with modified structures would be a useful
tool for clarifying protein-substrate interac-
tions. Furthermiore, scaling up the synthesis
of small proteins by our procedure is feasible
because the protected segments needed can
be rapidly prepared on the oxime resin.
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VirD2 Protein of Agrobacterium tumefaciens Very
Tightly Linked to the 5’ End of T-Strand DNA

Eric R. WARD* AND WAYNE M. BARNEST

The T-strand, a probable intermediate of Agrobacterium plant transformation, is bound
by a nondenaturable linkage to a protein moiety at its 5’ end. The protein is shown to
be the polypeptide VirD2, previously identified as a component of the T-DNA border
endonuclease that initiates T-strand production. T-strands from an Agrobacterium
strain expressing a virD2-lacZ fusion are bound to a protein of larger size than the
wild-type protein and are immunoprecipitable by antibody to B-galactosidase.

grobacterium tumefaciens CAUSES THE

neoplastic disease crown gall by

transforming the nuclear genome of
higher plants (1). The segment of DNA
transferred (the T-DNA) resides on the
large tumor-inducing (Ti) plasmid and is
flanked by short direct repeats called border
sequences (2). Six virulence (vir) loci, also
located on the Ti plasmnid, act on the T-
DNA in trans to promote its transfer to
plant cells (3). The vir genes are inducible by
crude plant exudates and by specific pheno-
lic compounds found therein (4). Agrobacter-
ium tumefaciens cells grown under vir-induc-
ing conditions produce single-stranded
copies of the lower strand of the T-DNA
called T-strands (5-7), which are thought to
be intermediates of plant transformation.
The first two open reading frames (ORFs)
of virD (virD1 and virD2) encode a site-
specific endonuclease that nicks the lower
strand of the border sequences (8-10), pre-
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sumably initiating T-strand production (5,
6, 10).

Because mating bacterial cells also pro-
duce single strands of the DNA to be trans-

A
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ferred (11), it has been suggested that Agro-
bacterium-mediated plant transformation
may be similar to conjugation. Recent ge-
netic evidence, showing that the mobiliza-
tion (mob) genes and origin of transfer
(oriT) of a mobilizable plasmid can substi-
tute for T-DNA border sequences (12), has
strengthened the case. In conjugation, one
of the mob-encoded proteins involved in ori T’
nicking is thought to bind covalently to the
5’ end of the nick and remain associated
with the conjugal plasmid strand (11, 13).
We show that the Agrobacterium T-strand is
bound tightly at or very near its 5’ end to a
component of the border endonuclease.
We developed a method to construct Ti
plasmids that bear tandem arrays of many

Fig. 1. (A) A schematic of

8.3 kb the tandem T-DNA array

- o o e = = =

- nos =p

carriecd by WAg20. Left

border sequences are desig-
nated by filled arrows (not

to scale). The open (rightmost) arrow is the right border of pTiT37 in its native

»  orientation and position next to the nopaline synthase gene (nos). The lower
strand breaks represent AS-induced border nicks. WAg20 was constructed by
mobilizing pEW27 (21) from E. coli strain S17-1 (22) to A. tumefaciens strain

s Vg

kb
14.7- . single-stranded DNA (5, 24).
11.2-

8.4~

6.7~ ‘

- e

-
14- &

WAgl7 (21). (B) An autoradiogram of a native DNA blot transfer (5, 23, 24) of
total DNA from AS-induced WAg20 cells. This type of transfer is specific for

Each lane contains 40 ng of total DNA, either

undigested (—) or proteinase K—digested (+) before phenol extraction. WAg20
produced T-strands of four sizes, corresponding to a dimer of the pPEW27-derived
repeat unit (13.4 kb), the unique junction of the right end of the tandem array to
wild-type Ti plasmid sequence (8.3 kb), a monomer of the repeat unit (6.7 kb),
and the unique left junction (2.6 kb). The lane marked “std” contains 200 pg of
boiled linearized plasmid standards per band, the sizes of which are indicated in
kilobases. Cells were grown to late log phase in rich medium, then diluted to an
optical density at 550 nm (ODsso) of 0.1 in M9 medium, pH 5.4 (25). After2to 3
hours, AS (Aldrich) was added to attain a concentration of 100 pM and the

incubation was continued overnight. The cells were lysed in 50 mM tris-HCI, pH
7.9, 20 mM EDTA, and 1% sarkosyl (Sigma) and digested (or not) with proteinase K (Bochringer) at
200 pg/ml, followed by phenol and chloroform extraction and ethanol precipitation. The DNA was
resuspended and separated by electrophoresis through 1% agarose in a tris-acetate buffer, then blotted
as described (5). Hybridization, with nick-translated (26) pEW27 DNA (10 to 20 ng/ml) and washing

were as described (27).
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copies of a small integrative plasmid carry-
ing a T-DNA border sequence (Fig. 1A).
WAg20, an Agrobacterium host harboring
such a Ti plasmid, produces a high level of
T-strands (approximately 1% of the total
cellular DNA) when induced with the plant
phenolic acetosyringone (AS) (Fig. 1B).
These overproduced T-strands are apparent-
ly identical in structure and biological activi-
ty to T-strands from wild-type strains (14).
When DNA was prepared from AS-induced
WAg20, failure to proteolyze the cell lysate
before extraction with phenol resulted in
loss of the T-strands from the aqueous phase
(Fig. 1B). Extraction of DNA into the
phenol phase, first demonstrated for the
adenovirus genome (15), is highly sugges-
tive of a covalent linkage between the DNA
and protein.

We next determined where on single-
stranded T-DNA the protein is attached. A
crude T-strand—containing lysate was di-
gested with nuclease S1. Portions of the
reaction mixture were removed over time
and heated to 70°C in the presence of SDS,
EDTA, and B-mercaptoethanol at neutral
pH. This step stops the S1 reaction and
denatures most (if not all) proteins. The
digests were then annealed to radiolabeled,
end-specific oligonucleotide probes (16),
separated by electrophoresis through an
SDS-polyacrylamide gel, and transferred to
nitrocellulose. The blotting conditions al-
lowed binding of only protein (17), so that
any DNA signal must have resulted from a

A Minutes
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104 -
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protein-DNA association that resisted the
denaturing treatment.

Because the conditions used in this case
do not melt double-stranded DNA (18),
only native single strands (that is, T-strands)
were accessible to the probes. If the protein
is bound to the T-strand at the end recog-
nized by a given probe, the assay should
detect products of S1 digestion. If, however,
the protein is bound away from the ends or
to the end opposite a given probe, Sl
cleavage separates the probed end from the
protein-bound portion and no signal should
be detectable in the assay.

The result of such an experiment is shown
in Fig. 2. The 5’ probe labeled a faint smear
of many bands within 1 min after the start of
the reaction. The fastest migrating of these,
at approximately 75 to 80 kD, increased
greatly in intensity as the reaction pro-
gressed and decreased only if tenfold more
S1 enzyme was added to the reaction. Ap-
pearance of this band was AS-dependent
(see Fig. 3A). No signal was detectable with
the 3’ probe. This result indicates nondena-
turable binding of a protein to the 5’ end of
single-stranded T-DNA. The 75- to 80-kD
band represents a complex of the protein
moiety and an Sl-resistant DNA fragment
of unknown length bound to it. The end-
bound protein apparently protected a short
span of adjacent DNA, accounting for both
the sharpness of the S1-generated signal and
its relative resistance to further nucleolytic
degradation.

B Minutes

30 5'probe

s
¥

-
o

Fig. 2. (A) A covalent protein-DNA complex blot of samples annealed to the 5’ probe (16). A sample
reacted for 30 min with tenfold more S1 is shown (10X). (B) A covalent complex blot of the same
samples annealed to the 3’ probe (16). A sample annealed to the 5’ probe is shown as a positive control.
WAg20 was induced as described for Fig. 1. Harvested cells were resuspended in 20% sucrose, 50 mM
tris-HCl, pH 7.9, 50 mM EDTA, and 50 mM NaCl to a final ODss, of 9. After digestion with lysozyme
(Cooper) at 1 mg per milliliter for 20 min on ice, sarkosyl was added to 1%, and the lysate was heated to
70°C for 15 min. The S1 reaction consisted of 180 pl of the above lysate, 45 pl of 10x S1 buffer (0.5M
sodium acetate, pH 5.6, 45 mM ZnSO,), 9 ul of 1M ZnSO,, 9 pl of 5M NaCl, and 9 pl of S1 nuclease
(concentration 4 U/pl) (Bochringer). S1 nuclease is relatively resistant to ionic detergent (28), and the
amount used was sufficient to completely degrade T-strands within 30 min at 37°C, as assayed by native
DNA blot transfer (18). Portions removed at the times indicated were added to an equal volume of 2x
loading buffer [4% SDS, 0.1M tris-HCI, pH 8.8, 10% B-mercaptoethanol, 30% glycerol, bromophenol
blue (1 mg/ml), and 50 mM EDTA]i and heated to 70°C for 15 min. To the denatured samples was
then added one-half volume of 5 nM *2P-labeled oligonucleotide probe (in 1M NaCl, 10 mM tris-HCl,
pH 7.9, and 1 mM EDTA). The samples were hybridized at 50°C for 2 hours, then separated on an 8%
SDS-polyacrylamide gel essentially according to Laemmli (29). The gel was transferred to nitrocellulose
(BA-85; Schleicher and Schuell) overnight between graphite plates in 25 mM tris, and 192 mM glycine
at 150 mA constant (6 V/cm initially). The filter was then agitated briefly in blotting buffer and
autoradiographed.

928

We speculated, by analogy to bacterial
conjugation, that the bound protein might
be identical to a component of the virD-
encoded border endonuclease. The apparent
size of the S1-generated complex suggested
that it included at least the VirD2 protein
and perhaps also VirD1 (47 and 16 kD,
respectively) (8, 9). Rather than purify the
complex and directly characterize its protein
components, we constructed a fusion of
virD2 to the lacZ gene of Escherichia coli (19).
As a control, we also made an unfused
version, not in reading frame at the virD2-lac
junction (19).

Tandem arrays of many copies of the
fusion gene and the out-of-frame control,
interspersed with T-DNA border sequences,
were constructed in A. tumefaciens (19). Both
the fusion-containing strain (WAg24) and
the unfused control-containing strain
(WAg25) produced low, constitutive levels
of T-strands, which increased approximately
50-fold to the wild-type level on induction
with AS (18). Sizes of the Sl-digested,
protein-DNA complexes present in unin-
duced and AS-induced WAg20, WAg24,
and WAg25 were assayed by covalent com-
plex-specific blotting (Fig. 3A). Uninduced
WAg24 generated faint signals at 135 to
165 kD, the approximate mobility expected
for the S1-digested complex containing a
protein 60 to 90 kD larger than wild type.
This result is consistent with binding of
large portions of the VirD2—B-galactosidase
fusion protein to the 5’ end of T-strands
produced in the absence of AS induction.
On induction with AS, the wild-type signal
appeared at approximately 75 to 80 kD, and
the putative fusion-produced signal in-
creased severalfold in intensity (Fig. 3A).
The low level of T-strands detected by
agarose gel and native DNA blot analysis in
uninduced WAg24 (18) may therefore be a
consequence of a limiting AS-induced fac-
tor, rather than intrinsically lower activity or
expression of the VirD2-B-galactosidase
protein. No signal was detectable in unin-
duced WAg25, which was predicted to ex-
press a partial VirD2 protein 12 kD smaller
than wild type. Uninduced WAg25 pro-
duced a level of T-strands identical to
WAg24 as assayed by native DNA blot
transfer (18), so its hybrid VirD2 protein
fragment is active but may be altered in
some way that changes its mobility on an
SDS-polyacrylamide gel but does not affect
its endonuclease activity. For instance, the
protein may be cleaved by cellular proteases
after nicking and covalently binding to the
T-strand.

To confirm that T-strands produced by
WAg24 are bound to the fusion protein, we
immunoprecipitated lysates from AS-in-
duced WAg20, WAg24, and WAg25 with
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AS-induced WAg20, WAg24,
and WAg25, digested with
S1 for 30 min, annealed
to the 5' probe (16), and
analyzed as described in the
legend to Fig. 2. (B) An
autoradiogram of a native
DNA blot of immunopre-
cipitates of AS-induced
WAg20, WAg24, and
WAg25 lysates. WAg24 and
WAg25 produce a repeated

| S }

Boiled

T-strand 10.6 kb in length, and a single copy 4.6-kb molecule (18). Only the major species is visible in
this experiment. The two lanes marked “boiled” contain immunoprecipitates of lysates that were heated
to 100°C for 5 min before incubation with the antibody. The lanes labeled “input” contain 10% of the
amount of lysate used in the immunoprecipitations. (An equal amount of WAg20 lysate was used, but is
not depicted here.) Crude AS-induced cell lysate (50 ul), prepared as described in the legend to Fig. 2,
was incubated in 1 ml of immunoprecipitation buffer [50 mM tris-HCI, pH 7.9, 50 mM EDTA, 150
mM NaCl, 0.1% bovine serum albumin (BSA), 0.1% Tween 20, and 100 pg of sheared salmon testes
DNA per milliliter] with 0.25 ul of mouse monoclonal antibody to B-galactosidase (Promega Biotech)
at 4°C overnight. Protein A (200 pl) (Staphylococcus aureus, 10% suspension; Sigma) was added and the
incubation continued for 2 hours. The protein A cells were pelleted and washed five times in 1.5 ml of
buffer (10 mM tris-HCI, pH 7.9, 50 mM EDTA, 0.5M NaCl, and 0.5% Tween 20) before a final
resuspension in 100 pl of 50 mM tris-HCL, pH 7.9, and 20 mM EDTA. Proteinase K was added to 400
pg/ml, and the resuspended pellets digested at 50°C for 1 hour. The deproteinized cells were pelleted
and the supernatant was extracted with phenol and chloroform, and precipitated with ethanol. The
resuspended DNAs were analyzed as described for Fig. 1.

antibody to PB-galactosidase and analyzed
precipitated DNA by native DNA blot
transfer (Fig. 3B). A small fraction of T-
strands from only WAg24 were immuno-
precipitable, whereas T-strands from
WAg20 and WAg25 did not react. Boiling
the lysates in ionic detergent before incuba-
tion with the antibody increased the signal
from WAg24 approximately tenfold, indi-
cating that the bond between fusion protein
and T-strand resisted this treatment. The
increased intensity also suggests that dou-
ble-stranded molecules, likely biogenic pre-
cursors of the T-strand (5, 6) that become
single-stranded only on boiling, may also be
bound to the fusion protein. Alternatively,
boiling the protein may increase its precipi-
tability by the antibody.

Our results show that virD2 encodes a
protein moiety that binds T-strands through
a linkage that resists denaturation by phenol
and by the combination of heat, detergent,
and reducing agent. Unless the virD2-en-
coded protein is exceptionally resistant to
standard denaturing treatments, this pro-
tein-DNA bond is almost certainly covalent.
Our data do not rule out the possibility that
VirD2 binds very close to and not exactly at
the 5’ end of the T-strand. We have not
investigated whether other proteins, espe-
cially the nicking-associated virD1 product
(9), may also tightly bind to the T-strand.

We propose that covalent linkage of
VirD2 to the T-strand is analogous to cova-
lent protein-DNA bonds at the oriT nick
sites of conjugating plasmids. The biochem-
ically best characterized example is the re-
laxed complex of ColEI, in which a 60-kD
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endonuclease-associated protein becomes
tightly bound to the 5’ end of a strand-
specific nick (13). Similar interactions are
widely assumed to occur in other plasmid
systems (11).

We envision several possible roles for the
tightly attached VirD2 protein. (i) Immedi-
ately after border nicking, VirD2 may pre-
vent ligaton of the nick by cellular DNA
ligase. Nonligatable oriT nicks have been
reported for F (20). (ii) VirD2 may protect
the T-strand from exonucleolytic degrada-
tion in either the bacterial or plant cell. (iii)
The VirD2-T-strand complex may function
in vectorial transport to the plant cell, by
attaching to the Agrobacterium cell envelope
(in association with membrane-bound prod-
ucts of other vir ORFs) at the point of plant
cell contact. This possible role is analogous
to functions postulated for the cytoplasmic
TraZ and membrane-bound TraY proteins
of F (11). (iv) Bound VirD2 may also
function later in transformation, possibly
even during integration of T-DNA into the
plant nuclear genome.
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A Pituitary N-Acetylgalactosamine Transferase That
Specifically Recognizes Glycoprotein Hormones

PETER L. SMITH AND JACQUES U. BAENZIGER*

The glycoprotein hormones lutropin (LH) and follitropin (FSH), which have common
a-subunits but hormone-specific B-subunits, are both synthesized in the gonadotroph.
However, they bear Asn-linked oligosaccharides that differ in structure. Those on LH
terminate with the sequence SO4-4GalNAcB1—4GlcNAcBl—2Mana, whereas those
on FSH terminate with the sequence sialic acida—GalB1—-4GIcNAcfl—2Mana. A
GalNAc-transferase was identified in bovine pituitary membranes that recognizes
features of the a-subunit peptide and adds GalNAc to its oligosaccharides with an
apparent Michaelis constant of 25 micromolar. The different patterns of glycosylation
for LH and FSH indicate that access to the protein recognition marker on the a-
subunit is modulated by the associated B-subunit. The tightly regulated synthesis of
sulfated and sialylated oligosaccharides on the pituitary glycoprotein hormones
suggests these oligosaccharides have an important biological role.

HE GLYCOPROTEIN HORMONES ARE

a family of four closely related di-

meric proteins with common a-sub-
units and hormone-specific B-subunits.
Even though the amino acid sequences of
the B-subunits of LH (lutropin), FSH (folli-
tropin), TSH (thyrotropin), and hCG (hu-
man chorionic gonadotropin) are closely
related, the Asn-linked oligosaccharides pre-
sent on their a- and B-subunits differ in
structure (1-3). Two of the hormones, LH
and FSH, are synthesized within the same
cell in the pituitary, the gonadotroph (1, 4,
5). LH bears Asn-linked oligosaccharides
terminating with the sequence SO4-4Gal-
NAcB1—4GIcNAcBl—2Mana  (Fig. 1),
whereas FSH and other pituitary glycopro-
teins contain Asn-linked oligosaccharides
terminating with the sequence sialic acida—
GalB1—4GIcNAcB1—2Mano (Fig. 1). Sul-
fated oligosaccharides such as S-2 have to
date only been found on certain of the
glycoprotein hormones (1, 6, 7). The pres-
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ence of different oligosaccharide structures
on LH and FSH indicates that glycosylation
of these hormones is tightly regulated.

The steps leading to the synthesis of sul-
fated and sialylated oligosaccharides are il-
lustrated in Fig. 1. The synthetic intermedi-
ates enclosed by the broken lines are precur-
sors for both sialylated and sulfated oligo-
saccharides. Thus, either Gal or GalNAc can
be added to the product of step 2. For FSH
and the vast majority of other pituitary
glycoproteins, Gal is added to the product
of step 2, followed by sialic acid (steps 5 and
6). In contrast, GalNAc and sulfate are
sequentially added to the identical synthetic
intermediates on LH (steps 3 and 4). Since
the oligosaccharide intermediates present on
the glycoprotein hormones and other pitu-
itary glycoproteins are identical, addition of
GalNAc rather than Gal must involve a
GalNAc-transferase that recognizes features
of the a- and B-subunits of LH. Uncom-
bined (free) a-subunits synthesized by bo-
vine pituitaries, like LH, bear sulfated rather
than sialylated oligosaccharides (8). This
suggested that a recognition marker present
on the a-subunit promotes the synthesis of
sulfated oligosaccharides and that access to

this recognition marker is modulated by the
associated B-subunit, resulting in differential
glycosylation of LH and FSH (9). We have
identified a GalNAc-transferase in bovine
pituitary membranes that displays specificity
for the a-subunit of glycoprotein hormones
and propose that this activity accounts for
the synthesis of sulfated oligosaccharides on
glycoprotein hormones and uncombined a-
subunits.

The hCG a-subunit (hCGa) (10, 11),
human transferrin, human o;-antitrypsin,
human J-chain (12), and bovine immuno-
globulin G (IgG) (13) bear sialylated di-
branched complex type oligosaccharides.
Glycoproteins and glycopeptides bearing
GlcNAc,Man;GIcNAc, (product of step 2
in Fig. 1) were prepared by enzymatic re-
moval of sialic acid and Gal, and compared
as substrates for GalNAc- and Gal-transfer-
ase activities present in crude bovine pitu-
itary membrane preparations (Fig. 2 and
Table 1). [PH]Gal was transferred from
uridine diphosphate (UDDP)-Gal to aga-
lacto-oligosaccharides on each of these sub-
strates with apparent Michaelis constant
(Km) values between 160 and 900 pM. The
catalytic efficiency (Vipax/Km) was similar
for transfer of Gal to each of these substrates
(Table 1). The differences in the apparent
K, values obtained for addition of Gal to
these substrates may reflect the presence of
two oligosaccharide moieties on transferrin,
aj-antitrypsin, and hCGa as compared to a
single oligosaccharide on J-chain and the
glycopeptide.

Pituitary membranes also contained an
enzyme activity that transferred [*H]Gal-
NAc to agalacto-oligosaccharides. When
transfer of GalNAc and Gal were compared
at similar substrate concentrations (Fig. 2),
the GalNAc-transterase displayed a marked
preference for hCGa. Although it was possi-
ble to detect transfer of GalNAc to each of
the substrates examined, the apparent Ky,
values obtained were 16- to 60-fold as great
as the apparent K, for transfer of GalNAc
to hCGa. The catalytic efficiency for transfer
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