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Endo-N-acylneuraminidase (endo-N) is a phage-encoded depolymerase that degrades the o(2-8)-linked
polysialic acid chains of K1 serotypes of Escherichia coli and vertebrate neural cell adhesion molecules. We
have determined the DNA sequence of the bacteriophage K1F tail protein structural gene, which codes for a
polypeptide of 920 residues. Purification of the tail protein yields a 102-kDa species upon denaturing gel
electrophoresis and detection by Western immuncblot analysis. An identical polypeptide was detected by
Western blot analysis of K1F virions. Peptide sequencing confirmed that the open reading frame determined
by nucleotide sequencing encodes endo-N. Immunoelectron microscopy with neutralizing antibodies raised
against the depolymerase confirmed that endo-N is a component of the K1F tail apparatus. Antibodies in the
serum cross-reacted with endo-N from another K1-specific phage, PK1E, demonstrating the presence of shared
epitopes. Homology between K1F and PKIE endo-N was confirmed by Southern, Northern (RNA), and
Western blot analyses. The endo-N amino-terminal domain is homologous to the amino termini of phage T7 and
T3 tail proteins, indicating by analogy that this domain functions in attachment of endo-N to the KI1F virion’s
head. A central domain of 495 residues has weak similarity to sea urchin aryl sulfatase, suggesting that this
region may contain the endo-N catalytic site. Failure to detect homology between the PK1E homolog and the
carboxy-terminal domain of K1F endo-N is consistent with the central domain’s involvement in binding and
catalysis of polysialic acid. These results provide the initial molecular and genetic description of polysialic acid
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depolymerase, which has so far been detected only in K1-specific phage.

Homopolymeric chains of «2,8-linked sialic acids (poly-
sialic acid [PSA]) are synthesized by certain pathogenic
bacteria (reviewed in reference 37) but are more widely
distributed on vertebrate N-linked oligosaccharide chains of
the neural cell adhesion molecule (NCAM) and sodium
channel polypeptide (34, 37). PSA capsules contribute to
bacterial invasive potential by the polysaccharide’s rela-
tively low immunogenicity and inhibition of complement-
mediated killing (37). Although NCAM PSA may modulate
homophilic, Ca®*-independent cell-cell adhesion, its pri-
mary function in vertebrates may be that of a permissive
molecule to regulate other cell-cell interactions by develop-
mentally controlled, spatiotemporal expression of PSA in
the embryo and neonate (6, 21, 33-35). Polysialylated
NCAM thus qualifies as one of a small set of communicator
molecules that appear to regulate tissue morphogenetic
pathways (5). Much of the evidence for PSA’s postulated
morphoregulatory functions comes from perturbation exper-
iments, in which endo-N-acylneuraminidase (endo-N) is
used to selectively shorten PSA chains on NCAM in appro-
priate developmental systems (33, 35). The structure and
genetic organization of this unique PSA depolymerase have
not been previously investigated.

Endo-N was originally isolated from bacteriophage K1F
lysates to facilitate genetic analysis of PSA synthesis in
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Escherichia coli K1 (42, 47, 49, 50). To date, viruses that
recognize the K1 capsule as a receptor for infectivity are the
only known source of PSA depolymerase (9, 20, 49). As part
of our research emphasis on sialic acid metabolism, we
carried out an initial molecular characterization of endo-N
(30). In this communication, we report the complete nucle-
otide sequence of the endo-N structural gene, g/02, and the
derived primary structure of its encoded polypeptide
(gp102). The results indicate that endo-N is organized into
linear domains which are likely to have different functional
properties. Comparative analysis of another Kl-specific
phage, PK1E, indicates homology between K1F and PK1E
endo-N but not between other sequences in these phage.
Thus, except for the common host range specified by
endo-N, K1F may be no more closely related to PK1E than
it is, for example, to T7.

(Portions of this work were presented earlier in prelimi-
nary reports [31, 32].)

MATERIALS AND METHODS

Protein purification. The soluble form of endo-N was
purified from lysates of KlF-infected E. coli K1 by a
modification of our previously published procedures (12, 49).
All manipulations after cell lysis were carried out at 4°C.
Lysates were produced by infecting exponentially growing
cultures of EV1 or EV36 with 0.1 infectious K1F per cell (12)
and then usually concentrated by adding solid ammonium
sulfate to 50% saturation. Where indicated, filtration through
YM-100 (Amicon) was used as the initial concentration step.
Salt-precipitated protein and debris were collected by cen-
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trifugation; the pellet was dissolved in 1/100 the initial
volume with 10 mM Tris, pH 7.6 (start buffer), and then
recentrifuged. The debris pellet was back extracted with an
equal volume of start buffer and then added to the initial
supernatant. Intact virions were removed by centrifugation
at 100,000 x g. The concentrated lysate containing soluble
endo-N was then fractionated by DEAE-Sephacel chroma-
tography with a 600-ml linear gradient of 0 to 0.4 M NaCl in
start buffer. Equivalent results were obtained with DEAE-
Trisacryl. The column was 2.5 by 20 cm, and 5.5-ml fractions
were collected at a flow rate of 0.5 ml min~1. Activity was
measured by a substrate depletion assay using colominic
acid (Sigma) radiolabeled at its reducing end with sodium
borotritide as previously described (12, 43, 49). One unit of
endo-N produced 1 pg-equivalent of sialic acid in 1 min at
37°C in start buffer. Column fractions were assayed for
relative activity from the percentage of substrate counts per
minute degraded per unit of time.

Active fractions were pooled, concentrated with ammo-
nium sulfate, dissolved in 2 ml of 50 mM potassium phos-
phate buffer, pH 7.2, containing 100 mM NaCl, and then
dialyzed versus the same buffer. Samples were then usually
fractionated by gravity through a column (2.0 by 65 cm) of
Sephacryl S-200 at a flow rate of 0.25 ml min~!, although
equivalent results were obtained with S-300. Active fractions
were again concentrated as described above, redissolved in
10 mM sodium phosphate buffer, pH 6.8, and dialyzed
against the same buffer. Enzyme was loaded on a column
(1.5 by 15 cm) of hydroxylapatite in the same phosphate
buffer. Endo-N eluted in the flowthrough, while contaminat-
ing proteins were adsorbed. For peptide sequencing, endo-N
was electroeluted from polyacrylamide after nondenaturing
gel electrophoresis as instructed by the manufacturer
(Schleicher & Schuell) (30). This purification method has
been used successfully by at least two other laboratories (21,
44). Endo-N is stable for at least 2 years when stored in 50%
glycerol at —20°C.

Gene bank construction and antibody screening. K1F DNA
was prepared from CsCl-banded phage particles; other DNA
and plasmid manipulations were carried out by the methods
given in reference 26. Purified DNA was partially digested to
an average size of 1 kb with Alul. The blunt-ended fragments
were ligated with oligonucleotide adapters and then cloned
into EcoRI-derived right and left arms of Agtll (Promega,
Madison, Wis.). Approximately 25% of 8,000 plaques tested
had inserts, as judged by blue-white screening on 5-bromo-
4-chloro-3-indolyl-B-p-galactoside (X-Gal). Assuming an av-
erage insert size of 1 kb and a phage genome size of 38 kb
(30), this number of recombinant Agt11 particles represents a
potential 50-fold redundancy of the K1F chromosome.

To screen the Agtll library for endo-N epitopes, plaques
were lifted to nylon disks, the disks were incubated with a
1:500 dilution of endo-N antiserum and epitopes were de-
tected with a horseradish peroxidase-conjugated second
antibody (27). Anti-endo-N antibodies were produced by
subcutaneous injection of a female New Zealand White
rabbit with 100 pg of purified endo-N in Freund’s complete
adjuvant. Preimmune serum obtained from the ear vein was
negative for anti-endo-N antibodies by double-diffusion anal-
ysis. At 21 and 35 days after the first injection, the rabbit was
boosted with 100-pg samples of endo-N injected subcutane-
ously. A week after the last injection, antiserum was col-
lected, defibrinated, and used without further modification.
Screening of the phage DNA library with this antiserum as
described above gave 24 positive plaques, of which 9 had
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unique inserts as determined by subcloning and DNA se-
quence analysis.

DNA and protein sequencing and computer analysis. DNA
sequencing reactions were carried out with double-stranded
templates as described previously (16), using Universal
forward and reverse primers purchased from U.S. Biochem-
ical (Cleveland, Ohio) or synthetic primers prepared by the
University of Illinois Biotechnology Center. Sequencing
from intact K1F DNA template was carried out under
conditions previously described for A templates (25), using
probe 2 (see below) as the primer. DNA sequences were
analyzed with AALIGN and PROSCAN programs in the
DNA Star software operated on an IBM PC system. Data
bank searches were carried out at the Biotechnology Cen-
ter’s computer station, using a ktup of 2 (23). Jumbled
sequence analysis was carried out following the general
procedures in Doolittle (7) and statistically analyzed by the
procedure given in reference 23.

The N-terminal amino acid sequence of purified endo-N
was obtained by automated Edman degradation, carried out
by the Biotechnology Center Protein Analysis Facility.
C-terminal amino acid sequencing was carried out according
to Lu et al. (24). Briefly, endo-N was dialyzed against water,
concentrated with a Centricon 30 (Amicon) microconcen-
trater, and then diluted to a final concentration of 140 pg in
500 pl of 10 mM sodium acetate, pH 4.0, containing 0.05%
(wt/vol) Brij 35 and 50 pg of carboxypeptidase P (Sigma).
Time points were taken at 0-, 30-, 40-, and 60-min intervals
by bringing 50-pl samples to a final concentration of 10%
with 100% trichloroacetic acid. Samples were submitted to
the Protein Analysis Facility for amino acid analysis by
microbore chromatography (24). Data were expressed as the
picomole percentage of each amino acid present per unit of
time, after subtracting background levels determined from a
zero-time control. Values for each residue detected ranged
from 3.5 to 7 pmol% over the 60-min digestion period.

Other analytical grocedures. Southern blot analysis was
carried out with >?P-labeled, plasmid-derived probes by
random priming as described previously (38). Oligonucleo-
tide probes were end labeled as described previously (26).
Probe 1 is a plasmid-derived fragment which includes bp 371
to 1306 of the endo-N structural gene. Probes 2 (5'-GCGT
CAGAGCCGTGCATCAA-3'), 3 (5'-CCAGATGATCGTTA
CAAGGC-3'), and 4 (5'-TAGTTGTGAAGGATAATTAC-
3') are oligonucleotides beginning at bp 1735, 1969, and 2120,
respectively, of the endo-N structural gene. Probe 5 is
plasmid derived and includes 109 bp 5’ to the endo-N start
codon plus 171 bp of the N-terminal coding sequence. Probe
6 is a total Sau3A digest of K1F DNA. Colony hybridization
was carried out as described previously (16) except that
Nytran (Schleicher & Schuell) was used as the support in
place of Whatman 541 filter paper. Hybridization and wash-
ing conditions for oligonucleotide probes were 10°C below
the estimated T,,, (26). For Northern (RNA) blot analysis, 5
ml of EV36, at an A4, of 0.4, was infected with 10 infective
units per cell. After incubation for 5 min at 37°C, 1.5-ml
samples were taken in duplicate and total RNA was ex-
tracted for agarose electrophoresis and hybridization as
described previously (18). RNA standards were purchased
from Bethesda Research Laboratories.

Western immunoblot analysis was carried out by the
method of Towbin et al. (41). Methods for denaturing
polyacrylamide gel electrophoresis in the presence of so-
dium dodecyl sulfate and the source of prestained molecular
weight markers were described previously (17). Proteins
were blotted to nitrocellulose, which was incubated with a
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TABLE 1. Results of K1F endo-N purification

Specific
I Total  activity  Purification %
Purification step U (U/mg of factor Recovery
protein)
1. Lysate” 1,770 1.7 1 100
2. DEAE F-1 231 10.3 6 13
DEAE F-11 60 5.6 3 3
3. S-200 F-I 58 72.0 42 3
S-200 F-II 42 8.3 5 2
4. Hydroxylapatite of F-I 70 700 412 4

¢ The lysate in this experiment was concentrated by ultrafiltration (Materi-
als and Methods). Approximately 50% of the total activity was intact K1F
particles.

1/500 dilution of rabbit antiserum and then with a 1/2,000
dilution of horseradish peroxidase-conjugated goat-anti rab-
bit immunoglobulin G (IgG), IgM, and IgA (Cappel) for
colorimetric detection with 4-chloro-1-naphthol (27).

Hydrophilicity was determined by the algorithm of Hopp
and Woods (15), using a window setting of 10. The free
energy of formation of the putative RNA hairpin described
below was estimated as described by Lewin (22).

The velocity constant, K, for phage neutralization by the
rabbit antiserum was calculated from the equation K = (2.3
D/t)(log po/p), where p, is the number of phage at zero time,
p is the number of phage at time ¢ min, and D is the final
dilution of serum in the phage-serum mixture (1). K values
are expressed as the unitless averages of the means =+
standard deviations (SD) of four separate determinations
each.

Electron microscopy. CsCl-purified K1F particles were
suspended in lambda dilution buffer (26) to about 10'* PFU
ml~! and then incubated overnight at 4°C with 1 volume of
water or 1 volume of a 1:1, 1:10, or 1:100 dilution of rabbit
endo-N antiserum. After these incubations, the phage sus-
pensions were diluted with 0.1 volume of colloidal gold (5
nm)-labeled Cowan I protein A (Jannsen Pharmaceuticals)
and then incubated at room temperature for 1 h. To prepare
virus for electron microscopy, carbon-coated 2.5% Formvar
grids were placed on phage suspensions for 5 min, after
which the grids were blotted and stained for 2 min with 2%
ammonium molybdate, pH 6.2. The grids were examined at
100 kV in a CX JEOL transmission electron microscope at
x50,000 and x100,000 magnifications.

Nucleotide sequence accession number. The DNA sequence
in this communication has been assigned GenBank accession
number M63657.

RESULTS

Purification of soluble endo-N. K1F is a rapaciously lytic
K1 serotype-specific phage (49) with a latent period of about
15 min at 37°C (46) and an average burst size of 100 PFU.
Between 50 and 80% of the total endo-N activity remains in
the supernatant after centrifugation of lysates under condi-
tions in which >99% of the infectious units are pelleted (49),
suggesting that the majority of endo-N is not attached to
virions at the time of lysis. Endo-N remaining in the super-
natant is defined as the soluble form of the enzyme. Endo-N
activity eluted from DEAE-Sephacel in two peaks at 0.15
and 0.2 M NaCl, designated fractions I (F-I) and II (F-II),
respectively. As shown in Table 1, F-I contained most of the
depolymerase activity. After Sephacryl S-200 chromatogra-
phy, the specific activity of F-I was greater than that of F-II,

J. BACTERIOL.

FIG. 1. Electrophoretic analysis of samples taken during endo-N
purification. Samples from various stages of endo-N purification
were fractionated by denaturing gel electrophoresis in a 5 to 15%
linear acrylamide gradient and then stained with Coomassie blue.
Lanes: 1 and 7, molecular weight markers (sizes in kilodaltons are
indicated by the numbers at the left); 2, endo-N after step 4; 3, F-II
after step 3; 4, F-I after step 3; 5, F-1I after step 2; 6, F-I after step 2.

which had been chromatographed over a separate S-200
column (Table 1). Further purification of F-II was not
attempted; we believe that it is a partially denatured form of
the native enzyme in F-I. Differential elution of F-II from
DEAE may be due to association with another polypeptide
with a monomer molecular weight of 60,000 (Fig. 1, lanes 3
and 5). Transmission electron microscopy of negatively
stained F-II revealed a decatetramer with sevenfold rota-
tional symmetry (not shown). Since the GroE holoenzyme
has a similar quaternary structure and is composed of
subunits with monomer molecular weights of 60,000 (14), it
is possible that the 60-kDa band in Fig. 1 (lane 3) represents
GroE. No higher-order structures were observed by electron
microscopy of F-I or of the purified enzyme. Although the
yield of purified endo-N after hydroxylapatite chromatogra-
phy was low (Table 1), replacement of ultrafiltration by
concentration with ammonium sulfate at step 1 led to yields
of up to 2 mg of endo-N from 6 liters of starting lysate. The
monomer molecular weight of endo-N was estimated as
102,000 (Fig. 1, lane 2).

Characterization of neutralizing antiserum. A 1/5,000 dilu-
tion of the rabbit antiserum prepared against purified K1F
endo-N neutralized infectivity with a velocity constant of
513 = 25. To determine whether K1F endo-N was antigen-
ically related to the depolymerase of another Kl-specific
phage, the neutralization kinetics with phage PK1E (40) was
investigated. Since a 1/2,500 dilution was required to give a
velocity constant of 424 + 44, we conclude that despite
reported biochemical differences (28, 29, 40), K1F and PK1E
endo-N share a subset of identical epitopes and thus are
likely to be functionally as well as structurally related.

On the basis of analogy to other phage depolymerases,
endo-N was assumed to be a component of the viral tail
apparatus (12, 49). Direct evidence for this assertion came
from cross-linking experiments with anti-endo-N antibodies.
As shown in Fig. 2A, KI1F is a Bradley (2)-type C phage with
a spike-like appendage protruding from a unique vertice of
the capsid. This spike is surrounded by a hexagonal array of
globular structures which we assume are multimers of gp102
(Fig. 2A). Presumably, the spike mediates DNA ejection
after binding and degradation of PSA receptors by endo-N.
That endo-N is a component of the tail apparatus was shown
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FIG. 2. Transmission electron immunomicroscopy of endo-N. (A) Morphology of KI1F particles that were not exposed to anti-endo-N
antibodies. S and H refer to the spike-like projections of K1F virions and the hexagonal arrays, respectively, of endo-N structures which are
best seen in the particles above these designations. (B) K1F lattices, detected at a 1:10 dilution of anti-endo-N antibodies as described in
Materials and Methods. Tenfold-lower or -higher dilutions did not yield detectable lattices. Black dots are 5-nm colloidal gold particles linked
to protein A. Gold particles are preferentially located in the lattice furrows that were formed by cross-linking K1F particles with anti-endo-N

antibodies. Bars represent 100 nm.

by the tail-to-tail lattices observed after incubation of K1F
with an appropriate dilution of anti-endo-N antiserum and
secondary gold-labeled protein A, procedures which local-
ized anti-endo-N IgG molecules to lattice furrows (Fig. 2B).
There were 12 gold particles (+2.2 SD) per 5 X 10? nm? of
tail lattice furrow, versus a background of 5 = 2.7 SD (P <
0.001). These results strongly suggest that endo-N is a
component of the virion’s tail apparatus.

To demonstrate that neutralizing antibodies recognized
endo-N, virions were denatured and analyzed by the West-
ern blot technique. Figure 3A shows the Coomassie blue-
stained profile of decreasing numbers of K1F (lanes 4 to 9).
Purified endo-N is shown for comparison in Fig. 3A (lane 3),
while an identical sample heated at 37°C instead of 90°C gave
a characteristic aggregate that did not enter the separating
gel (Fig. 3A, lane 2). Such aggregates are not fully denatured
until samples are heated at 55°C (30). When samples con-
taining the same numbers of virions as in Fig. 3A (lanes 6 to
9) were reacted against rabbit antiserum after blotting to
nitrocellulose, a band at the position of purified endo-N (Fig.

FIG. 3. Western blot analysis of KIF virions. (A) Coomassie
blue-stained profile of purified endo-N (lanes 2 and 3) and K1F (lanes
4 to 9) fractionated on a denaturing 7.5% separating gel. The stacking
gel was 5%. Samples were heated in sample buffer at 90°C prior to
electrophoresis except for the sample of endo-N in lane 2, which was
heated at 37°C. The titers of K1F loaded were 2 X 10'! (lane 4), 1 X
10! (lane 5), 5 x 10 (lane 6), 2.5 X 10'° (lane 7), 1.25 x 10 (lane
8), and 6.25 x 10° (lane 9). Sizes of molecular weight markers (lane 1)
are shown in kilodaltons by the numbers at the left. (B) Assay in
which K1F, at the same titers as in lanes 6 to 9 in panel A, was blotted
to nitrocellulose (lanes 1 to 4, respectively) and probed with rabbit
anti-endo-N antiserum. Purified endo-N is shown in lane 5.
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FIG. 4. Evidence that K1F shares eIi)itopes with a 74-kDa
polypeptide from PK1E. Approximately 10! K1F (lane 3) or PK1E
(lane 4) virions were fractionated by denaturing gel electrophoresis
and stained for protein with Coomassie blue. A sample of purified
endo-N is shown in lane 2. Prestained molecular weight markers are
shown in lane 1; their sizes in kilodaltons are indicated by the
numbers at the left. Samples identical to those shown in lanes 1 to 4
were blotted to nitrocellulose and incubated with anti-endo-N anti-
serum prior to colorimetric detection of the bound secondary
antibody (lanes 5 to 8).

3B, lane 5) was detected (Fig. 3B, lanes 1 to 4). Together
with the data in Fig. 2, these results unequivocally demon-
strate that soluble endo-N is a component of the K1F tail
apparatus.

PKI1E endo-N holoenzyme was reported to be composed
of 74- and 38.5-kDa polypeptides (40), suggesting major
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differences between it and the K1F enzyme (12). Figure 4
shows the electrophoretic profiles of K1F (lane 3) and PK1E
(lane 4) virions. Western blot analysis demonstrates that
antiserum raised against K1F endo-N detects only the 74-
kDa species from PKIE (Fig. 4, lane 8). The failure to detect
a lower-molecular-weight species suggests that the 38.5-kDa
band previously observed in PK1E endo-N preparations (40)
may be a contaminant. Alternatively, the smaller component
may be a subunit of the PKIE tail apparatus that copurifies
with endo-N. There is no evidence indicating whether both
74- and 38.5-kDa components are required for catalysis. We
conclude -that K1F and PKIE endo-N are antigenically
related despite differences in overall molecular weight and
possible holoenzyme structures.

DNA sequencing and derived primary structure of endo-N.
To learn more about the structure of endo-N, we initiated
efforts to clone the endo-N structural gene from K1F DNA.
Inserts from positive recombinant phage were subcloned
into the Smal site of pUCI8 after EcoRI overhangs were
filled in with T4 polymerase (26). The open reading frame
predicted to encode gp102 was confirmed by sequencing the
first 29 amino acid residues of purified endo-N (Fig. 5).
Endo-N lacked the predicted N-terminal methionine residue;
otherwise the observed peptide sequence, except for one
misidentified residue, matched perfectly with the DNA se-
quence (Fig. 5). These results defined a reading frame in the
nucleotide sequence (bp 1 to 1990) that could encode an
~70-kDa polypeptide. Since denaturing gel electrophoresis
indicated that endo-N was 102 kDa (Fig. 1, 3, and 4), we
concluded that fusions encoding the C-terminal portion of

-1 Promoter ) s.D.
TTGC TTGGAATGTTTGAGG AGCAAGGCATCCACA  TCAAGGAQTAAACTA A AGGAAAQ GGAGGCGCTACCATA  GGTCTCCGCTTAAAT CAClATA -109

1
ATGTCCACGATTACA CAATTCCCTTCAGGA AACACTCAGTACAGG ATTGAGTTCGACTAC CTAGCCAGAACGTTT  GTTGTTGTTACGCTG GTGAATAGCTCTAAC
MetSerThriieThr GlnPheProSerGly AsnThrGinTyrArg [IleGluPheAspTyr LeuAlaArgThrPhe ValValValThrLeu ValAsnSerSerAsn

CTTAACCCAACGATG ATTGAGATGTTGGTG GACCAATCAGGTTTC GACATCGTTCGTATT  CACCGTCAGACTGGG ACTGACTTAGTGGTA GACTTCAGGAATGGC
LeuAsnProThrMet IleGluMetleuval AspGlnSerGlyPhe AsplleValArglle HisArgGlnThrGly ThrAspLeuvalVal AspPheArgAsnGly

ATCCATATTGCAGAA GAAGGTCGAGACCAA ACGGTTGACTTAGCG AAGGAATATGCCGAT  GCTGCTGGTAGCTCT  GCTGGCAACGCTAAG GATAGCGAGGACGAA
[leHisTleAlaGiu GluGlyArgAspGln ThrValAspleuAla LysGluTyrAlaAsp AlaAlaGlySerSer AlaGlyAsnAlalys AspSerGluAspGlu

TATATGACCCGTCGC TCCTTCGAGAAAGGC TACAACGTTACAACA  TGGAGCGAGGTCCTG  CTATGGGAAGAGGAT  GGTGATTATTACCGC TGGGATGGTACGCTT
TyrMetThrArgArg SerPheGlulysGly TyrAsnValThrThr TrpSerGluValleu LeuTrpGluGluAsp GlyAspTyrTyrArg TrpAspGlyThrieu

ATTGGATTAGGTGCG TGGGTTAGTGTTGGT GATGCTGCTTTAAGA AGTCAGATTTCAAAC  CCGGAAGGGGCAATA  CTCTACCCTGAATTA CATAGAGCACGCTGG
IleGlylLeuGlyAla TrpValSerValGly AspAlaAlaleuArg SerGlnlleSerAsn ProGluGlyAlalle LeuTyrProGluleu HisArgAlaArgTrp

GTCACTGATGATACA GCAGCGTTAACGAGC GCATTAAACGACACA CCGGTTGGACAAAAG  ATTAATGGCAATGGG  AAGACATATAAGGTC ACATCCCTGCCTGAC
ValThrAspAspThr AlaAlaleuThrSer AlaleuAsnAspThr ProValGlyGlnLys IleAsnGlyAsn6ly LysThrTyrLysVal ThrSerLeuProAsp

GGACAACCTCTTTAT TATGCCTCTGAAGAA TTTGTTCAGGGTGAG CTATTCAAAATAACG GACACCCCTTATTAC AATGCGIGGCCTCAG GATAAAGCGTTCGTA
GlyGInProLeuTyr TyrAlaSerGluGlu PheValGInGlyGlu LeuPhelysIleThr AspThrProTyrTyr AsnAlaTrpProGln AspLysAlaPheVal

GGTGTTAGTCGTCTG CATGTATCATGGGTT AAGTCTGGTGATGAT GGTCAAACATGGTCT  ACTCCAGAGTGGTTA  ACTGATCTGCATCCA GATTACCCTACAGTG
GlyvValSerArgleu HisValSerTrpVal LysSerGlyAspAsp Gly6InThrTrpSer ThrProGluTrpteu ThrAspLeuHisPro AspTyrProThrval

GCCATGATTGAAACA CGTACCTTAGCCAAG  AACGCATTAACCAAT  TGTGCATTGTGGGAT CGCCCCATGTCTCGT  AGCCTGCATCTTACT GGTGGTATCACTAAA
AlaMetIleGluThr ArgThrleuAlalys AsnAlaLeuThrAsn CysAlaLeuTrpAsp ArgProMetSerArg SerLeuHisLeuThr GlyGlylleThrlys

CTATTCGTGGGTGAT TTTGTTAACTTCTCT AATTCTGCGGTAACA GGTGTATCCGGTGAT  ATGACTGTTGCAACC GTAATAGATAAGGAC AACTTCACGGTTCTT
LeuPheValGlyAsp PheValAsnPheSer AsnSerAlavalThr GlyValSerGlyAsp MetThrValAlaThr VallleAspLysAsp AsnPheThrValleu

TGGCACATGGGTACT TCTTTCCATAAGTCT CCATGGCGTAAGACA GATCTTGGTCTAATC CCTAGTGTCACAGAG GTGCATAGCTTTGCT ACTATTGATAACAAT'
TrpHisMetGlyThr SerPheHisLysSer ProTrpArgLysThr AspleuGlyleulle ProSerValThrGlu ValHisSerPheAla ThrlleAspAsnAsn

GTTGGGCTTTTCTAC TTCCCTGATGCTTTC AATAGCCCATCTAAT  TATGTTCGTCGTCAG ATACCATCTGAGTAT  GAACCAGATGCG6TCA GAGCCGTGCATCAAG
ValGlylLeuPheTyr PheProAspAlaPhe AsnSerProSerAsn TyrValArgArg6ln IleProSerGluTyr GluProAspAlaSer GluProCysllelys

GATAGACTAGGTAGC TCTTTGCATCGTAGT AGAGACATAGGTCAG ACTTGGGAGTCACTG AGATTTCCACATAAT  GTTCATCGTACTACA TTACCTTTTGCTAAA
AspArgleuGlySer SerLeuHisArgSer ArgAsplleGlyGln ThrTrpGluSerLeu ArgPheProHisAsn ValHisArgThrThr LeuProPheAlalys

GAATGGGAAGCAGGT GCACCAGATGATCGT TACAAGGCATCTTAT  CCTCGCACCTTCTAT  GCACGCTTGAATGTA  AACAATTGGAATGCA GATGATATTGAATGG
GluTrpGluAlaGly AlaProAspAspArg TyrLysAlaSerTyr ProArgThrPheTyr AlaArglLeuAsnVal AsnAsnTrpAsnAla AspAsplleGluTrp

GGTGTAGGTGTTGGT TCGGTAGTTGTGAAG GATAATTACATCTAC TACATGTTTGGTGGA GAGGACCATTTTAAC CCATGGACATATGGA GATAACTCAGCGAAA
GlyvalGlyvalGly SerValvValVallys AspAsnTyrlleTyr TyrMetPheGlyGly GluAspHisPheAsn ProTrpThrThyGly AspAsnSerAlalys

AAAATGAAGATTGGC CCAGACAATCGTGTT TCCAGAGATTTCAGA TATGGTGCTGTACCC AACAGAGCTGTTCCC GTGTTTTTTGATACG AATGGGGTTCGCACT
LysMetLysIle6ly ProAspAsnArgVal SerArgAspPheArg TyrGlyAlavValPro AsnArgAlavValPro ValPhePheAspThr AsnGlyValArgThr

GTGACCATTAGAGCC AGCACCAGTAGTAAC ATTCGCTCTGAAGTT  TTAATGGAAGGTGAA TATGGGTTTATCGGG AAATCTATACCGACT GATAACCCGGCAGGG
valThrileArghla SerThrSerSerAsn IleArgSerGluVal LeuMetGluGly6lu TyrGlyPhelleGly LysSerIleProThr AspAsnProAlaGly

GGCGCACAGATTACG CTATATGGTGCAAAT AACACCGACTCAAGG CGAATAGTTTACAAC GGAGATGAGCATCTA  TTTCAGAGTGCTGAT GTTAAGCCTTATAAC
GlyAlaGInIleThr LeuTyrGiyAlaAsn AsnThrAspSerArg ArgllevaiTyrAsn AspAsnValThrAla LeuGlyGlyProSer AsnArgPheThrThr

1
GCATACCTCGGAAGC AACCCTATTGTTACT TCTAACGGGGGAGGA GGAAAACAGAGCCGG TAG’TTTTTGATGATG CTTTCCTGGATGCCT GGGGTGACGTTCACT

AlaTyrleuGlySer AsnProllevalThr SerAsnGlyGlyGly 6lyLysGinSerArg

ATGCTCGTATTCACT TCGGGGTTATTGCTC AGCAAATTCGTGATG TATTCATTGCTCATG GTCTGATGGATGAAA  ACAGTACGAATTGTC GTTATGCTGTTCTGT

ATGAAATCGTTGAAC ACACTGAC GTAATGTCACTACTA  CGGAAGAACTGTGTA  CAC +300

CCTACCCTGAACCGT  GTACTGGAAGTTGGT CGAGATTACCGATTC
ProThrLeuAsnArg ValleuGluValGly ArgAspTyrArgPhe 150

TCAGTGTTGACAGCT ~ AGTGACCTGACCACT GCAGAGCTTCAGGCT 300
SerValleuThrAla SerAspleuThrThr AlaGluLeuGlnAla

GCACGACGAATCGCT  GAGAGTATCAGGGCA GCTGGTCTAATTGGT 450
AlaArgArglleAla GluSerlleArgAla AlaGlylLeulleGly

CCAAAGAACGTTCCT  GCTGGTTCAACTCCT GAAACTTCCGGTGGG 600
ProLysAsnvValPro AlaGlySerThrPro GluThrSerGlyGly

CTTGATGAAAAAGAT  GCTCGTGGTTGGGGT GCTAAAGGGGATGGT 750
LeuAspGluLysAsp AlaArg6lyTrpGly AlalysGlyAspGly

ATTAGTCGCTTCATC  AACACTCGTTTCGTT TATGAGCGCATTCCC 900
TleSerArgPhelle AsnThrArgPheVal TyrGluArgllePro

TATGAGAATGTGATA  TATGCACCTTACATG GGTAGCGATCGTCAT 1050
TyrGluAsnVallle TyrAlaProTyrMet GlySerAspArgHis

AACTATCATTGTATG AGTATGGGTGTATGT CGCAACCGTCTGTTT 1200
AsnTyrHisCysMet SerMetGlyValCys ArgAsnArglLeuPhe

GCTGCAAATCAGCGA  TATGCAACAATACAT GTACCAGACCACGGA 1350
AlaAlaAsn6lnArg TyrAlaThrileHis ValProAspHisGly

ACACCCAACCAGCAG ACTTCAGATTTGAAT  AACGCTGGAAAGAAT 1500
ThrProAsnGInGIn ThrSerAspLeuAsn AsnAlaGlylLysAsn

GGCTTTGCTATGGGC TATCATCAAGGTGAT GTAGCTCCACGAGAA 1650
GlyPheAlaMetGly TyrHisGlnGlyAsp ValAlaProArgGlu

TACTATGACGGTGTA  TTATACCTTATCACT CGTGGCACTCGTGGT 1800
TyrTyrAspblyval LeuTyrLeulleThr ArgGlyThrArgGly

GTAGGGGATGACCTT  ATTATGTTTGGTTCA  GAACGTGCAGAAAAT 1950
ValGlyAspAspleu IleMetPheGlySer GluArgAlaGluAsn

GTTAACATCACTGAC CAGATTTATCAGGGC GGAATAGTTAACTCA 2100
ValAsnlleThrAsp GlnlleTyrGlnGly GlylleValAsnSer

GACCCATTCAAATCG GATGGTCACCCCTCG GATTTGTATTGCTAC 2250
AspProPhelysSer AspGlyHisProSer AsplLeuTyrCysTyr

GTTCCTGCGCCAATG  GAATTTACAGGGGAT  TTGGGTTTAGGTCAT 2400
ValProAlaProMet GluPheThrGlyAsp LeuGlylLeuGlyHis

CAGCGCATCATATTT  TGCGGGGGTGAAGGC ~ACCAGTTCAACGACT 2550
GInArgllellePhe CysGly6lyGluGly ThrSerSerThrThr

GATAACGTCACTGCG CTTGGTGGGCCTAGC ~AACCGTTTCACCACT 2700
GlyAspGluHisleu PheGInSerAlaAsp VallysProTyrAsn

ACATCATGTACCAGT GGTTAGATGCTGTTC ~ AACTGAAAGGCAATG +87

GCTATGACAAGTATC  CACGGATGACCGATA  CGGTATTTTCGCACA  +237

FIG. 5. Nucleotide sequence and genetic organization of gl/02 and the derived primary structure of gpl02. Endo-N structural gene
sequences plus 5’ and 3’ noncoding regions are numbered as described in the text. S.D. (Shine-Dalgarno) indicates potential ribosome-binding
sites (45) for g/02 and an apparent open reading frame beginning at +276. The potential g/02 promoter is boxed. Underlined amino acid
residues represent results of N- and C-terminal peptide sequencing. Dots indicate ambiguous assignments.
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the enzyme were not represented in the K1F library or were
nonimmunogenic.

Treating KIF DNA with Sau3A consistently gave six
major digestion products plus numerous apparent partial
fragments. We have no completely satisfactory explanation
for this incomplete digestion pattern, although the partial
fragments may represent differentially modified and thus
endonuclease-resistant DNA subpopulations in K1F lysates.
One partial Sau3A fragment of ~5 kb hybridized weakly to
probe 3 but not to probe 2. The size of this fragment
indicated that it could contain an end of the phage genome,
since g/02 was mapped toward one end of the K1F genome
(data not shown). Furthermore, since probe 3 fortuitously
contained a Sau3A site, we concluded that this partial
fragment included one end located in gl02, plus sufficient
downstream DNA to include the 3’ end of gl02, which
apparently was not represented in the K1F genomic library.
This fragment was isolated from agarose gels and ligated
with BamHI-digested pUC18. Although numerous white
colonies were detected on plates containing X-Gal, the
resident plasmids in these transformants had suffered dele-
tions into lacZ and consequently contained no K1F DNA.
Ligation was repeated, and the resulting transformants were
subjected to colony hybridization against probe 3. Two
positive clones were detected, each of which contained
identical 1.6-kb inserts. DNA sequencing demonstrated that
the gl02-distal end of the insert was ligated to vector DNA.
We concluded that the K1F-derived partial fragment was
ligated at its gl02-proximal Sau3A site into one side of
BamHI-digested pUC18 but that either the fragment lacked a
second Sau3A site or downstream DNA sequences were not
tolerated by the recipient. In either case, KIF DNA was
apparently excised in vivo, and a shortened religation prod-
uct was generated by the host bacterium. The possibility that
KIF DNA in this region of the genome formed unstable
structures would explain the absence of these sequences
from our gene library.

DNA sequencing was completed with oligonucleotide
primers complementary to g/02 sequences. The complete
8102 sequence could encode a calculated 102,024.1-Da gene
product (Fig. 5) with an estimated plI of 5.41, in reasonable
agreement with the plI of 5.8 measured by isoelectric focus-
ing of endo-N in polyacrylamide gels (48). Further evidence
that g/02 encoded endo-N came from carboxy-terminal
peptide sequencing. Carboxypeptidase P first released Arg,
followed by Ser, Glx, and Lys before results could no longer
be interpreted. This pattern of amino acid release is consis-
tent with the predicted C-terminal primary sequence derived
from nucleotide sequencing (Fig. 5).

Potential control elements in g/02 5' and 3’ noncoding
regions. As shown in Fig. 5, a typical prokaryotic ribosome-
binding site (51) is located 4 bp from the predicted AUG
translational start codon of g102 (bp 1 to 1260). The available
upstream sequence (bp —1 to —109) included a putative
promoter (Fig. 5) with homology to the consensus sequence
of phage promoters recognized by T7 RNA polymerase (8).
The potential g/02 promoter is similar to the consensus T7
promoter sequence, especially in the region that is thought to
be functionally equivalent with the bacterial Pribnow box
(19), strongly suggesting that K1F transcription depends on
a phage-specific RNA polymerase. Computer-assisted anal-
ysis of the g/02 3' noncoding sequence (bp +1 to +300 in
Fig. 5) identified two sets of inverted repeats that could form
stable hydrogen-bonded secondary structures. The energet-
ically more favorable repeat (—14 kcal [—58.6 kJ])/mol)
includes the 53 nucleotides centered around bp +148 (Fig.
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FIG. 6. Evidence that the PK1E homolog of K1F gl02 has a
different transcriptional organization. Total RNA from duplicate
cultures of EV36 infected with K1F (lanes 1 and 2) or PKIE (lanes
3 and 4) and RNA from uninfected cells (lanes 5 and 6) were
extracted for Northern hybridization analysis with probe 1. Num-
bers at the left indicate the sizes in kilobases of RNA standards.

5). Since another ribosome-binding site, but no putative
promoter, was located 3' of the inverted repeat, it is likely
that g102 is the first gene transcribed from a K1F operon in
which hairpin structures function as cis regulatory elements,
as previously observed in the T7 system (8). Similarities
between the sizes, shapes, and genetic organizations of K1F
and T7 thus indicate that these viruses are at least function-
ally related.

To support our suppositions about transcriptional organi-
zation, total RNA was extracted from K1F-infected cells and
subjected to Northern hybridization analysis with probe 1.
The signal observed at about 5 kb (Fig. 6, lanes 1 and 2) is
consistent with transcription beginning at a g/02 promoter
and continuing toward the end of the K1F genome; lower
bands may represent breakdown products of this initial
multicistronic message. In contrast, RNA from PKI1E-in-
fected cells gave one signal at 3.5 kb (Fig. 6, lanes 3 and 4),
indicating a transcriptional organization of the PKI1E gl02
homolog that is different from K1F’s. Cross-hybridization
between PK1E mRNA and the K1F-derived probe demon-
strates that the antigenic similarity between endo-N from
these phage extends to homologies at the DNA level.

Domainal organization of endo-N. When the derived pri-
mary structure of gp102 was queried against all sequences in
version 26 of the Protein Identification Resource data bank
(10), the first 113 N-terminal amino acid residues matched
with a similar N-terminal region of phage T7 and T3 tail
proteins. Endo-N was 40% identical with gpl7 and 60%
similar when conservative changes were considered (Fig. 7).
Since the comparable domain of gpl7 appears to mediate
binding of this tail protein to the T7 virion’s head (39), we
suggest that the homologous region of gpl02 may also
function in attachment of endo-N to the KI1F virion. Al-
though the supraquaternary structures of endo-N and T7 tail
proteins revealed by transmission electron microscopy ap-
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Endo-N MSTITQFPSGNTQYRIEFDYLAHTFVVVTLVNSSNPTLNRVLEVGR 46
T7 MANVIKTVLTYQLDGSNRDFNlPFEYLARKFVVVTLI GVDRKVLTINT 48
Endo-N DYRFLNPTMIEM LVDQSGFDIVRTHR QTGTDLVVDFRNGSVLTA 20
T7 DYRFATRTTISLTKAWGPADGYTTIELRRVISTTDHLVDFTDGSILRA 96
Endo-N SDLTTAELQXIHIAEEGRD&TVD 113
T7 YDLNVAQIQTMHVAEEARD LTTD 119

FIG. 7. Homology among N-terminal domains of the tail proteins from phage T3, T7, and KI1F. Tail proteins gp102 ‘(endo-N) and gpl7 (T7)
were aligned to maximize identities (vertical lines). Gaps introduced by the computer program are indicated by hyphens. Double dots indicate
conservative changes. Numbering is from the N-terminal methionine residues. The tail protein of phage T3 (not shown) is identical to the

comparable region of T7 (19).

pear to be quite different (Fig. 2A and reference 39), homol-
ogous N-terminal domains are likely to serve similar mor-
phogenetic functions in phage tail assembly.

The N-terminal domain of endo-N is separated from
successive regions by a glycine-rich potential hinge se-
quence encoded by bp 595 to 612 (Fig. 5). A similar hinge-
like structure has been described in the T7 tail protein (39).
Residues 313 to 700 of endo-N (Fig. 5) were 8% identical and
25% similar to sea urchin embryo aryl sulfatase (36), with no
gaps in the alignment (30). Jumble analysis under different
alignment parameters gave z scores for the true alignment
ranging from 3.7 to 4.2, indicating that the alignment of
endo-N with aryl sulfatase may be significant. Since both
endo-N and aryl sulfatase recognize polyanionic substrates,
PSA and chondroitin sulfate (36), respectively, the minimal
primary sequence similarity may indicate common structural
features that are important for the interactions of these
enzymes with negatively charged substrates. The hydro-
philicity profile of gpl02 (not shown) indicates a water-
soluble polypeptide, consistent with the behavior of endo-N
holoenzyme during purification from KIF lysates and its
electrophoretic characteristics under nondenaturing condi-
tions (this study; 12, 48).

The central endo-N domain is separated from its C-termi-
nal region by a second hinge-like sequence encoded by bp
2101 to 2127 (Fig. 5). This putative domain is apparently not
required for catalysis, and it is absent from the PKIE
homolog, as shown by hybridization of probe 3 but not probe
4 to restriction digests of PK1E DNA (data not shown). To
better define the relationship between K1F and PK1E, DNA
was purified from each virus and analyzed by the Southern
hybridization technique with K1F-derived probes specific to
gl102 sequences or that would detect all KIF DNA se-
quences. As shown in Fig. 8A (lanes a to f), the g/02-specific
probes 5 and 1 hybridized to restriction fragments containing
gl102 sequences. Also as expected, probe 6 detected all K1F
sequences (Fig. 8A, lanes g to i). In contrast, probe 6
hybridized to the same set of PKIE restriction fragments
(Fig. 8B, lanes g to i) that were detected by the gl02-specific
probes (Fig. 8B, lanes a to f). Therefore, the only sequences
with high homology between KI1F and PKIE are those
encoding endo-N. These results indicate that except for the
common host range specified by endo-N, K1F may be no
more closely related to PKIE than it is to T7. Direct
sequence comparison with PKI1E and other Kl-specific
phage will be necessary to determine the exact relationships
among these phage.

DISCUSSION

The biochemical and molecular characterization of
endo-N reported in this communication required a simple

method for purifying the soluble enzyme. Previous methods
either yielded endo-N with low activity (40) or involved
multiple steps (12). The current method requires only three
chromatography steps after cell lysis and yields enzyme of
comparable or better electrophoretic purity than that ob-
tained by our previously reported procedures (12, 43). The
critical steps in the modified procedure are DEAE chroma-
tography, which removes a partially active fraction, and
hydroxylapatite chromatography under conditions in which
endo-N is not retained by the column. Using these proce-
dures, other workers have also detected F-II (44), although it
is not known whether this form of the enzyme is produced
before or after cell lysis. The apparent coelution of F-II
endo-N with GroE suggests that these proteins could be
physically associated. Although endo-N purified by these
procedures appears homogeneous by protein staining. West-
ern blot analysis often reveals a smear of lower-molecular-
weight species (30) (Fig. 4, lanes 2 and 6). These species
presumably represent proteolytically nicked molecules that
can be removed by excising the major band after nondena-
turing gel electrophoresis and then subjecting it to electro-
elution. Although most endo-N preparations are stable when
stored in 50% glycerol at —20°C, occasional lots develop
detectable lower-molecular-weight apparent breakdown
products. Consequently, researchers using endo-N for in
vivo experiments should be aware of possible trace proteo-
lytic and, of course, ubiquitous endotoxin contamination.
Sensitive assays exist to assay for endotoxin, while endo-N
breakdown may be a suitable assay for trace protease
activity. These possible complications do not appear to be
significant factors in the use of endo-N for detection of PSA
in complex mixtures (43, 46, 47, 49).

The relatively small size of the K1F genome suggested
that cloning of the endo-N structural gene would not be
technically difficult. However, for reasons that are not
entirely clear, we were unable to isolate clones containing
sequences much past the 3' end of g/02 and thus had
difficulty in recovering predicted C-terminal coding se-
quences. The solution to this problem involved a series of
fortuitous in vivo cloning events. Our methods of library
construction and sequencing thus did not yield any clone
containing the intact endo-N structural gene, although con-
gruence between the molecular properties of endo-N and
those predicted by the g/02 open reading frame was sup-
ported by N- and C-terminal peptide sequencing. Further
confirmation that g/02 encodes endo-N came from amplifi-
cation of g/02 by a polymerase chain reaction using primers
complementary to flanking DNA sequences (Fig. 5) and
subsequent restriction analysis (3). Work is currently in
progress with clones containing the entire endo-N open
reading frame for anticipated expression studies. Although
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FIG. 8. Evidence that K1F and PK1E genomes share identical endo-N coding sequences but are otherwise dissimilar. Purified viral DNA
from K1F (A) or PKI1E (B) was digested with Sau3A (lane 1), Pvull and HindIII (lane 2), or Pvull and Bg/II (lane 3), blotted in triplicate to
nylon, and hybridized with probe 5 (lanes a to c), 1 (lanes d to f), or 6 (lanes g to i). A, phage A HindIII markers (sizes in kilobases are given

by the numbers at the left).

we detected synthesis of the expected 102-kDa gene product
when gl02 was subcloned into an expression vector, we
have not yet observed enzymatic activity, indicating post-
translational problems such as inclusion body formation or
defective folding or oligomerization of endo-N (3). In vivo
experiments showed that endo-N probably does not require
any maturative proteolytic processing steps, since no larger-
molecular-weight precursors were observed after Western
blot analysis of K1F-infected cells (30). Previous results
support endo-N holoenzyme being a dimer (30-32) or trimer
(12) of identical 102-kDa polypeptides.

The possibility that enzymatic activity requires another
gene product is unlikely, since highly active preparations
contain a single 102-kDa species (this study; 12, 43). While
endo-N from other K1-specific phage has not been studied in
any comparable detail, one report suggests that the PK1E
depolymerase is composed of noncovalently associated 74-
and 38.5-kDa polypeptides (40). Our results show that neu-
tralizing antiserum raised against purified K1F endo-N rec-
ognizes the 74-kDa gene product (Fig. 4). While the poly-
clonal antibodies in this serum effectively inhibit binding of
KIF or PKI1E to PSA, with velocity constants in the ranges
observed for phages T2, T3, T4, T6, and T7 (1), they had
little effect on hydrolysis of colominic acid (30), suggesting
that PSA-binding and catalytic sites may be separate. Alter-
natively, the size or spatial organization of PSA on the target
cell surface may account for the differential effects of anti-
serum on binding and catalysis. A recent study of certain
host range mutants of PK1E and PK1A suggests that binding
and hydrolysis of PSA could be uncoupled (28). Previous
studies of certain ¢!* mutants defective in- O-antigen hydrol-
ysis showed that they still bound receptor, although the

phage particles were no longer infectious (reviewed in refer-
ence 52). Clearly, an understanding of endo-/N binding and
catalysis will require detailed structural information of the
sort provided in this communication. Since K1F endo-N is
being used increasingly for investigating the function of PSA
in eukaryotic and prokaryotic systems (reviewed in refer-
ence 42), molecular analysis of this depolymerase should
also facilitate potentially novel future approaches (45).
Several microbial sialidases (neuraminidases; EC 3.2.1.18)
were recently sequenced (reference 16 and references cited
therein), and although endo-N’s primary structure had no
extensive similarity to the primary sequences of these en-
zymes, both sialidases and endo-N were predicted to have a
high percentage of B-sheet secondary structure (16, 30).
However, unlike sialidases, which cleave terminal sialyl
residues from glycoconjugates and polysaccharides, endo-N
cleaves sialyl residues in, minimally, «2,8-linked sialyl octo-
mers to yield shorter oligomeric products (9, 12, 30, 48, 49).
Nuclear magnetic resonance spectroscopy methods indicate
that PSA may be a tightly wound helix with ~1-nm pitch, or
about four sialyl residues per helical turn (53). Therefore,
since an endo-N limit digest of PSA produces oligomers
ranging in size from three to seven sialyl residues (30), it is
likely that the endo-N catalytic site is a minimum of 2 nm in
length to accommodate an octameric substrate. Earlier re-
ports (12, 29) that high concentrations of endo-N cleave
substrates smaller than an octomer and may release free
sialic acid after long incubation times may be suspect, since
trace contamination with exogenous sialidases could ac-
count for the observations. Conclusive evidence that endo-N
recognizes substrates smaller than an octasaccharide awaits
controls to unambiguously rule out contamination. Alterna-
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tively, different preparative methods may yield endo-N with
altered substrate specificities. In our hands, incubation of
highly purified endo-N with defined sialyl dimers through
pentamers, or with colominic acid, at enzyme concentra-
tions exceeding those used in a previous study (29) indicated
that an octomer was the smallest substrate (30). Further-
more, anti-PSA antibodies recognize a minimum of eight
sialyl residues (13), suggesting that both endo-N and anti-
bodies may interact with similar secondary structural fea-
tures of PSA. Knowledge of endo-N’s primary structure will
aid future investigations of substrate binding and the cata-
lytic mechanism.

Until a more complete molecular dissection of endo-N is
accomplished, our assignment of possible functional do-
mains is based largely on inference. Nevertheless, the ab-
sence of the C-terminal domain in PK1E endo-N shows that
this region of the K1F homolog may not be obligatory for
catalysis. Since it is apparently difficult to purify soluble
endo-N from Kl-specific phage other than KI1F (29), it is
reasonable to suggest that this domain stabilizes endo-N
against proteolytic or physical denaturation but is not other-
wise involved in catalysis. Similarly, homology of the
endo-N N terminus to T7 and T3 tail proteins implies that
this region also does not function directly in catalysis. It
should be relatively straightforward to better define the
endo-N catalytic domain by characterization of catalytically
defective mutants, which appear to arise spontaneously at a
detectable frequency (28).

As a component of the phage tail organelle, endo-N
specificity for PSA defines host range. However, there is no
a priori reason that these phage are otherwise related.
Indeed, the failure to detect homologous sequences, other
than g02, between K1F and PK1E implies that these phage
are not closely related, a conclusion which is further sup-
ported by the different protein profiles and transcriptional
organizations of g/02 and its PK1E homolog (Fig. 4 and 6).
Convincing evidence has been presented that otherwise
unrelated phage may share related tail proteins, indicating
horizontal gene transfer and promiscuous illegitimate recom-
bination of the genetic information for tail proteins driven by
intense host range selection (11). These observations en-
courage speculation on the origin of endo-N.

Presumably, the evolution of many phage structural genes
has an origin in bacteria (4). However, extracts of capsulated
and unencapsulated E. coli do not degrade PSA, nor has
depolymerase activity been detected in vertebrate tissues,
which often have high levels of PSA (42, 43, 49). While
failure to detect depolymerase other than in phage does not
exclude its existence in other sources, it is possible that
endo-N evolved from extant phage proteins near the time
when bacteria evolved PSA. This idea is consistent with
evidence that tail genes evolve faster than other phage genes
as a result of scrambling of genetic information, leading to
highly chimeric tail proteins (11). That the endo-N N termi-
nus is homologous with T7 and T3 tail protein N termini (Fig.
7) is consistent with K1F being a part of this phage family,
since N-terminal domains interact with other phage proteins
and do not change rapidly, while C-terminal domains inter-
act with host receptors and thus have a greater selective
pressure to change (11). The central and C-terminal domains
of endo-N are not homologous to any other known phage tail
proteins, nor do gl02 probes hybridize to E. coli genomic
sequences (30). Additional work is obviously needed to
better define the functions of endo-N structural domains and
to determine the evolution of this unique PSA depolymerase.

J. BACTERIOL.
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