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EDP208 conjugative pili contain a single polypeptide subunit of 11,500 daltons
with a blocked N-terminus. This N-terminal blocking moiety was identified as an
N-acetyl group by 1H nuclear magnetic resonance analysis of an N-terminal
tripeptide isolated from pronase digests of EDP208 pilin. Limited acid hydrolysis
of the tripeptide allowed its sequence to be determined as acetyl-NH-Thr-Asp-
Leu. Trypsin digestion of EDP208 pilin resulted in the quantitative release of a
fragment containing 12 residues from the N-terminus of the protein. The sequence
of this dodecapeptide was determined to be acetyl-NH-Thr-Asp-Leu-Leu-Ala-
Gly-Gly-Lys-Asp-Val-Asp-Lys.

EDP208 conjugative pili are encoded by a
derepressed derivative of a naturally occurring
lac plasmid, Folac, originally isolated from
Salmonella typhi (5). EDP208 pili are serologi-
cally unrelated to F pili and do not promote
infection by F-specific RNA bacteriophage (1,
3). However, they do confer sensitivity to the F-
specific filamentous DNA phages, and they pro-
mote bacterial conjugation (5). Armstrong et al.
(1) have shown that EDP208 pili contain a single
polypeptide subunit of 11,500 daltons with a
blocked N-terminus. Although it was originally
believed that EDP208 pili contain both sugar and
phosphate residues (1), recent studies indicate
that these moieties are not covalently linked to
the protein (2).

In the present communication, we identify the
blocking group on EDP208 pilin and the amino
acid sequence of 12 residues at the N-terminus
of the protein. This dodecapeptide is the primary
product released when EDP208 pilin is digested
with trypsin.

MATERIALS AND METHODS
Bacteria. The EDP208 plasmid was carried in the

host strain JC6256 (Escherichia coli K-12 F- trp lac).
EDP208 is the derepressed form of Fo lac (5) and was
kindly donated by N. S. Willetts. Department of Mo-
lecular Biology, University of Edinburgh, Edinburgh,
Scotland.

Purification of pili. The purification of EDP208 pili
was as described previously by Armstrong et al. (1).
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Dissociation of intact pili into pilin and gel filtration
through sodium dodecyl sulfate (SDS)-Sephadex G-
200 columns to remove tightly associated low-molecu-
lar-weight contaminants was as described previously
by Armstrong et al. (2). The resulting SDS-treated
pilin was subjected to acetone precipitation (2) to
remove detergent before digestion with proteolytic
enzymes.
Enzymatc _digestion of pilin. Trypsin, tolylsulfonyl

phenylalanyl chloromethyl ketone (TPCK), a-chymo-
trypsin, and pronase were purchased from Worthing-
ton Diagnostics (Freehold, N.J.). Digestion of pilin
with these enzymes was carried out in 0.1 M ammoni-
um bicarbonate (pH 8.5) for 8 to 18 h at 37°C. The ratio
of protein to enzyme for trypsin and chymotrypsin
digestion was 50:1 on a molar basis. The pronase
concentration was 1% by weight of the protein.

High-voltage electrophoresis. Purification of some
proteolytic digestion products was achieved by high-
voltage preparative paper electrophoresis (4) at pH 6.5
(3,000 V for 45 min). Side strips were cut off and
stained with cadmium-ninhydrin to localize peptide
bands, which were eluted with water from appropriate
regions of the filter paper.

Mobiflty and charge of peptides. The mobility of the
peptides was measured at pH 6.5 and is positive and
relative to Lys for basic residues and negative and
relative to Asp for acidic residues. The charge of a
peptide was determined according to Offord's (12)
mobility-molecular weight plots.
Edman degradation. Manual Edman degradations

were carried out by the method of Gray (8). Amino-
terminal residues were analyzed by the dansyl method
described previously by Hartley (9).
Amino acid analyses. Protein samples were hydro-

lyzed in vacuo at 110°C in 0.2 ml of constant boiling
hydrochloride. Peptide samples were routinely hydro-
lyzed for 16 h, and compositions were expressed as
mole ratios, neglecting those amino acids present in
amounts less than 0.2 mol. The amino acid analyses
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were performed with a Durrum D-500 automated ami-
no acid analyzer.

'H NMR spectroscopy. 270 MHz 1H nuclear magnet-
ic resonance (NMR) spectra were obtained on a
Bruker HXS-270 NMR spectrometer operating in the
Fourier transform mode and equipped with quadrature
detection. Spectral parameters were: 500 scans; sweep
width, ±2,000 Hz; 8,000 data points; 900 pulse (9
utsec); and line broadening, 0.5 Hz. All chemical shifts
are referenced to the methyl resonance of sodium 2,2-
dimethyl-2-silapentane-5-sulfonate (DSS), and the am-
bient temperature was 299 K.

RESULTS AND DISCUSSION

Isolation of blocked amino terminal tripeptide.
Five hundred nanomoles of EDP208 pilin was
purified by gel filtration chromatography as de-
scribed above, then digested with pronase (1%
by weight of the protein) for 18 h at 37°C in 0.1 M
NH4HCO3 (pH 8.5). The insoluble residue from
the digestion was removed by centrifugation at
2,000 x g for 10 min, and the soluble portion was
lyopohilized and redissolved in water three
times to remove NH4HCO3. The soluble pep-
tides were then dissolved in 1 ml of deionized
water and passed through a cation-exchange
column (0.8 by 7 cm) containing AG 50W X8
resin (50 to 100 mesh; Bio-Rad Laboratories,

N- Acetyl

Acetate

Richmond, Calif.). The acidic peptides were
eluted with 15 ml of water whereas the remain-
ing peptides were eluted with 15 ml of 1 M
ammonium acetate (pH 6.1). The water eluate
contained a tripeptide quantitatively removed
from the pilin which failed to react with ninhy-
din. Amino acid analysis showed the tripeptide
to contain Asp, Thr, and Leu in equimolar
amounts.

Identification of the N-terminal blocking group.
Approximately 500 nmol of the N-terminal tri-
peptide described above was subjected to 1H
NMR analysis to determine the nature of the
blocking group. As shown in the resulting NMR
spectra (Fig. 1), a resonance at 2.1 ppm indicat-
ed the presence of an N-acetyl moiety. This
assignment was made on the following basis. (i)
The resonance at 2.1 ppm is similar to the N-
acetyl resonance obtained with N-acetyl-Asp or
N-acetyl-Thr but different from that obtained
with free acetate added subsequently to the pH
6.6 sample (1.9 ppm). (ii) Adjusting the pH of the
sample from 2.0 (not shown) to 6.6 caused a
large chemical shift of the free acetate reso-
nance, whereas the N-acetyl resonance shifted
only slightly downfield. It was concluded that
EDP208 pilin contains an N-acetyl blocking
group at its amino terminus. The 1H NMR

pH 6.6

I -L

pH 4.0

CH3

DSS

2.0 1.5 1.0 0.5 0.0 -0.5 PPM

FIG. 1. 270 Mhz 'H NMR spectra of the N-terminal tripeptide of EDP208 pilin. Approximately 500 nmol of
tripeptide was dissolved in 400 ,ul of 99.8% D20 (Bio-Rad) containing 5 mM imidazole as a buffer and 0.05 mM
DSS as an internal standard. Spectra were obtained at pH 6.6 and 4.0. Sodium acetate (0.1 mM) was added to the
spectrum at pH 6.6.
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spectra also indicated that the N-terminal tripep-
tide (Asx, Thr, Leu) contains Asp rather than
Asn (based on the fact that the Asp ,B protons
would not titrate and that the 13 protons shifted
with added Yb3+ [see below]).

Sequence of EDP208 N-terminal tripeptide.
The sequence of the amino terminal tripeptide
was deduced by analyzing the products of a
limited acid hydrolysis (1 h at 110°C in 0.03 M
HCI in an open tube). Separation of the hydroly-
sis products by paper electrophoresis at pH 6.5
(Fig. 2) produced three spots with mobilities of
0.53 (spot 1), 0.67 (spot 2), and 0 (spot 3). The
spots were eluted from the electropherograms as
described above and analyzed for amino acid
composition. Spot 1 contained Thr, Asp, and
Leu (1:1:1); spot 2 contained Thr and Asp (1:1);
and spot 3 contained only Leu. Since dansyla-
tion of spot 1 showed Thr to be the amino
terminal residue, it was deduced that the se-
quence of the EDP208 N-terminal tripeptide is
acetyl-NH-Thr-Asp-Leu.

This sequence was verified, using 1H NMR in
the presence of the paramagnetic shift probe
Yb3+. Ions such as Yb3+ markedly affect the
magnetic environment of nuclei within their vi-
cinity, producing shifts in line positions and
altered relaxation rates. The effect on chemical
shifts decreases as a function of the distance
between the proton and the Yb3+ ion. Since
Yb3+ binds to carboxyl groups, titration of the
tripeptide with this ion allowed the distance
between the carboxyl groups and characteristic
protons to be determined. This suggested that
the sequence of the tripeptide was acetyl-NH-
Thr-Asp-Leu, confirming the sequence deduced
from analysis of partial acid hydrolysis prod-
ucts.

Isolation of tryptic peptides from EDP208 pilin.
The purified pilin monomer (2.5 ,umol) was
digested for 18 h with TPCK-trypsin as de-
scribed above. The insoluble portion was pellet-
ed by centrifugation (2,000 x g for 10 min),
whereas the soluble peptides were fractionated
on a Bio-Gel P4 column (100 mesh; 1 by 100 cm;
exclusion limit, 4,000 daltons), using 0.1 M
NH4HCO3 as a buffer.

Aliquots (2 ,ul) were removed from even-
number fractions (0.5 ml) and spotted on a
Polygram Cel 400 nitrocellulose thin-layer sheet
(20 by 20 cm) (Brinkmann Instruments, Inc.,
Westbury, N.Y.) 6 cm from one edge of the
sheet. After electrophoresis at 500 V for 45 min
with 8% formic acid-2% acetic acid (pH 2.1) in
the electrode chambers, the electropherogram
was stained with the cadmium-ninhydrin reagent
(4).
Three peptides were eluted from the P4 col-

umn and labeled ET1, ET2, and ET3. ET2 and
ET3 coeluted from the P4 column and were
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FIG. 2. Scale drawing of paper electropherogram
of partial acid hydrolysis products of the EDP208 N-
terminal tripeptide. Twenty to thirty nanomoles of
peptide was applied to the origin, and electrophoresis
was carried out with 10%o pyridine-0.3% acetic acid
(pH 6.5). The conditions were 3,000 V for 45 min. The
spots were visualized with cadmium-ninhydrin spray.
The mobilities of spots 1 and 2 were calculated relative
to the distance between the center of the neutral spot
(spot 3) and the top of the Asp spot. Standard (S2)
contained Pro, Ile, Ser, Ala, His, Lys, Glu, Asp,
methionine sulfone (Mes), and cysteic acid (Cya). Ori,
Origin.

separated by high-voltage preparative paper
electrophoresis at pH 1.8, using Whatman 1MM
paper. When thin-layer electrophoresis and nin-
hydrin detection were used to monitor column
fractions, minute amounts of free amino acids
and possibly dipeptides were detected in frac-
tions eluting later than those containing ET1,
ET2, and ET3. These trace contaminants were
not detectable by standard amino acid composi-
tional analysis.
A summary of the properties and amino acid
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TABLE 1. Summary of properties and amino acid compositions of tryptic, chymotryptic and pronase
peptides derived from EDP208 pilin

Yield Mobility Net No. ofPeptide (%)a (pH charge' residues Amino acid composition and sequence datad

ET1 79.9 -0.43 -2 12 Acetyl-Thr-Asp-Leu-Leu-Ala-Gly-Gly-Lys-Asp-Val-Asp-Lys
1.1 1.0 1.0 1.0 1.1 1.0 1.0 0.9 1.0 1.0 1.0 0.9

ET2 12.0 -0.30 -1 8 Acetyl-Thr-Asp-Leu-Leu-Ala-Gly-Gly-Lys
1.2 1.0 1.0 1.0 1.0 0.9 0.9 0.9

ET3 6.5 -0.46 -2 4 Asp-Val-Asp-Lys
1.2 0.9 1.2 1.0

ETlCH1 95.9 NDe -1 4 Acetyl-Thr-Asp-Leu-Leu
1.0 1.0 1.0 0.6

ET1CH2 76.8 0 0 9 Leu-Ala-Gly-Gly-Lys-Asp-Val-Asp-Lys
0.3 1.1 1.1 1.1 1.0 1.0 0.9 1.0 1.0

EP1f 93.0 ND -1 3 Acetyl-Thr-Asp-Leu -
1.0 1.0 1.0

a Yields of peptides are based on nanomoles of EDP208 pilin taken for tryptic digestion.
b Electrophoretic mobilities are relative to Asp at pH 6.5.
c Net charges were calculated from Mr and mobility by the method of Offord (12).
d Amino acid compositions are in molar ratios. The notation -. is for sequence determination by the dansyl-

Edman procedure. The notation is for sequence determination by a combination of 'H NMR and amino acid
analysis of partial acid digestion products.

' ND, Not determined.
f N-terminal peptide generated by pronase digestion of ETI. See text for details.

compositions of peptides ET1, ET2, and ET3 is
shown in Table 1. Both ET1 and ET2 had
blocked amino terminals and were considered to
represent related peptides derived from the ami-
no terminal of the protein. To confirm this, 100
nmol of ET1 was digested with pronase, and the
acidic peptides were isolated by cation-ex-
change chromatography as described above. As
expected, amino acid analysis and partial acid
hydrolysis studies showed the water eluate to
contain the acetylated amino terminal tripeptide
EP1.
Amino acid sequence determination of tryptic

peptide ET1. Chymotrypsin digestion of peptide
ET1 for 8 h as described above generated a
single ninhydrin-reactive peptide (ET1CH2) and
a blocked N-terminal peptide (ET1CH1).
ET1CH2 was purified by high-voltage prepara-
tive paper electrophoresis at pH 1.8, whereas
the acidic N-terminal peptide was purified by
cation-exchange chromatography. Amino acid
composition analysis of ETlCH1 indicated that
this was the N-terminal tetrapeptide containing a
Leu residue in position four. Peptides ET3 and
ET1CH2 were sequenced manually, using Ed-
man degradation and dansylation as described
above. The results of the sequencing studies are

summarized in Table 1. It may be seen that the
sequence of ET1 was deduced to be acetyl-Thr-
Asp-Leu-Leu-Ala-Gly-Gly-Lys-Asp-Val-Asp-
Lys. In a separate study, Worobec et al. (14)
confirmed the accuracy of this sequence by
showing that synthetically prepared ET1 is

strongly antigenic toward antipilus antiserum,
whereas antibodies raised against the synthetic
peptide react strongly with native pili.
Table 2 shows the amino acid compositions of

the soluble and insoluble fractions derived from
trypsin digests of EDP208 pilin. A total composi-
tion for the intact pilin is also shown, as well as

TABLE 2. Amino acid compositions of the soluble
and insoluble fractions derived from trypsin digests

of EDP208 pilin

Amino EDP208 pi- Trypsin in- Trypsin N-Terminal
acid lin (no.) soluble soluble dodecapep-

(no.) (no.) tide (no.)

Lys 7 5 2 2
His 0 0 0 0
Arg 2 2 0 0
Asp 10 7 3 3
Thr 12 11 1 1
Ser 2 1 0 0
Glu 2 1 0 0
Pro 0 0 0 0
Gly 11 9 2 2
Ala 9 8 1 1
1/2 Cys 2 NDa ND 0
Val 10 8 2 1
Met 5 5 0 0
Ile 10 8 0 0
Leu 12 10 2 2
Tyr 2 2 0 0
Phe 7 7 0 0
Trp 0 0 0 0

a ND, Not determined.
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that of the N-terminal dodecapeptide. It may be
seen that trypsin treatment of EDP208 pilin
resulted in the quantitative removal of the N-
terminal dodecapeptide, with little else being
removed from the protein. Studies are in pro-
gress to characterize the trypsin-insoluble frac-
tion, using other proteolytic enzymes and cy-
anogen bromide cleavage.

It is of interest to compare the EDP208 N-
terminal pilin sequence with that of other types
of pilins. Whereas the EDP208 N-terminus con-
tains a high proportion of polar amino acids,
pilins derived from Pseudomonas aeruginosa
(13), Neisseria gonorrhoea (10), and Moraxella
nonliquifaciens (6) have a strikingly homologous
sequence of nonpolar amino acids in the N-
terminal region and the unusual amino acid N-
methylphenylalanine (7, 10). Three examples of
pilins with unblocked N-termini are type 1, K88,
and CFAII (11). The N-terminus of F pilin, on
the other hand, is acetylated (unpublished data).
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