sequences of the eight
NA subtypes, there is a region of 29 amino acids (30 and 31
amino acids in N8 and NS5, respectively) which is almost
entirely hydrophobic. This hydrophobic region is almost
certainly the transmembrane section of the influenza neur-
aminidase. The average width of the lipophilic core of a
biological membrane is about 3 nm (Tanford, 1978), which
can be spanned by an extended chain of 10 amino acid resi-
dues. The hydrophobic region of the influenza neuraminidase
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H1 E.JSMGIYQILAIYSTVASSLVLLVS_LGAISFWMCSNGSLQCR
H2b SSMGVYQILAIYATVAGSLSASIMMAGISFWMCSNGS STLQ QCI|R
HBC KSGYKDWILWISFAISCFLLCVVLLGFIMWAC’ﬂKiGNIRCNI
H7d SSGYKDVILWFSFGASCFLLLAIAVGi.VFICVKNGNMRCTI
e 1 4]
N1 MNPNQEKIIITIGSICMVVGIISLILQIGNTIISIWISIHSIQTG
N2 MNPNQEK|IITITIGSVSLTIATICFLMQIAMLVYVTTVTILIHFXKQHD
N3 MNPNQEXKIIITIGVVNTTLSTIALLIGVGNLVFNTVIIHEKTIGN
N4 MNPNQEIKITITIGSASIVLTTIGLLLPITSLCSIWFSHYNOQOGT
N5 MNPNQKIITIGSASLGLVIFNILLHGASITWGTIS.VTKDNK
N6 MNPNQEK|IIICISATGMTLSVVSQLIGLANLGLNIGL|HFKXKVGE
N7 MNPNQEKILFALSGVAIALSVMNLLIGISNVGLNVSILIHLKETZKSG
N8 MNPNQIKI|IIITIGSVSLGLVCLDILLHIISITITVLGL|HKNGEK

FIGURE 4: Comparison of the hydrophobic regions (boxed) of influenza hemagglutinins (a—d) and neuraminidases (e) from different subtypes.
The numbering of amino acids in the HA subtypes start at HA2 residue 1. (a) A/PR/8/34, Winter et al. (1981). (b) A/Japan/305/57,
Gething et al. (1980). (c) A/Aichi/2/68 (asterisk = K — R), Verhoeyen et al. (1980); A/Memphis/102/72, Sleigh et al. (1980); A/Victoria/3/75,
Min Jou et al., 1980. (d) FPV (fowl plague virus), Porter et al. (1979). (e) For strain designations of N1-N8, see Figure 2.

is 29-31 amino acids long, similar in length to the tran-
smembrane section of the hemagglutinin, and it could form
a folded structure. A Chou-Fasman (1974) prediction of
secondary structure for the hydrophobic region of the neur-
aminidase favors the formation of 3 sheet rather than « helices,
but the possibility of forming 3,, helices or other coiled
structures was not calculated. In one strain (A/Black
Duck/Australiia/702/78, N8) there is a charged amino acid
residue (Asp) in the hydrophobic region (residue 21). The
sequence experiment was repeated several times in case this
was a sequencing error, but the same result was always ob-
tained. Folding of the peptide may bury this residue so that
the nature of the region is still hydrophobic. It could also loop
out of, and then reenter, the membrane.

The hydrophobic sequences of the eight NA subtype proteins
are identical for the first six amino acids (Ile-Ile-Thr-Ile-
Gly-Ser) in five of the eight NA subtypes, but the next 23,
24, or 25 amino acids are very different. This variation is
greater than that observed in the hydrophobic region of the
influenza hemagglutinins (Porter et al., 1979; Gething et al.,
1980; Min Jou et al., 1980; Sleigh et al., 1980; Verhoeyen et
al., 1980; Winter et al., 1981) (see Figure 4), as well as that
found in the C-terminal hydrophobic regions of several dif-
ferent variable surface glycoproteins of Trypanosoma brucei
(Rice-Ficht et al., 1981). The variation of the neuraminidase
hydrophobic region is more reminiscent of the variable se-
quences of the signal peptide of several hemagglutinin subtypes
(Air, 1981), but we have no idea why some membrane-in-
sertion sequences should be more restrained in sequence than
others.

The sequence at the N terminus preceding the hydrophobic
region is identical in the eight subtypes and relatively polar
for six amino acids (Met-Asn-Pro-Asn-Gln-Lys). This short
hydrophilic peptide could remain on the inside of the viral
membrane, and it may be involved in a specific interaction
(with the matrix protein, perhaps?).

On the C-terminal side the hydrophobic region of the
neuraminidases ends at a potentially charged amino acid
residue, His (which may be charged in a protein, depending
on the environment) and/or Lys. The basic residues could
interact with the phosphate groups at the membrane surface.
The sequences following this His and/or Lys must therefore
form the stalk region of the neuraminidase.

(2) Stalk Region. The stalk of influenza neuraminidase was
seen as a very thin fiber (<1.5-nm diameter) in the electron

micrographs of NaDodSO,-released neuraminidase (Figure
1; Laver & Valentine, 1969). Neuraminidase is a tetramer
of identical subunits, and four polypeptide chains are therefore
present in the stalk. Preliminary X-ray data from crystalline
Pronase-released NA heads from A/NWS/33,-A/Tokyo/
67x (HIN2) laboratory recombinant virus reveal the remnant
of the stalk as an electron dense column which is less than 1
nm in diameter (Colman & Laver, 1981). This area cannot
accommodate four « helices, and it is most likely that the four
polypeptide chains are in an extended or very loosely coiled
form. The length of the stalk is estimated to be 10 nm in the
NaDodSO,-released neuraminidase from the influenza B
strain, B/Lee, which would require at least 30 amino acid
residues in the extended form. A Chou-Fasman (1974)
prediction of secondary structure in the region of the stalk
indicates that « helices cannot be formed in any of the NA
subtypes nor is the formation of 8 sheet favorable.

The tail of the neuraminidase from B/Lee has been shown
to contain most of the carbohydrate of the protein (Lazdins
et al,, 1972). Although similar analyses have not been done
for influenza A neuraminidases, the predicted amino acid
sequences in the region following the hydrophobic section have
several potential glycosylation sites. There are up to five
glycosylation sites (Asn-X-Ser or Asn-X-Thr; Neuberger et
al,, 1972) in a stretch of 50 amino acids. The presence of
glucosamine in tryptic peptides from A/Bellamy/42 neur-
aminidase (Blok & Air, 1982) confirms that at least some of
these sites are glycosylated. In this region, 40-90 amino acids
from the N terminus, there are also several Cys residues.
When the cysteines of the different NA subtypes are aligned,
no similarity in the flanking sequences is found, in contrast
with the HA sequences (Air, 1981). Since this region is part
of the apparently extended chain of the stalk, the precise
location of Cys residues may not be important for them to be
structurally significant. The tetrameric structure of the
neuraminidase allows the cysteines of each identical poly-
peptide chain to align so that disulfide bonds may form be-
tween the two pairs of Cys residues.

Electrophoretic studies of NaDodSO,-released NA or
protease-released NA heads, under reducing or nonreducing
conditions, indicate that the disulfide bond linkage of mono-
mers to form dimers is in the stalk region of the influenza N2
neuraminidase (Blok et al., 1982). Of the eight subtypes
sequenced in the stalk, only N6 does not have a Cys residue
while several subtypes have more than one. The presence of
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at least two potential glycosylation sites in the otherwise ex-
tremely variable stalk region of all of the neuraminidase
subtypes sequenced suggests that carbohydrate as well as the
disulfide bonds may stabilize the extended polypeptide chains.

It is not known exactly where the globular heads of the
neuraminidase begin in our predicted amino acid sequences,
but if the Cys residue near the end of our sequence data is
aligned in the different NA subtypes, the surrounding se-
quences show significant similarity (Figure 3). This Cys
residue could be in the head region and analogous to the
structurally important disulfide bonds in HA1 which are
conserved among the different HA subtypes (Air, 1981; Wilson
et al., 1981). The position of the Cys residue varies from 45
to 55 amino acids from the charged Lys residue near the
membrane surface. If this Cys residue is near the start of the
head, the variable position indicates that the length of the stalk
may vary and that the average length is probably 50 amino
acids. This would measure 18.2 nm if the polypeptide were
in the extended form (Pauling et al., 1951) which is longer
than the 10 nm estimated for B/Lee neuraminidase in the
electron microscope. We already know that the length of the
stalk can vary even within a single subtype (N1; Blok & Air,
1982).

(B) Membrane Insertion of Influenza Neuraminidase. The
influenza neuraminidase is anchored in the lipid membrane
by the N-terminal region. This orientation is opposite to that
of the influenza hemagglutinin (Skehel & Waterfield, 1975)
and other viral glycoproteins such as the glycoprotein from
vesicular stomatitis virus (Rose et al., 1980) and the E, and
E, protein from Semliki Forest virus (Garoff & Soderlund,
1978). There are, however, a few proteins which have their
N-terminal regions embedded in the lipid bilayer as does the
influenza neuraminidase, for example, the hydrolases of the
small intestinal brush border membrane: aminopeptidase
(Maroux & Louvard, 1976) and isomaltase (Maroux &
Louvard, 1976; Frank et al., 1978; Brunner et al., 1979).

There are two basic views of membrane insertion or
translocation of glycoproteins. (1) The signal hypothesis
(Blobel & Dobberstein, 1975), postulates the existence of
specific membrane proteins which recognize the N-terminal
hydrophobic leader sequence or signal peptide and aggregate
to form a hydrophilic tunnel. The protein is then translocated
across the membrane (through this tunnel) during synthesis
followed by endoproteolytic removal of the signal peptide. (2)
The other view assumes that there is no specific mechanism
involving membrane proteins but that the protein is inserted
spontaneously (Bretscher, 1973; Wickner, 1979). A specific
example of this view is the loop model (Inouye & Halegoua,
1980). As the sequence extends, a loop is formed while the
basic residue which follows the initiating methionine of many
secretory or transmembrane proteins remains on the inside
surface of the membrane. Exposure of a particular site be-
tween the hydrophobic peptide and the mature protein is
followed by cleavage at this site.

The influenza hemagglutinin is a typical membrane-bound
glycoprotein in that it is synthesized as a precursor protein
containing an N-terminal hydrophobic (signal) sequence (Air,
1979; Elder et al., 1979) and that the C-terminal region is
embedded in the membrane (Skehel & Waterfield, 1975). It
is not known which, if either, of the two basic views is correct
for the insertiion of proteins into or transport across mem-
branes, but sequence data from the hemagglutinin are com-
patible with the “signal hypothesis” since a leader peptide is
cleaved off and the mature protein is anchored by its C-ter-
minal region. The influenza neuraminidase, on the other hand,
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has its N-terminal region embedded in the membrane and is
not synthesized as a longer precursor protein. The first six
amino acids at the N terminus of the neuraminidase are polar,
and one is a basic residue. The neuraminidase could be in-
serted into the membrane by the loop model, with its six polar
residues remaining on the inside surface of the membrane and
its N-terminal hydrophobic sequence spanning the lipid bilayer.
It has been suggested by Frank et al. (1978) that the iso-
maltase has an “extended signal sequence” which transfers the
protein across the membrane and then remains attached to
the membrane. Engelman & Steitz (1981) have proposed a
similar mechanism to the loop model, but there is no re-
quirement for basic groups near the N terminus and the model
can accommodate membrane-bound proteins with or without
a signal peptide, attached by N- or C-terminal hydrophobic
sequences. This hypothesis would therefore accommodate both
of the influenza surface glycoproteins, hemagglutinin and
neuraminidase.
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Role of Poly(adenosine diphosphate ribose)

Repair in Human Fibroblasts'

Michael R. James and Alan R. Lehmann*

ABSTRACT: We have investigated the role of poly(adenosine
diphosphate ribose) in DNA repair in human fibroblasts by
observing the effects of 3-aminobenzamide (3AB), a specific
inhibitor of poly(ADP-ribose) synthesis, on various aspects of
DNA repair. After treatment of human fibroblasts with di-
methyl sulfate (DMS), 3AB retarded the joining of strand
breaks; unscheduled DNA synthesis was unaffected after low
doses of DMS but was stimulated after high doses. 3AB also
enhanced the cytotoxicity of DMS. After « irradiation there

ADP-ribosylation is the covalent addition to protein of the
ADP-ribose portion of an NAD molecule. ADP-ribosyl-
transferase (ADPRT; EC 2.4.99)! is a DNA-dependent nu-
clear enzyme which catalyzes both the ADP-ribosylation of
chromosomal proteins and the further addition of ADP-ribose
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in Deoxyribonucleic Acid

was a slight inhibition by 3AB of the rejoining of single-strand
breaks but no effect on the rejoining of double-strand breaks,
unscheduled DNA synthesis, DNA replicative synthesis, or
cytotoxicity. There were no effects of 3AB on the repair of
UV damage. On the basis of the different kinetics of the
various steps of excision repair processes after different
treatments of fibroblasts, our results are interpreted as evidence
that the synthesis of poly(ADP-ribose) is involved in the li-
gation step of excision repair.

moieties to produce a homopolymer of up to 70 residues
(Hayaishi & Ueda, 1977; Butt & Smulson, 1980; Purnell et

I Abbreviations: 3AB, 3-aminobenzamide; ADPRT, adenosine di-
phosphoribosyltransferase; DMS, dimethyl sulfate; DSBs, double-strand
breaks; MNU, N-methyl-N-nitrosourea; NAD, nicotinamide adenine
dinucleotide; PBS, phosphate-buffered saline; SSBs, single-strand breaks;
UDS, unscheduled DNA synthesis; UV, shortwave ultraviolet light;
Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; EDTA, eth-
ylenediaminetetraacetic acid.
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