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FIG. 3. Mutagenesis of domain a in the
sequence of the wild-type C160 subunit is indic
in single-letter amino acid code. Underlinec
residues of domain a determined by comparis
subunits of eukaryotic, archaebacterial, and e
polymerases (see Fig. 2). The mutations introd
alleles are shown together with the correspon

wild type; -, lethal; ts, thermosensitive. The s

a of B220 (1) and A190 (26) are indicated. aRPC
plasmid shuffling in strain MW409; bRPC16
plasmid shuffling in strain MW420; cmutants
sequencing of plasmids from the mutagenized
tant obtained by in vivo selection as describe
mutant proteins obtained by Himmelfarb et al.
proteins obtained by Wittekind et al. (53).

Since some mutations of the GAL4 zin
rescued by growing the mutants in the pre

we examined whether some domain a mut;
the presence of high concentrations of zir
mined that a wild-type strain could grow

mM ZnCl2 on YPD or 5-FOA solid mediui
strains having either silent or conditio
RPC160 (RPCJ60-106, RPC160-115, RP(
114, or rpcl60-134) at 25 or 37°C on YPD
ZnCl2. The growth defect of neither of th
mutants could be corrected. We also triec
on mutants having the rpcl60-103 or rpcl6

on 5-FOA medium supplemented with 1 oi
neither case were we able to recover clon
pC160-6 plasmid bearing the wild-type RI

In summary, all changes affecting in
residues led to the inactivation of the
changes affecting nonconserved residues
phenotype. T69 and K108, which affect re

invariant cysteine pairs, led to a condition'
phenotype.
We tried using the zinc blotting procedi

binding properties of mutant forms of dc
nately, most of these mutant forms were

(e.g., those corresponding to alleles rpclt
and -234). However, some lethal mutati

Allele Phenotype

RPC160 +
rpcl 60-22 6b -

rpcl60-168a -

rpcl 60-1 69a -
rpcl60-18Oa -

rpcl 60-188a -

rpcl 60-232b -

rpcl60-134b,C ts
rpcl 60-22 7b -
rpcl60-124a c -

rpcl 60-213a -

rpcl60-220a -

rpcl6O-235b -

rpcl60-234b -

rpcl6O-233b -

RPC1 60-126a c +
RPC160-214a +
rpcl60-228b -

rpcl 60-103a.c -

rpcl60-179 -

rpcl60-189a -

rpcl60-215a -

rpcl6O-223b -

rpcl6O-229b -

RPCI 60-115a,c +
RPC160-106a c +
rpcl6O-230b -

rpcl60-177a -
rpcl60-176a -

rpcl60-178a -

rpcl60-114a.d ts
rpcl60-231b -

RPB220 +
rpo2l-le ts
rpo2l-2,-3e ts
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RPAl90 + FIG. 4. Zinc binding by mutant domain a proteins. Crude proteinrpal9O-5f ts
zpa 90-1f ts extracts from E. coli transformed with the expression vector pET-3a
C160 subunit. The alone (Control) or expressing mutant C160 domain a (C160-220,
:ated on the top line C160-176, and C160-178) were subjected to electrophoresis on an 8
d are the invariant to 15% polyacrylamide gradient gel with SDS and transferred to a
ion of the 17 largest polyvinylidene difluoride membrane. The filter was probed with
vaccinia virus RNA 65ZnC12 as described in Materials and Methods, and the zinc-binding
uced in the different proteins were revealed by autoradiography (A). After autoradiogra-
ding phenotype: + phy, the proteins were revealed by amido black staining (B). The
;equences of domain positions of the domain a mutant peptides are indicated by arrows.
'160alleles tested by The positions and molecular weights (in thousands) of protein
O0 alleles tested by markers are indicated at the right of each panel.
obtained by direct
pC160-7 bank; dmu-
d in the text; 'B220
(14); fA190 mutant domain a polypeptide in E. coli. These mutant proteins,

corresponding to alleles rpcJ60-176, -178, and -220, all had at
least four potential zinc ligands left and retained the capacity
to bind zinc when expressed in E. coli (Fig. 4).

ic cluster could be Biochemical analysis of RNA polymerase C from mutant
sence of zinc (19), rpcl60-134. The obtainment of conditional mutations al-
ants could grow in lowed the analysis of the defective RNA polymerase. To
nc. We first deter- facilitate the study of mutant RNA polymerase C, we
well with up to 10 modified the purification procedure previously described by
m. We then tested Huet et al. (16; see Materials and Methods for details). The
nal mutations in procedure involved the preparation of a crude extract at 0.3
C160-126, rpc160- M ammonium sulfate which is diluted to 100 mM ammonium
) plus 1 or 10 mM sulfate and directly loaded on a heparin column; 95 to 98% of
ie two conditional the proteins are eliminated by successive washes of the
I the shuffle assay column with 100 and then 300 mM ammonium sulfate. The
0-124 lethal alleles 300 mM wash released RNA polymerase B, and RNA
r 10 mM ZnCl2. In polymerases A and C were eluted by Bi buffer containing
ies cured from the 600 mM ammonium sulfate. The active fractions were then
PC160 gene. chromatographed on high-pressure liquid chromatography
variant domain a ion-exchange Mono Q or TSK DEAE-5 PW columns to
enzyme, and all separate RNA polymerase C from RNA polymerase A.
had a wild-type Because of the instability of the mutant enzymes, the puri-

sidues adjacent to fication was not carried out further.
al thermosensitive We noticed that the mutant C160-134 enzyme was very

sensitive to freezing and thawing at all stages of the purifi-
ure to analyze the cation. Addition of glycerol to 35% (wt/vol) final concentra-
)main a. Unfortu- tion helped in maintaining an active enzyme. These precau-
unstable in E. coli tions were not necessary with the wild-type enzyme. Finally,
60-188, -232, -233, unlike the wild-type enzyme, the C160-134 mutant enzyme
ons stabilized the lost about 65% of its activity after 24 h at 4°C. All of these
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FIG. 5. DEAE-Sephadex chromatography of heat-inactivated RNA polymerase C. After partial heat inactivation, wild-type (A) or mutant
C160-134 RNA polymerase C was chromatographed on DEAE-Sephadex and eluted stepwise by 200, 300, or 600 mM ammonium sulfate
buffer. Proteins in the flowthrough and in the different salt-eluted fractions were concentrated by trichloroacetic acid precipitation in the
presence of 10 jig of bovine serum albumin as the carrier protein and analyzed by SDS-PAGE. RNA polymerase C subunits were detected
by Western blotting with anti-RNA polymerase C antibodies. Only peak fractions are shown. Lanes: Native Enzyme and Heated Enzyme,
Mono Q-purified RNA polymerase C before and after heat denaturation, respectively; Flow Through, proteins unbound to DEAE-Sephadex
at 100 mM ammonium sulfate; 200 mM AS, proteins eluted by 200 mM ammonium sulfate; 300 mM AS, proteins eluted by 300mM ammonium
sulfate; 600 mM AS, proteins eluted by 600 mM ammonium sulfate.

observations pointed to a stability defect for the C160-134
mutant polymerase.
We first examined the thermostability ofRNA polymerase

C activity [tested on poly(dA-dT)] prepared under the same
conditions from the wild-type (RPC160) and mutant strains
having an rpcJ60-134 or rpcJ60-114 allele. RNA polymerase
C from mutant rpcJ60-114 behaved as did the wild-type
enzyme. In contrast, C160-134 RNA polymerase had a
half-life of less than 1 min at 45°C, compared with 5 min for
the wild-type enzyme (data not shown). This in vitro ther-
mosensitivity of the C160-134 RNA polymerase remained
unchanged upon addition of up to 1 mM zinc acetate during
the incubation at 45°C, and was the mutant enzyme was not
more sensitive to the zinc chelator 8-hydroxyquinoline or
1,10-orthophenanthroline (data not shown). Finally, the mu-
tant C160-134 enzyme was tested for faithful transcription of
a tRNAGlu gene and found to behave as did the wild-type
control (data not shown).
To study the mode of inactivation of the C160-134 en-

zyme, the wild-type enzyme was incubated for 20 min at
45°C and the mutant enzyme was incubated for 2 min at the
same temperature to achieve about the same degree of
inactivation. There was 25% activity remaining for the
wild-type enzyme and 12% activity for the mutant. The
heated enzymes were loaded on 500-,ul DEAE-Sephadex
columns at a 100 mM ammonium sulfate concentration.
Proteins were eluted stepwise with 200, 300, and 600 mM
ammonium sulfate. The different protein fractions were then
analyzed by 10% SDS-PAGE and by Western immunoblot-
ting with anti-RNA polymerase C antibodies. These antibod-
ies react with all RNA polymerase subunits (16).
Except for the C37 subunit (Fig. 5A, unlabelled band

immediately below the AC40 polypeptide), which is not
found consistently in all RNA polymerase C preparations
(16), the wild-type and mutant enzymes had the same

subunit composition (Fig. 5A and B, lanes Native Enzyme).
The small subunits ABC14.5 and ABC10 cannot be seen on
these gels. After heat treatment, all wild-type enzyme sub-
units and activity were recovered in the 600 mM ammonium
sulfate fraction. This was also found to be the case for the
untreated wild-type enzyme (16; data not shown). Some C53
and C37 subunits, dissociated from the inactivated enzyme,
were recovered in the 200 mM ammonium sulfate fraction.
C53 subunit appears as a doublet band due to proteolytic
degradation (16).
The chromatographic pattern of the heat-inactivated mu-

tant enzyme was strikingly different. In contrast to what is
observed for the wild-type and untreated mutant enzymes,
for which subunit and RNA polymerase C activities coelute
at 600 mM, only about 10% of the subunits of the heat-
treated mutant enzyme are found in the 600 mM fraction.
The subunit composition of this fraction was similar to that
of the wild-type enzyme and contained all residual RNA
polymerase C activity. However, most of the material was
found as catalytically inactive RNA polymerase in the 200
and 300 mM ammonium sulfate fractions with altered sub-
unit stoichiometries. The 200 mM fraction contained most of
the enzyme subunits but lacked entirely the C34 subunit and
was also largely depleted of the C82 and C31 subunits. The
300 mM fraction had a complete set of subunits but was
markedly enriched for the C34 subunit (compare the relative
intensities of the AC40 and C34 bands in lanes Native
Enzyme, Heated Enzyme, and 300 mM AS in Fig. SB). The
300 mM fraction seemed to be enriched in the C82 (compare
the intensities of the C128 and C82 polypeptides in lanes 300
mM AS and 600mM AS in Fig. SB) and C31 subunits as well.
These observations support the view that the wild-type and
mutant enzyme were inactivated by different pathways and
that the T69-to-N change in C160 domain a weakened the
interaction of C82, C34, and C31 with the enzyme.
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DISCUSSION

This work shows that a peptide encompassing amino acids
49 to 121 of the largest subunit of S. cerevisiae RNA
polymerase C binds zinc when expressed in E. coli. This
study extends a recent analysis of the zinc-binding proper-

ties of the large subunits of yeast RNA polymerase B (48).
The peptide corresponds to the broadly conserved domain a,

which is present in the largest subunits of all eukaryotic
nuclear RNA polymerases and in the corresponding archae-
bacterial RNA polymerase subunit. Sequence comparison
defines motif a (CX2CX612CXGHXGX2437CX2C) as a min-
imal consensus sequence of invariant residues near the N
terminus of the largest subunits of all of these RNA polym-
erases. We propose that the zinc-binding properties of
domain a are determined by this motif. Mutagenesis pro-

vided evidence that this domain is essential for the structural
integrity of the enzyme. However, analysis of the zinc-
binding properties of mutant domain a peptides affecting the
conserved potential zinc ligands has been hampered by their
instability, preventing a direct identification of the zinc
ligands.
The mutagenesis data establish that the invariant residues

of motif a are all required for the functioning of RNA
polymerase C. In no case have we been able to obtain a

viable mutant affecting these residues. Even changes leading
to a thermosensitive phenotype in enzymes A and B (G79D,
H80Y, and G82D in C160 [14, 53]) were lethal in the C160
subunit, suggesting that C160 is more sensitive to mutations
in this region than is either A190 or B220. However, the
mutations which affect A190 have been studied on multicopy
plasmids, which might in this case explain the difference in
the phenotypes (53). It is possible that increased expression
of the corresponding C160 mutants would also give rise to
viable cells.

Motif a contains six potential zinc ligands (see reference
50 for a recent review) arranged in two canonical Cys pairs
(CX2C) surrounding one central mixed pair (CX2H). Our
mutation data show these residues to be indispensable for a

functional RNA polymerase C, even though we have no

direct proof that they affect zinc binding in vivo or in vitro.
We can rule out the TFIIIA-like zinc finger motif CX2CX9L15
HX2H (corresponding to C67, C70, H80, and H83 [C160
coordinates]) (26) as an essential zinc-chelating motif, since
H83, though conserved, is not invariant, and since an H83L
substitution mutant is viable. Even the H78Q H83L double
mutant (RPC160-214) was viable, thus ruling out the partic-
ipation of these two histidines in zinc binding. The
CX2CX612CX2H motif which was proposed by Yano and
Nomura (55) as being the zinc-chelating motif of the A190
subunit of yeast RNA polymerase A is a subset of the motif
a that we describe here, comprising the first Cys pair and the
central CX2H mixed pair.
The central CXGHXG element of motif a could contribute

to zinc chelation through its Cys and His residues. The
presence of three potential pairs of ion-chelating residues
suggests either that two zinc ions are bound by a structure
akin to the GAL4 zinc thiolate cluster (32) or that motif a

allows the formation of two mutually exclusive zinc-binding
motifs, as was proposed in the case of the CYPI (HAP])
gene (51). This may explain why the mutant domains
(rpcl60-176, -178, and -220) are lethal in vivo but retain
zinc-binding properties in vitro. Four zinc-chelating ligands
may be enough to conserve a substantial degree of binding in
vitro. Unfortunately, the instability of the peptide expressed
in E. coli has not allowed us to quantify the zinc binding

assay or to test whether a mutant domain devoid of all six
potential ion-chelating residues has fully lost its zinc-binding
potential.

Eubacterial RNA polymerases are zinc-binding enzymes
(54), but the I' subunit has no motif a. However, the motif
CXCX12-15CX2C is present at a position similar to that of
motif a in all RNA polymerase large subunits of eubacteria,
cyanobacteria, and chloroplasts (4, 15). This motif has been
proposed to be responsible for the zinc-binding properties of
the E. coli enzyme (4, 7, 15). Interestingly, an amino acid
sequence located 17 amino acids downstream of the second
cysteine pair of the E. coli motif is similar to the sequence of
domain a between the central motif a CX2H pair and the
distal CX2C pair (24). In contrast, the presence of motif a in
archaebacteria adds to the evidence that eukaryotic and
archaebacterial RNA polymerases are closer to each other
than to the eubacterial enzyme (17, 56).
The RNA polymerase-bound zinc ions could have a func-

tional role either in the catalytic process itself or by affecting
DNA-protein interaction as in the case of the RNA polymer-
ase C transcription factor TFIIIA (28). Some zinc ions could
also determine the spatial organization of the enzyme by
ensuring the correct folding of the subunit or by facilitating
subunit-subunit interactions, for example as a direct conse-
quence of cochelation between two half-metal-binding do-
mains. In the case of domain a, it has been proposed that the
largest and second-largest subunits interact through their
zinc-binding motifs (41, 55). Indeed, a suppressor of a
conditional mutation in domain a of the A190 RNA polymer-
ase A subunit was mapped to the zinc-binding domain of the
second-largest subunit, A135 (55).
The properties of the rpcJ60-134 (T69N) mutant support

the idea that motif a is important for subunit interactions.
The mutant RNA polymerase C is very unstable in vitro,
with a fivefold-reduced half-life at 45°C. While the chromato-
graphic properties of the wild-type enzyme remained essen-
tially unchanged after thermal denaturation, those of the
T69N enzyme were profoundly affected. The inactivated
enzyme was recovered in two distinct fractions, one of
which was depleted in C82, C34, and C31 subunits. These
subunits, which are essential for the functioning of the
enzyme (30, 41, 47), were recovered in the 300 mM fraction
in excess over other subunits. These observations implicate
domain a in the stability of the enzyme and suggest that zinc
is required for the proper folding of domain a. Valenzuela et
al. (49) already reported that C31, C34, and C82 subunits
could be separated from the wild-type enzyme by electro-
phoresis under nondenaturing conditions. However, the
activity of this variant RNA polymerase C could not be
tested.

Salt elution of RNA polymerase C on DEAE-Sephadex
columns is greatly affected by the nature of the counteran-
ion, a feature which originally allowed the chromatographic
separation of enzymes A and C by using ammonium sulfate.
This effect presumably reflects hydrophobic interactions of
enzyme C with the chomatographic matrix (11). Interest-
ingly, RNA polymerase A and the inactive, mutant RNA
polymerase C that was deficient in the C82, C34, and C31
subunits eluted at the same ionic strength on DEAE-Sepha-
dex (this work and data not shown). Therefore, the peculiar
chromatographic properties of RNA polymerase C might be
due to one or several subunits that were dissociated from the
enzyme. Since the DNA-binding properties of RNA poly-
merase C show the same anion dependency (11), it is
tempting to speculate that one or more of these same
subunits interact with DNA.
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The C53 and C37 subunits partly dissociated from the
wild-type enzyme when incubated at high temperature. C37
could not be involved in the inactivation process, since some
preparations of wild-type enzyme are devoid of this subunit
yet are still fully active. The loss of the C53 subunit might be
at least partially responsible for the loss of activity, since this
subunit is essential (41, 47). However, the wild-type enzyme
has to be incubated five times longer than the mutant enzyme
at high temperature to achieve the same level of inactivation,
implying that there may be different inactivation mecha-
nisms for the two enzymes.

It is not clear whether the dissociation of the three
subunits in the mutant enzyme implies a direct interaction of
each of them with domain a, or whether instead the latter
domain interacts with the zinc-binding domain of the second
largest subunit (41, 55), a correct interaction being in turn
important for the association of C82, C34, and C31 with the
RNA polymerase. This view is consistent with the idea that
eukaryotic RNA polymerases are made up of a minimal
enzyme similar to the a23PP' bacterial core enzyme plus the
various small subunits shared by all three enzymes (33). The
various enzyme-specific subunits would be added later in the
enzyme assembly process and might therefore be more liable
to dissociation. It would be interesting to introduce a muta-
tion similar to rpcJ60-134 in the A190 and B220 subunits to
determine whether RNA polymerase A- or B-specific sub-
units are affected in the same way. A B220 mutation also
caused the dissociation of two unique subunits of enzyme B,
B32 and B16.5, even though the molecular nature of that
mutation has not yet been determined (35).
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