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The CTD (carboxy-terminal repeat domain) of the
largest subunit of RNA Polymerase Il in most eukary-
otes consists of from 26 to 52 seven amino acid repeats,
the consensus sequence of which is YSPTSPS. Even
though this consensus repeat does not contain resi-
dues that are normally protonated under the condi-
tions used for positive ion electrospray mass spectrom-
etry, we find that the CTD acquires about one proton
per repeat when analyzed by this procedure. We have
termed this phenomenon superprotonation. Superpro-
tonation is apparently a property of the consensus se-
quence as the repeat peptide, (YSPTSPS),, is superpro-
tonated whereas other proteins and the repeat pep-
tides (YSPTSPK),, (YSPTSPR), and (YSPTAPR), are
not. The highly conserved nature of the contiguous
consensus repeats in organisms ranging from yeast to
mammals implies that the functionally significant be-
havior of the domain is easily perturbed. We propose
that CTD superprotonation is a manifestation of a
unique biophysical property that will influence and
could be the basis for consensus repeat function in
VIVO. © 1998 Academic Press

The regulation of RNA Polymerase Il plays a central
role in many aspects of gene expression. The CTD (car-
boxy-terminal repeat domain) of the largest subunit of
RNA polymerase Il has been implicated in most of the
regulatory mechanisms involving RNA polymerase 11
(1, 2) including assembly of the RNA Pol Il holoenzyme
(3, 4), regulator controlled gene activation (4-8), release
from the promoter region (9, 10), efficiency of RNA elon-
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gation (11, 12) and recruitment of RNA processing com-
ponents (13-22).

The CTD is highly conserved in organisms from yeast
to man and consists of 26 to 52 seven amino acid re-
peats with the consensus sequence YSPTSPS (1). Al-
though a shift from an unphosphorylated to a hyper-
phosphorylated CTD is correlated both with a transi-
tion into the elongation phase of transcription (9, 10)
and with a change in the conformation of the CTD (23),
little information is available to indicate what the
structure of either the unphosphorylated or the phos-
phorylated CTD might be. When a synthetic peptide
with 8 consensus repeats was analyzed by 2D NMR and
Circular Dichroism, a right handed beta turn structure
could be forced in 90% trifluoroethanol: however, little
evidence of structure was apparent in an aqueous envi-
ronment (24). The undefined structure of the repeat
peptide in water seems to conflict with the nearly com-
plete conservation of about 18 contiguous consensus
repeats in organisms as evolutionarily distant as yeast
and humans (1).

In the present study we identify a very unusual phys-
ical/chemical characteristic of the CTD. Even though
the CTD consensus repeat, YSPTSPS, does not contain
residues normally protonated under the conditions
used for positive ion electrospray mass spectrometry
(25), peptides containing most of the yeast CTD are
highly protonated during analysis by this procedure.
Indeed, species containing nearly one protonation per
repeat are present. Although proteins and peptides oc-
casionally acquire one or two positive charges beyond
those expected from protonation at the Lys, Arg, His
and amino terminal residues, we have been unable to
find any other examples of proteins that display this
level of unexpected protonation. We have termed this
phenomenon superprotonation. The ability of the
highly conserved consensus repeats to superprotonate
reveals the presence of a very unusual negative site in
this normally neutral sequence. Whatever the biophys-
ical basis for this unusual phenonmenon, it is likely to
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affect the structural and biological behavior of the CTD
of the largest subunit of RNA Pol I1.

MATERIALS AND METHODS

Overexpression and purification of GST-yCTD. The fusion pro-
tein GST-yCTD was placed under the control of an IPTG inducible
promotor in pGEX3X (Pharmacia) as previously described (26). Ex-
pression and glutathione Sepharose 4B purification of GST-yCTD
were done as recommended by Pharmacia (their reference XY-058-
00-01) with the modifications previously indicated (26). Purification
of full sized GST-yCTD was done by loading the protein fractions
from the glutathione Sepharose 4B column directly onto a 2 cm (5
ml) Ni?* -NTA-agarose (Qiagen) column equilibrated with column
buffer (5 mM Imidazole, 500 mM NaCl, 1 mM PMSF, and 10 mM
Tris pH 7.8). The column was washed with 6x 5 ml of column buffer
and 6x 5 ml of wash buffer (60 mM imidazole, 500 mM NaCl, 1 mM
PMSF, and 10 mM Tris pH 7.8) and eluted with 1 ml fractions of
elution buffer (200 mM imidazole, 500 mM NaCl, 1 mM PMSF, and
10 mM Tris pH 7.8) (26).

FXa? digestion of the GST-yCTD fusion protein. Digestions of
GST-yCTD were done by thawing aliquots of the fusion protein (1.2
mg/ml) in 10 mM Tris pH 7.8, adding CacCl, to 2 mM and FXa (New
England Biolabs) to 20 xg/ml and incubating for 1 hr at room temper-
ature. Digestions of the partially proteolyzed fusion protein which
did not bind the nickel column were done similarly in 0.2 mM CacCl,
and 10 mM NacCl.

HPLC and mass spectrometry. Fragments from FXa digests of
the GST-yCTD were separated by RP-HPLC on a 2.1x 150 mm C4
column (214TP5215, Vydac) with matching guard column. At loading
the column was equilibrated with 90% solution A (0.025% TFA) and
10% solution B (0.025% TFA in 90% acetonitrile). The column was
eluted using an ISCO microbore HPLC syringe pump at 50 ul per
minute using the following gradient: 10% B from 0 to 10 min., linear
gradient to 90% B from 10 to 40 min. and 90% B from 40 to 50 min.

Mass measurements were made on a Micromass-VG Quattro BQ
(Altrincham, UK) triple quadrupole mass spectrometer equipped
with a pneumatically assisted electrostatic ion source operating at
atmospheric pressure and in positive ion mode. Synthetic peptides
(Chiron Mimotopes, Raleigh, NC) reconstituted to 1 mg/ml in 50%
aqueous acetonitrile containing 1% formic acid and RP-HPLC frac-
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tions were analyzed by loop injection into a stream of 50% aqueous
acetonitrile flowing at 10 wpl/min. Spectra were acquired in multi
channel acquisition mode (MCA) from m/z 350-1600 or 700-1600
(scan time 5 sec.) for synthetic peptides or HPLC fractions, respec-
tively.

For HPLC/MS analysis, the effluent from the column was split
evenly into two streams. One stream was delivered to the ion source
of the mass spectrometer and the other to a UV detector monitoring
at 220 nm. Spectra were acquired in continuum mode from m/z 300-
1600 (scan time 5 sec.).

The mass scale was calibrated with horse heart myoglobin
(16951.48 Da) with a resolution corresponding to a peak width at
half height of 1.0 Da for m/z 893. For experiments with synthetic
peptides, the declustering potential was minimized so that the high-
est charge state could be observed. The mass spectra were trans-
formed to a molecular mass scale using software (VG MassLynx)
supplied by the manufacturer.

RESULTS

Purification of GST-yCTD and yCTD. Analysis of
the CTD both as a protein domain and as a substrate
for kinases required a homogenous CTD polypeptide.
Because the CTD of RNA Pol Il is very susceptible to
proteolytic digestion, we introduced a GST at the
amino-terminal end of the yeast CTD and a 6XHis at
the carboxy-terminal end of the yCTD (Fig. 1A). Follow-
ing overexpression in E. coli, this GST-yCTD fusion
protein could be purified by consecutive use of the af-
finity tags at each end (Fig. 1B). A FXa cleavage site
between the GST and the yCTD allowed cleavage of
the GST group from the yCTD which includes the
6XHis tag.

Mass spectrometry on theyCTD. When FXa cleaved
GST-yCTD was subjected to RP HPLC, major peaks
eluted at 36 and 46% acetonitrile. The mass spectrum
of the peptide in the first peak transforms to give to give
a mass of 21,501.9 Da, in agreement with the expected
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FIG. 1. GST-yCTD and its purification. Fig. 1A shows a diagram of the fusion protein consisting of the amino-terminal GST, the FXa
cleavage site, three linking amino acids, the CTD (capital letters) , two linking amino acids and the 6xHis tag. Protein-containing fractions
from the steps in the purification of GST-yCTD are shown analyzed on 12% Laemmli gel in Fig. 1B (stained with Coomassie Blue). Lanes
1 and 2 contain 0.00025% of the triton solubilized E. coli and 0.00025% of the supernatant following centrifugation of the solubilized E-coli
(E. coli extract), respectively. Other sample lanes contain 0.2% of the indicated fraction. Lanes 3 to 7 contain the glutathione elution
fractions (1ml), lane 9 contains the flow though from loading glutathione elution fractions 4 through 7 on a 2 cm height 5 ml nickel column,
lanes 10 and 11 contain column buffer wash fractions (5 ml), lanes 12 to 14 contain the 60 mM imidazole wash fractions (5 ml), while lanes
15 to 20 contain the 200 mM imidazole elution fractions (1 ml). Lane 8 and 21 contain molecular weight markers.
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FIG. 2. Mass spectrum on the yCTD. Raw data from analysis of HPLC purified yCTD shows the mass to charge ratio of the ionized

yCTD molecules. The protonation state of each species is indicated in parenthesis below the mass to charge ratio. Even though the yCTD
(including the 6XxHis tag) contains only 11 sites that would usually be protonated, it is associated with from 14 to 30 protons.

average mass for the yCTD including the 6XHis tag
(21,503.5 Da). The mass spectrum of this peptide (Fig.
2), shows a charge state distribution from 14 to 30,
implying there are at least 30 protonation sites. How-
ever, the protein has only eleven sites that are normally
protonated in the positive ion ESMS experiment. These
data strongly suggest that the yCTD has the ability
to superprotonate under the conditions used in ESMS
experiments. The second peak (46% acetonitrile) con-
tained many species, none of which could be clearly
identified by mass spectrometry; however, SDS PAGE
analysis indicated it contained the cleaved GST (data
not shown).

To investigate further the superprotonation phenom-
enon, a FXa digest was done on material that did not
bind to the nickel column and presumably did not con-
tain the 6XHis tag. Four CTD peptides were identified
by HPLC/MS. These species were cleaved at the FXa
site, included all of the CTD repeats, lacked the 6XHis
tag and were superprotonated (Fig. 3). The smallest
peptide, missing the 6XHis tag and 9 amino acids of
the nonrepeat carboxy-terminal region (see Fig. 1), con-
tains only one lysine and the amino terminus yet still
displays as many as 24 protonation sites (Fig. 3C).

Mass spectrometry on synthetic repeat peptides. To
determine if a smaller number of repeats could be su-
perprotonated, the synthetic peptide, (YSPTSPS),, was
subjected to ESMS (Fig. 4). This peptide, which con-
tains only one usual protonation site, gave a mass spec-
trum with primarily doubly and triply protonated spe-
cies. In contrast, (YSPTSPK),, which is based on the
consensus sequence of the plasmodium CTD, has a
mass spectrum that consists primarily of the [M+3H]/
3, [M+4H*)/4 and [M+5H"]/5 ions as would be ex-
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pected based upon amino acid composition (Fig. 4). The
peptides, (YSPTSPR), and (YSPTAPR),, have essen-
tially the same charge state distribution as (YSP-
TSPK), (data not shown).

DISCUSSION

As a step toward obtaining information on the CTD
and its phosphorylation sites we created a GST-yCTD
fusion protein with a carboxy-terminal 6XHis tag. A
FXa cleavage site between the amino-terminal GST
and the yCTD sequence allowed removal of the GST
moiety. When the molecular mass of HPLC-purified
yCTD was measured by ESMS, it was found to be in
agreement with the theoretical average molecular
mass. Surprisingly, under the mildly acidic conditions
used in the ESMS experiment (pH ca. 2), the mass
spectrum showed that the yCTD acquired protons in
excess of the eleven expected on the basis of the number
of Lys, Arg, His and amino-terminal residues (25). In-
deed, the mass spectral data show that most yCTD
peptides exhibit between 8 and 16 additional proton-
ation sites beyond the eleven usual sites. Although pro-
tonation at one or two extra locations is occasionally
observed during mass spectrometry of proteins and
peptides, the extent of superprotonation of the yCTD
is to the best of our knowledge without precedence.

Several additional lines of evidence demonstrate that
the ability of the yCTD to superprotonate resides in
the repeated sequence of the CTD. Peptides that con-
tained the yCTD but lacked the 6 xXHis tag and portions
of the nonconsensus carboxyl-terminal sequence were
all superprotonated. The superprotonation of these
peptides indicates the 6xHis tag is not responsible for
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FIG. 3. Analysis of the yCTD lacking the 6xHis tag and various lengths of the nonrepeat carboxy-terminal CTD region. Products from
a FXa cleavage of partially proteolyzed GSTyCTD were analyzed by on-line HPLC/Mass spectrometry. Four species were identified with
masses consistent with yCTD species missing carboxy-terminal residues. The species have average masses consistent with the calculated
mass of the yCTD missing the carboxy-terminal amino acids QHHHHH (20552.5 Da, Fig. 3A), RLQHHHHHH (20283.0 Da, Fig. 3B),
SRLQHHHHHH (20196.0 Da, Fig. 3B) and KHNENENSRLQHHHHHH (19330.1 Da, FIG. 3C). The protonation state of each species is

indicated in parenthesis below the mass to charge ratio.

this phenomenon and suggests the carboxy-terminal
nonconsensus residues are also not required. In addi-
tion, the mass spectrum for each of these peptides
shows charge states with at least 20 unexpected pro-
tonation sites. This approximates the number of con-
sensus repeats in these peptides.

To demonstrate that the YSPTSPS sequence was suf-
ficient for superprotonation, the repeat peptide, (YSP-
TSPS),, was analyzed by ESMS. Since all of the side
chains in this peptide are neutral, the only expected
protonation site is the amino-terminus. Nevertheless,
the mass spectrum for this peptide consisted primarily
of doubly and triply protonated forms. This is in con-
trast to the spectra for (YSPTSPK),, (YSPTSPR), and
(YSPTAPR),, which displayed charge state distribu-
tions in accordance with each peptide’s amino acid com-
position. Thus the sequence, YSPTSPS, is sufficient to
induce superprotonation, although the fact that (YSP-
TSPS), had only 1 or 2 and not 3 or 4 extra protonation
sites suggests that multiple repeats must be contiguous
for superprotonation to occur.

The fact that the sequence, YSPTSPK, apparently
does not superprotonate is interesting as this heptamer
is the consensus repeat found in the Plasmodium CTD
and is also common in the carboxy-terminal 18 repeats
of the mammalian CTD (1). In this regard it is notewor-
thy that the YSPTSPK-rich region of the mouse CTD
is unable to substitute for the YSPTSPS-rich region of
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the mouse CTD (27) Similarly, the YSPTSPS-rich but
not the YSPTSPK-rich regions of the mammalian CTD
can be used to replace the yeast CTD (28). The in vitro
superprotonation observed within the YSPTSPS but
not the YSPTSPK repeats may be related to this differ-
ence in in vivo behavior.

We have not yet identified the location of the proton-
ation sites in the consensus repeats. Within each re-
peat, potential protonation sites include the five amide
and the two imide bonds as well as the three serine, one
threonine and one tyrosine OH groups. Of the chemical
groups mentioned, the carbonyl oxygens of amide
bonds are the most negative, normally displaying a pKa
of about —1.0 [p. 6 in (29)]. The inability of these groups
to protonate in most polypeptides suggests the super-
protonation event involves either multiple coordination
sites or a large increase in the electronegativity of a
single site. Determining the exact nature of the proton-
ation sites will require additional experimental efforts,
but it is clear that the phenomenon of superprotonation
is rare and almost certainly arises from the sequence
of the CTD consensus repeat.

While the biological implications of CTD superpro-
tonation remain to be determined, one possibility is
that the protonation site represents a cation binding
site. The absence of an appropriate cation could cer-
tainly account for the surprising lack of structure that
has been observed for the consensus repeats of this
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FIG. 4. Mass spectrometric analysis of a synthetic peptide with 4 consensus repeats reveals superprotonation. Even though the peptide
(YSPTSPS), contains only one usual protonation site (the amino terminus) almost all of the observed species were protonated either 2 or
3 times (top panel). In contrast a control peptide, (YSPTSPK),, which contains 4 Lys residues in addition to the amino terminus, exhibits

very little unexpected protonation (bottom panel).

highly conserved domain (24). The existence of a pro-
tonation site in the neutral repeats of the CTD of RNA
Pol 11 reflects an apparently unique biophysical prop-
erty of this domain. This property may underlie the
biological requirement for the consensus repeat.
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