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When the Mg2™ ion in the catalytic cénter of Escherichia coli RNA polymerase (RNAP)
is replaced with Fe?*, hydroxy! radicals are generated. In the promoter complex, such
radicals cleave template DNA near the transcription start site, whereas the 3’ subunit is
cleaved at a conserved motif NADFDGD (Asn-Ala-Asp-Phe-Asp-Gly-Asp). Substitution
of the three aspartate residues with alanine creates a dominant lethal mutation. The
mutant RNAP is catalytically inactive but can bind promoters and form an open complex.
The mutant fails to support Fe?*-induced cleavage of DNA or protein. Thus, the NAD-
FDGD motif is involved in chelation of the active center Mg?™.

Magnesium ions play a crucial role in nu-
cleic acid polymerization. In the single-sub-
unit RNA and DNA polymerases that have
been crystallized, Mg?* chelated by acidic
residues is directly involved in the catalytic
reaction (I). By analogy, at least one of the

three Mg?* iohs contained in the large -

multisubunit cellular RNAP (2) is likely to
participate in catalysis. Residues that bind
such catalytic Mg?* should be among sev-
eral evolutionarily conserved aspartates or
glutamates in RNAP subunits.

To map the Mg?*-binding site in E. coli
RNAP, we used a combination of protein
chemical and genetic approaches. Chelated

Fe?* generates highly reactive hydroxyl rad--

icals, a technique used for DNA footprinting
(3). We reasoned that the substitution of an
Mg?* for chelated Fe?™ in RNAP would
cause a highly localized cleavage of nearby
sites. Such cleavage was demonstrated pre-
viously for malic enzyme from pigeon liver
(4-6), glutamine synthetase from E. coli (7),
and the Tet repressor (8). To identify aspar-
tates or glutamates that chelate Mg?*
RNAP, we engineered a mutant carrying a
triple alanine substitution of invariant Asp
residues in the conserved region D of the B’
subunit (Fig. 1). The mutant DDD RNAP
was reconstituted from individually ex-
pressed subunits (9) and compared with the
wild-type enzyme in the Fe?*-induced local-
ized cleavage reaction.

The addition of Fe?* to the wild-type
RNAP-T7A1 promoter complex produced
a strong cleavage of the DNA template
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strand at positions —1 and —2 relative to
the transcription start site (Fig. 2, lane 3).
The reaction is inhibited by Mg?*. The
requirement of dithiothreitol (DTT) (Fig.
2, lane 4) indicates that the cleavage is not
hydrolytic but is induced by hydroxyl radi-
cals (10). Under these conditions, hydroxyl

radicals are generated from soluble O, in a

catalytic fashion (3, 10).

The DDD mutant RNAP failed to cleave
DNA (Fig. 2, lanes 5 through 7). Neverthe-
less, the DDD RNAP formed the open pro-
moter complex, as revealed by permanganate
footprinting of the transcription bubble (Fig.
3). The ability of the DDD polymerase to
form a stable open promoter complex was
confirmed by deoxyribonuclease (DNase) I
footprinting and DNA bandshift analysis.
Yet the mutant was totally inactive in poly-
merization and abortive initiation assays in
vitro. In vivo, the mutation was a dominant
lethal, presumably because the DDD enzyme
bound to promoters and made them inacces-
sible to the wild-type polymerase.

We asked whether the replacement of
the Mg?* ion in RNAP with Fe?* would
cause cleavage of RNAP protein. To this
end, RNAP exposed to Fe?* was fraction-
ated by SDS—polyacrylamide gel electro-
phoresis (SDS-PAGE) and stained with
Coomassie blue. Two identical experiments
are shown that represent a longer (Fig. 4A)
or shorter (Fig. 4B) electrophoresis run to
permit better separation of the large sub-
units and visualization of the short cleavage
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Fig. 1. Metal-binding aspartates in the B’ subunit (73). A scheme of the 1407-amino acid B’ polypeptide
is represented by a horizontal bar with conserved regions shown as lettered boxes. Sequence align-
ments in the D region are as follows. Ec, E. coli; Mt2, Methanobacterium thermoautotrophicum; So,
Spinacia oleracea chloroplast; Sc1, Saccharomyces cerevisiae Pol I; Sc2, S. cerevisiae Pol Il; Sc3,
S. cerevisiae Pol lll. The conserved region D containing the NADFDGD motif is boxed. Asterisks
indicate the positions of lethal single-site substitutions obtained by Dieci et al. (18). The putative
Me?*-binding site is highlighted. The bottom part of the figure presents the scheme of mapping of the
major Fe?* cleavage site. Positions of Cys residues are shown by arrows. The principal single-hit Cys
marker fragments are shown underneath. The Rif-GpCpT tag (see text) is represented by dark gray
boxes. )
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products, respectively. Fe?* caused substan-
tial degradation of the wild-type but not of
the mutant enzyme. The B’ subunit was
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Fig. 2. Fe?* cleavage of DNA in the RNAP-promoter
complex. In the standard reaction (Stand.) (lanes 2
and 3), the wild-type or DDD mutant RNAP (1.6 pg)
was incubated with 0.3 pg of the T7A1 promoter
DNA fragment labeled at either the template strand
(Aand B) or the nontemplate strand (C) in 10 wl of BB
buffer (8 mM Hepes (pH 8), 50 mM NaCl, 6 mM
MgCl,, and 1 mM DTT] for 5 min at 37°C and then
dialyzed against 8 MM Hepes and 1 mM DTT on a
VS membrane (Millipore) for 2 hours at room temper-
ature. The complex was then treated for 5 min at
37°C with 20 pM Fe(NH,),(SO,),. The DNA was
then precipitated with ethanol, dissolved in 80% for-
mamide, and analyzed on a 7% sequencing gel.
Where indicated, Fe?* or DT T was omitted from the
standard reaction or Mg2* was added. A + G and
A > G are sequence ladders. The DDD mutant
RNAP was reconstituted from individually expressed
subunits (9). The mutation was engineered as de-
scribed (24). A + G is the sequencing ladder used as
reference.

Fig. 3. Open promoter Mut.
complex formation by
the wild-type (WT) and
DDD  mutant  (Mut.)
RNAP. Complexes be-
tween RNAP and the
T7A1 promoter DNA !
fragment labeled at the -

nontemplate strand (25) (-11)T,__ - ;
were dialyzed against 8 t_‘;;;:-— -t 2"
mM Hepes and 1 MM cCajp — =

DTT either containing or

missing MgCl, (6 mM)

as indicated, and then

treated with 1 mM

KMnO, for 2 min at

37°C. After ethanol pre-

cipitation and exposure

to piperidine (20 min at

90°C), the nucleotide material was resolved in 7%
sequencing gel and radioautographed. A + G is the
sequencing ladder used as reference. Numbers at
left indicate positions of thymidine residues suscep-
tible to KMnQO,,.
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cleaved predominantly and was also cleaved
preferentially at a single site producing two
principal products of approximately 100
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Fig. 4. Fe2* induced cleavage of RNAP. The RNAP-
promoter complex was formed with unlabeled DNA,
treated with Fe2* as described in the legend to Fig.
2, and analyzed in a denaturing 10% SDS gel that
was stained with Coomassie blue. The gel in (B) is
the same as that in (A) but was run two times longer
in order to resolve the g and B’ subunits.

and 50 kD. The B subunit was degraded to
a lesser extent.

Our attempts to directly sequence the
NH,-terminus of the major cleavage site
were unsuccessful, either because the ter-
minus was modified or as a result of mul-
tiple cleavages. To map the cleavage site
indirectly, the wild-type B’ subunit was
labeled by a radioactive affinity tag. In the
affinity-labeling protocol, initiation on a
promoter is primed with a Rifampicin-
nucleotide compound (11) [Rif-guanosine
triphosphate (GTP)] in combination with
[0-32P]CTP (the second nucleotide) and a
derivative of TTP (the third nucleotide)
with an alkylating group in the 3’ position
of ribose. In this reaction, RNAP becomes
specifically tagged with Rif-GpCpT (bold
indicates radioactive phosphate and italics
indicate the cross-linked nucleotide) at
Met®3? of the B’ subunit (12). The radio-
tagged ternary complex was subjected to
Fe?*-mediated cleavage and the products
were separated by SDS-PAGE and visualized
by autoradiography (Fig. 5). As markers for
the cleavage site mapping, we used fragments
of the same B’ subunit generated by single-
hit degradation with 2-nitro-5-thiocyano-
benzoic acid (NTCBA) and cyanogen bro-
mide (CNBr), which cleave proteins at Cys
and Met residues, respectively.

The 100-kD fragment is clearly the major
product of the Fe?* cleavage reaction (Fig.
5, lane 2). To obtain two levels of fragment
resolution, shorter (Fig. 5, lanes 1 through
4) and longer (Fig. 5, lanes 5 through 7)
electrophoretic runs were performed. From
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Fig. 5. Mapping of the metal cleavage site in the B’ subunit e 52:3'525
of RNAP. His-tagged RNAP (26) (10 wg) was incubated - 808

with an equimolar amount of a polymerase chain reaction
T7A2 promoter fragment in 30 pl of BB buffer for 5 min at
37°C. Rif-GTP (17) was added to 10 uM and incubated for

10 min at room temperature. Excess Rif-GTP was removed by adsorption of the complex on Ni-
nitrilotriacetic acid agarose beads and washing with 1 ml of BB buffer (27). [a-2P]CTP (0.3 uM) was
added for 10 min, the complexes were washed three times with BB buffer containing 2.6 mM MnCl,
instead of MgCl,, and the mixture was supplemented with 3’-deoxy-3’-bromacetamido-thymidine
triphosphate (72) to final concentration of 100 wM. After 30 min at 37°C, the beads were washed with
10 mM Hepes (pH 8) and 50 mM NaCl, and Fe?* cleavage (lanes 2 and 5) was performed as described
above. The protein was eluted from the resin with 50 wl of a buffer containing 100 mM imidazole, 10%
glycerol, 1% DTT, and 1% SDS, and analyzed by SDS-PAGE. The control lane shows the uncleaved
material eluted from the beads. Limited CNBr and NTCBA cleavages were performed as previously
described (79). Arrows mark the positions of Cys and Met residues in the sequence ladders.
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the Met markers pattern, the major Fe?*
cleavage occurs between Met*® and Met*®©
(Fig. 5, lane 7). At the same time, the major
cleavage product co-migrates with the
Cys** marker (Fig. 5, lane 6; and Fig. 1). As
can be seen from Fig. 1, Cys** flanks the
evolutionarily conserved region D of the B’
polypeptide containing the NADFDGD
(13) sequence. Thus, the major Fe?* cleav-
age occurs next to this motif.

These results strongly suggest that the
aspartates of the NADFDGD sequence are
involved in chelating the Mg?* ion in the
active center of RNAP (14). In DNA poly-
merase | and human immunodeficiency vi-
rus reverse transcriptase, the acidic residues
that perform this function are located at the
base of the cleft in the three-dimensional
(3D) structure, the site where the catalytic
reaction is believed to take place (I). A
similar cleft has been observed in low-reso-
lution contours of RNAP from E. coli (15)
and yeast RNAP II (16) and RNAP I (17).
Thus, in these large multisubunit RNAPs,
the NADFDGD motif is probably located
in the base of the cleft, where it forms the
crucial element of the active center. Further
evidence for the functional importance of
the NADFDGD motif has come from ex-
tensive mutagenesis performed on yeast
RNA polymerase III (18). Previous cross-
linking experiments have implicated other
sites in the active center of E. coli RNAP.
Segments 515 to 660 and 1091 to 1107 in B
and 330 to 366 and 932 to 1020 in B’ are
facing the 3’ terminus of RNA in the cat-
alytic pocket (19, 20). Lys'% and His'*37
of the B subunit are located on the 5’ side
facing the priming nucleoside triphosphate
(21, 22). The Rif-binding site is located
upstream of the 5’ face along the exit path
of the transcript (12, 23). Our present re-
sults indicate that all these sites are juxta-
posed to the NADFDGD motif in the 3D
structure of RNAP and probably line the
surface of the cleft where the active center
is located.
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Prevention of Islet Allograft Rejection with
Engineered Myoblasts Expressing FasL in Mice
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Allogeneic transplantation of islets of Langerhans was facilitated by the cotransplantation
of syngeneic myoblasts genetically engineered to express the Fas ligand (FasL). Com-
posite grafting of allogeneic islets with syngeneic myoblasts expressing FasL protected
the islet graft from immune rejection and maintained normoglycemia for more than 80
days in mice with streptozotocin-induced diabetes. Graft survival was not prolonged with
composite grafts of unmodified myoblasts or Fas-expressing myoblasts. Islet allografts
transplanted separately from FaslL-expressing myoblasts into the contralateral kidney
were rejected, as were similarly transplanted third-party thyroid allografts. Thus, the FasL
signal provided site- and immune-specific protection of islet allografts.

Immunological rejection of pancreatic islet
allografts remains a major obstacle toward
the application of such transplants in. the
treatment of diabetes mellitus. Interactions
of Fas with its ligand (FasL) are thought to
play a major role in the maintenance of
immunological homeostasis and peripheral
tolerance (1). We investigated whether
provision of the FasL signal by transfected
syngeneic myoblasts within the local envi-
ronment of an islet allograft can deliver a
death signal to infiltrating allo-activated T
cells that express Fas (2) and thereby pro-
tect the islet allograft from rejection. This
approach could permit the use of plasmid-
based gene delivery into carrier cells such as
myoblasts and make unnecessary the direct
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transfection of islet allografts.

A muscle cell-based delivery system that
is effective in the delivery of recombinant
molecules (3) was used. Primary myoblasts
from adule C57BL/6 (B6) (H-2) mice were
transfected with the plasmid BCMGS Neo-
FasL (4), and G418-resistant colonies were
pooled and designated Bfasl. These cells
were analyzed for FasL expression by fluo-
rescence-activated cell sorting (FACS)
with the fusion protein Fas-Fc, which is the
specific counterreceptor for FasL. The Bfasl
cells were positive for FasL, whereas non-
transfected B6 myoblasts (designated B6a)
showed only background staining (Fig. 1A).
The ability of B6 myoblasts to express re-
combinant FasL and to survive is consistent
with the observation that muscle cells do
not express Fas (5). The Fas* murine lym-
phoma cell line YAC-1 was used as a target
in a cytotoxicity assay (6) to ascertain
whether the FasL-expressing myoblasts
could deliver an apoptotic signal to Fas-
bearing cells. Bfasl myoblasts cocultured
with YAC-1 cells for 12 hours induced
YAC-1 cell death (Fig. 1B) and DNA frag-
mentation (Fig. 1C), consistent with death
by apoptosis (7), whereas coculture with
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