
Proc. Nati. Acad. Sci. USA
Vol. 89, pp. 1403-1407, February 1992
Biochemistry

The human 64-kDa polyadenylylation factor contains a
ribonucleoprotein-type RNA binding domain and
unusual auxiliary motifs
YOSHIO TAKAGAKI*, CLINTON C. MACDONALDt, THOMAS SHENKt, AND JAMES L. MANLEY*
*Department of Biological Sciences, Columbia University, New York, NY 10027; and tHoward Hughes Medical Institute, Department of Molecular Biology,
Princeton University, Princeton, NJ 08544

Communicated by Mary Edmonds, November 4, 1991 (received for review August 29, 1991)

ABSTRACT Cleavage stimulation factor is one of the
multiple factors required for 3'-end cleavage of mammalian
pre-mRNAs. We have shown previously that this factor is
composed of three subunits with estimated molecular masses of
77, 64, and 50 kDa and that the 64-kDa subunit can be
UV-crosslinked to RNA in a polyadenylylation signal
(AAUAAA)-dependent manner. We have now isolated cDNAs
encoding the 64-kDa subunit of human cleavage stimulation
factor. The 64-kDa subunit contains a ribonucleoprotein-type
RNA binding domain in the N-terminal region and a repeat
structure in the C-terminal region in which a pentapeptide
sequence (consensus MEARA/G) is repeated 12 times and the
formation of a long a-helix stabilized by salt bridges is pre-
dicted. An -270-amino acid segment surrounding this repeat
structure is highly enriched in proline and glycine residues
(-20% for each). When cloned 64-kDa subunit was expressed
in Escherichia coli, an N-terminal fragment containing the
RNA binding domain bound to RNAs in a polyadenylylation-
signal-independent manner, suggesting that the RNA binding
domain is directly involved in the binding of the 64-kDa subunit
to pre-mRNAs.

Nearly all mammalian mRNAs are polyadenylylated at their 3'
ends. Polyadenylylation of an RNA polymerase II transcript
occurs in a two-step reaction (refs. 1-4; for reviews, see refs. 5
and 6). A pre-mRNA is first endonucleolytically cleaved at its
polyadenylylation site, which is located 10-30 nucleotides (nt)
downstream of the polyadenylylation signal sequence,
AAUAAA (refs. 7-9; for review, see ref. 10), and a poly(A)
stretch of200-300 nt is then added to the 3' end ofthe upstream
cleavage product. Although these reactions appear tightly cou-
pled in vivo, they can be uncoupled and studied separately in
vitro. Biochemical fractionation of HeLa cell nuclear extracts
has revealed that multiple factors are required for both cleavage
and polyadenylylation reactions (11-17). It has been shown that
four factors are necessary for cleavage of a simian virus 40
(SV40) late pre-mRNA (13). Only one of these, cleavage-
polyadenylylation specificity factor [(CPSF) previously desig-
nated cleavage-polyadenylylation factor (12), specificity factor
(13), or polyadenylylation factor 2 (14)], is also required for the
polyadenylylation reaction. Cleavage factors I and II and cleav-
age stimulation factor (CstF) are necessary only for cleavage
(13). For cleavage of several other pre-mRNAs, poly(A) poly-
merase, which with CPSF also functions to add poly(A)
stretches to the 3' ends of the upstream cleavage products, is
also required (11-17).
CstF has been purified to homogeneity from HeLa cell

nuclear extracts (18, 19). CstF is composed of three subunits
with estimated molecular masses of 77, 64, and 50 kDa. By
immunoprecipitation with a monoclonal antibody (mAb)

against the 64-kDa subunit, this polypeptide was shown (18)
to be identical to a protein of 64-68 kDa that had been
detected (20, 21) in crude nuclear extracts by UV-cross-
linking to pre-mRNAs in an AAUAAA sequence-dependent
manner. Since both CPSF and CstF are required for this
specific UV-crosslinking (19, 22) and for the formation of a
stable complex on pre-mRNAs (14, 23), it has been suggested
that CstF interacts with both the pre-mRNA and CPSF to
stabilize the interaction between the pre-mRNA and CPSF.
To understand the molecular mechanisms of CstF function,
we cloned cDNAs encoding the 64-kDa subunit and deter-
mined its primary structureA We also expressed the cloned
cDNA in Escherichia coli and examined the RNA binding of
the purified protein.

MATERIALS AND METHODS
Screening of cDNA Libraries. To obtain cDNA clones for

the 64-kDa subunit, 6 x 105 plaques from a HeLa cell cDNA
expression library in Agt1l were screened with a mixture of
three mAbs as described (24). Four positive clones were
plaque-purified, and cDNA inserts were subcloned in
M13mp18 (25). The cDNA derived from A64-1, the longest
clone, was then used to isolate full-length cDNAs from
another HeLa-cell cDNA library in AZAP II (Stratagene).
Positive clones were plaque-purified and cDNA inserts were
excised in vivo and sequenced by the chain-termination
method (26, 27).
RNA and Protein Analysis. Hybrid selection of the 64-kDa-

subunit-specific mRNA was performed as described (28),
using 100 ,ug of HeLa-cell poly(A)+ RNA. For in vitro
transcription (29), pBSSK plasmid containing the longest
cDNA insert (pZ64-18) was digested with Eag I. Hybrid-
selected or in vitro-transcribed capped mRNA were trans-
lated in vitro using rabbit reticulocyte lysate (Promega). In
vitro translation products were subjected to immunoprecip-
itation with anti-64-kDa-subunit mAb (18) or with anti-
polyoma large tumor antigen mAb as described (18). For
Northern blot analysis, 10 ,g of HeLa-cell poly(A)+ RNA
was treated with glyoxal and fractionated on a 1% agarose gel
in 10 mM sodium phosphate (pH 7.0). Hybridization was
performed essentially as described (25).

Partial Protease Analysis of 64-kDa Proteins. HeLa cells
were labeled with Tran S-Label (ICN) for 1 hr, harvested,
and lysed, and the 64-kDa protein was purified by immuno-
precipitation (18). The RNA transcript from pZ64-18 was
translated in vitro as described above and the 64-kDa protein
was purified by SDS/PAGE followed by immunoprecipita-
tion. In vivo- and in vitro-synthesized 64-kDa proteins were

Abbreviations: CPSF, cleavage-polyadenylylation specificity factor;
CstF, cleavage stimulation factor; mAb, monoclonal antibody; RBD,
RNA binding domain; SV40, simian virus 40; nt, nucleotide(s).
tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. M85085).

1403

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.



1404 Biochemistry: Takagaki et al.

treated with Staphylococcus aureus V8 protease at 370C for
30 min (30) and fractionated on an SDS/15% polyacrylamide
gel (31).

Expression of the Cloned 64-kDa Subunit in E. cofi. To
construct an E. coli expression plasmid, a Sal I site was first
created immediately upstream of the translation initiation
codon ATG (residues 1-3) by the PCR using pZ64-18 DNA as
a template, and the Sal 1-HindIll fragment was cloned into
pDS56-6xHis vector (32). E. coli RR-1 cells were transformed
with this plasmid and protein expression was induced with
isopropyl f-D-thiogalactopyranoside. The fusion protein
(rHis64A247), which contains six consecutive histidine resi-
dues encoded by the vector sequence followed by a 247-
residue N-terminal fragment of the 64-kDa subunit, was
purified as described (32).

UV-Crosslinking. rHis64lA247 protein (5 pug) was incubated
with 32P-labeled SV40 late pre-mRNAs (1 x 104 cpm) in
buffer D (33) at 30'C for 30 min. The mixtures were UV-
irradiated and then treated with RNase A (20). Proteins were
precipitated with 10o trichloroacetic acid and fractionated
on an SDS/10% polyacrylamide gel.

RESULTS
Cloning of cDNAs for the 64-kDa Subunit of CstF. We have

purified CstF to near homogeneity and prepared mAbs
against the 64-kDa subunit of CstF (18). Using a mixture of
these mAbs, a HeLa-cell cDNA expression library in Agtll
was immunoscreened. The insert from A64-1, the longest
positive clone, was used to hybrid-select complementary
RNA from HeLa-cell poly(A)+ RNA (28). When this mRNA
was translated in vitro, only a single major protein with
estimated molecular mass of 64 kDa was detected, which
was immunoprecipitated with a specific anti-64-kDa subunit
mAb but not with a nonspecific anti-polyoma large tumor
antigen mAb (Fig. 1A).

Since the length of the cDNA insert of the clone A64M1
(-1.2 kilobase pairs) was much shorter than that of the
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FIG. 1. Characterization of the 64-kDa-subunit mRNA. (A)
mRNA hybrid-selected with the cDNA insert of A64-1 was translated
in vitro and the reaction product was immunoprecipitated with
anti-64-kDa-subunit mAb (lane 1) or with anti-polyoma large tumor
antigen mAb (lane 2). Immunoprecipitated protein was fractionated
on an SDS/WOI polyacrylamide gel. Positions of the molecular mass
markers are indicated in kDa on the left. Arrowhead indicates the
position of the 64-kDa protein. (B) HeLa-cell poly(A)+ RNA frac-
tionated and transferred to nitrocellulose was probed with the cDNA
insert of A64M1. Positions of the DNA size markers are indicated in
kilobase(s) on the left. Arrowhead indicates the position of the
64-kDa-subunit mRNA.

specific mRNA estimated by Northern blot analysis (-2.2
kilobases, Fig. 1B), we screened a second HeLa-cell cDNA
library with the cDNA insert of A64-1 and obtained 22
positive clones. One of these (pZ64-18), containing the long-
est cDNA insert, was used as a template for in vitro tran-
scription. When the RNA transcript was translated in vitro,
again a single major product (64 kDa) was detected and was
immunoprecipitated only with a specific anti-64-kba-subunit
mAb (Fig. 2A). To provide additional evidence that the
cDNA clone pZ64-18 encodes the 64-kDa subunit, the V8
protease partial digestion patterns of the 64-kDa subunit
protein purified from [35S]methionine-labeled HeLa cells and
the [35Slmethionine-labeled in vitro translation product were
compared (Fig. 2B). The in vivo- and in vitro-synthesized
proteins showed exactly the same polypeptide profiles.
These results indicate that pZ64-i8 encodes the 64-kDa
subunit and that it contains the entire protein coding region
of the 64-kDa-subunit mRNA.

Structure of the cDNA Encoding the 64-kDa Subunit. The
complete nucleotide sequence of pZ64-18 was then deter-
mined (Fig. 3). Since this cDNA did not appear to extend
entirely to the 3' end of the mRNA, part of another clone
(pZ64-17) was also sequenced. Altogether the 64-kDa-
subunit cDNA is composed of 1978 base pairs [excluding
poly(A)] and only a single long open reading frame starting
with the putative translation initiation codon ATG (nt 1-3)
was found. The 5' untranslated region predicted from the
cDNA is quite short (22 nt). Although the actual untranslated
region may be somewhat longer, the correspondence be-
tween the sizes of the cDNA and mRNA suggest that the
difference, if any, is small. The nucleotide sequence sur-
rounding the ATG codon (underlined) is an excellent match
to the consensus sequence A/GCCATfG (34). The transla-
tion termination codon (TGA) and the polyadenylylation
signal (AATAAA) are found at nt 1732-1734 and at nt
1925-1930, respectively. The protein is composed of 577
amino acids and the molecular weight was calculated to be
60,920.

Structural Features of the 64-kDa Protein. The 64-kDa
subunit contains three characteristic structural features.
First, a search for homologous proteins in the GenBank data
base (February 1991) using the FASTA program (35) revealed
that the N-terminal region of the 64-kDa subunit (residues
17-96) shares homology with the ribonucleoprotein-
consensus-type RBD (36) or RNA recognition motif (37).
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FIG. 2. Characterization of a protein encoded by a 64-kDa-
subunit cDNA (pZ64-18). (A) In vitro translation of an RNA tran-
script from pZ64-18. The translation product was immunoprecipi-
tated and analyzed as described in Fig. 1A. (B) Partial protease
analysis of in vivo- and in vitro-synthesized 64-kDa proteins. The
64-kDa proteins synthesized in HeLa cells or in vitro were purified.
Both proteins were subjected to digestion with the indicated amounts
(in ,ug) of S. aureus V8 protease and fractionated on an SDS/15%
polyacrylamide gel.
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cggaagccgactcaacagagct -1

met ala gly leu thr val arg asp pro ala val asp arg ser leu argiser val phea 20

atg gcg ggt ttg act gtg aga gac cca gcg gtg gat cgt tct cta cgt tct gtg ttc gtg 60

Igly asn ile pro tyr glu ala thr glu glu gin leu lys asp ile phe ser glu val giy| 40

qgggaac att ccttategaagqct actegaa gag cag ttg aag gac atc ttt tct gag gtt gga 120

|ro val val ser phe arg leu val tyr asp arg glu thr gly lys pro lys gly tyr glyl 60

cct gtt gtt agt ttc aga ttg gta tac gat aga gag aca gga aag cca aag ggt tat ggc 180

phe cys glu tyr gin asp gin glu thr ala leu ser ala met arg asn leu asn gly arg 80

ttc tgt gaa tac caa gac caa gag aca gca ctt agt gcc atg cgg aac ctg aat ggg cgc 240

|glu phe ser gly arg ala leu arg val asp asn ala ala ser glu lys asn lys glu glu 100
gaa ttc agt ggg aga gna ctt cga gtg gac aat gct gec agt gaa aag aac aaa gaa gag 300

leu lys ser leu gly thr gly ala pro val ile glu ser pro tyr gly glu thr ile ser 120

ctg aag agc ctt ggc act ggt gcc cct gtc att gag tca cct tat gga gag acc atc agt 360

pro glu asp ala pro glu ser ile ser lys ala val ala ser leu pro pro glu gin met 140
cct gag gat gcc cct gag tcc att agc aaa gca gtt gcc agc ctt cca cca gag cag atg 420

phe glu leu met lys gin met lys leu cys val gin asn ser pro gin glu ala arg asn 160
ttt gag ctg atg aaa caa atg aag ctc tgt gtc cag aat agt ccc cag gag gca cgg aac 480

met leu leu gin asn pro gin leu ala tyr ala leu leu gin ala gin val val met arg 180

atg tta ctt cag aac cct caa ctg gct tat get ttg ctg caa gca cag gta gtg atg aga 540

ile val asp pro glu ile ala leu lys ile leu his arg gln thr asn ile pro thr leu 200
att gtg gat ccg gaa att gcc ctg aaa att ctg cat cgc cag aca aat atc cca acg ctg 600

ile ala gly asn pro gin pro val his gly ala gly pro gly ser gly ser asn val ser 220
att gca ggc aac cct cag cca gtc cat ggt got ggg cct ggc tca gga tcc aat gtg tca 660

met asn gin gin asn pro gin ala pro gin ala gin ser leu gly gly met his val asn 240
atg aac cag cag aat cct cag gcc cct cag gcc cag tot ttg ggt gga atg cat gtc aat 720

gly ala pro pro leu met gin ala ser met gin gly gly val pro ala pro gly gin met 260
ggc gca cct cct ctg atg caa gct tct atg cag ggt gga gtt cca gca cca ggg caa atg 780

pro ala ala val thr gly pro gly pro gly ser leu ala pro gly gly gly met gin ala 280
cca gct gct gtc aca gga cct ggc cct ggt tcc tta gct cct gga gga gga atg cag get 840

gln val gly met pro gly ser gly pro val ser met glu arg gly gln val pro met gln 300
cag gtt gga atg cca gga agt gga cca gtg tcc atg gaa cgg ggg caa gtg ccg atg caa 900

asp pro arg ala ala met gin arg gly ser leu pro ala asn val pro thr pro arg gly 320
gac ccc aga gea gct atg cag cgg gga tcc ttg cct gcg aat gtc cca acc cct cga ggc 960

leu leu gly asp ala pro asn asp pro arg gly gly thr leu leu ser val thr gly glu 340
ttg tta gga gat gct ccg aat gat cca cgg gga ggc act tta ctt tct gta act gga gag 1020

val glu pro arg gly tyr leu gly pro pro his gin gly pro pro met his his val pro 360
gta gag cct aga ggt tac ttg gga cca cct cat cag ggt cca ccc atg cac cat gtc cct 1080

gly his glu ser arg gly pro pro pro his glu leu arg gly gly pro leu pro glu pro 380
ggc cat gag agc cga gga cca ccc cca cat gaa ctg agg gga ggg cca tta ccc gag ccc 1140

arg pro leu met ala glu pro arg gly pro met leu asp gln arg gly pro pro leu asp 400

aga cct cta atg gca gaa cca aga gga ccc atg cta gat cag agg ggt cca ccc ttg gat 1200

gly arg gly gly arg asp pro arg gly~ile asp ala arg gly met glu ala arg ala met| 420

ggc aga ggt gga agg gat ccc cga gga ata gat gca cga ggg atg gag gcc cga gcc atg 1260

glu ala arg gly leu asp ala arg gly leu glu ala arg ala met glu ala arg ala metl 440

gag gca aga ggg tta gat gcc aga gga tta gag gcc cgt gca atg gag gcc cgt gcg atg 1320

|glu ala arg ala met glu ala arg ala met glu ala arg ala met glu val arg gly metj 460
gaa gct cgt gca atg gag gcc cga gcg atg gag gcc cgt gca atg gaa gtc cg ggg atg 1380

[glu ala arg gly met asp thr arg glyjpro val pro gly pro arg gly pro ile pro ser 480

gag gcc aga ggc atg gat acc aga ggc cca gtg cct ggc cnc aga gga cct ata cct agt 1440

gly met gin gly pro ser pro ile asn met gly ala val val pro gin gly ser arg gln 500

gga atg cag ggt ccc agt cca att aac atg ggg gcg gtt gtc ccc cag ggatccaga cag 1500

val pro val met gin gly thr gly met gin gly ala ser ile gin gly gly ser gin pro 520

gtc cca gtc atg cag gga aca gga atg caa gga gca agt ata cag ggt gga agc cag cct 1560

gly gly phe ser pro gly gin asn gin val thr pro gin asp his glu lys ala ala leu 540

ggc ggc ttt agt ccc ggg cag aac caa gtc act cca cag gat cat gag aag gct gct ttg 1620

ile met gin val leu gin leu thr ala asp gln ile ala met leu pro pro glu gin arg 560

att atg cag gtt cta caa ctg act gca g4c cag att gcc atg ttg cct cct gag caa agg 1680

gin ser ile leu ile leu lys glu gin ile gin lys ser thr gly ala pro 577

cag agt atc ctg att tta aag gaa caa ata cag aaa tcc act gga gca cct tga taggttt 1741

tcaaaaatacctggcaagaaatctggaaattctataattttgttgaaatattgaaaaaagatgacctgcatcctaaccc 1820

ttgaatgactcaaatcagtgccaggtggaggactcccatcaccttctctcagaacaaaatcacttcattttattgtctt 1899
agtttgtatattttctgtgacttgaAntnactttgaacacaattttagtacactgcaaaaaaaaaaaaaaaaaaaaaa 1978

aaaaaaaaaaaaaaaa 1994

FIG. 3. Sequences of the 64-kDa-subunit cDNA and the pre-
dicted protein. Nucleotides (lower lines) and amino acids (upper
lines) are numbered on the right, starting with the translation
initiation site. The translation initiation codon (ATG), the translation
termination codon (TGA), and the polyadenylylation signal
(AATAAA) are underlined. The RNA binding domain (RBD) and the
repeat structure are boxed and the proline/glycine-rich regions are
underlined.

This %80-residue domain (Fig. 4) has been found in a variety
of RNA binding proteins, and, where studied, appears di-
rectly responsible for the interaction of the protein with
RNA.

Proc. Nadl. Acad. Sci. USA 89 (1992) 1405

A second feature is a repeat structure found in the C-ter-
minal region of the 64-kDa subunit (residues 410-469). Each
repeat is composed of 5 amino acids (consensus MEARA/G)
and is repeated 12 times (Fig. SA). No protein containing this
kind of pentapeptide repeat was found in GenBank. Predic-
tion of secondary structure according to Chou and Fasman
(38) strongly suggests that this repeat structure forms an
exceptionally long a-helix, consisting of 16 turns. When this
a-helical structure was depicted by flattened helical display
(Fig. 5B), it became evident that all basic amino acid residues
(arginine) can electrostatically interact with closely located
acidic residues (glutamic or aspartic acid) in the next turn to
form as many as 11 salt bridges (39, 40). These salt bridges
very likely provide considerable stabilization for the a-helical
structure. In addition, helical wheel analysis (Fig. SC) shows
that salt bridges can be formed on all faces of the helix.
An additional feature stems from the fact that the contents

of proline (12.0%) and glycine (12.5%) residues in the 64-kDa
subunit are very high. In particular, these two residues are
highly enriched in regions surrounding the repeat. A long
region preceding the repeat structure (residues 198-409) is
19.3% proline and 18.9%o glycine; a shorter region of 57
residues immediately following the repeat (residues 470-526)
also displays a high content of proline (19.3%) and glycine
(24.6%). Secondary structure prediction suggests the exis-
tence of as many as 10 (-turns in these regions (data not
shown). Although some proteins in connective tissues (e.g.,
collagens) also show high contents of proline and glycine,
their characteristic repeating motif (Gly-Xaa-Yaa)n, where
Yaa is often proline (41), is not found in the 64-kDa subunit.
The 64-kDa subunit of purified CstF displays apparent size

heterogeneity during SDS/PAGE (18), and recent studies
have shown that this is due at least in part to phosphorylation
(C.C.M. and T.S., unpublished data). In this regard, we note
the presence of a possible protein kinase C consensus site
(residues 80-85), which is in the C-terminal region of the
RBD, and two possible cGMP-dependent protein kinase sites
at residues 364-365 and 498-499 (42). Additionally, despite
the fact that the 64-kDa subunit is localized exclusively in the
nucleus (18), it lacks sequences resembling a nuclear local-
ization signal (43). It may be that heterotrimer formation
occurs in the cytoplasm, and one ofthe other subunits ofCstF
contains the requisite nuclear localization signal.
The 64-kDa Protein Synthesized in E. coli Binds RNA. To

study the RNA binding function of the 64-kDa subunit by
itself, we expressed an N-terminal fragment of the protein in
E. coli using the pDS56-6xHis vector (32). The fusion protein
was purified and tested for its ability to be UV-crosslinked to
SV40 late pre-mRNAs containing a wild-type (AAUAAA) or
a point-mutant (AAGAAA) polyadenylylation signal. The E.
coli-expressed protein was UV-crosslinked to both pre-
mRNAs with equal efficiencies (Fig. 6). These results agree
with those obtained with extensively purified CstF (22) and
support the view that the 64-kDa subunit does not recognize
the AAUAAA polyadenylylation signal.

DISCUSSION
In this study, we have cloned cDNAs encoding the 64-kDa
subunit of CstF and predicted elements of the protein's
structure. The 64-kDa subunit contains an RBD in the
N-terminal region. The highly conserved ribonucleoprotein 1
and 2 motifs (36, 37) are both present, as are other well-
conserved residues and possible structural motifs (44). This
domain is very likely involved in the interaction of the 64-kDa
subunit with pre-mRNAs detected by UV-crosslinking ex-
periments, a view supported by the fact that an N-terminal
fragment of the 64-kDa protein expressed in E. coli could be
efficiently crosslinked to RNA.
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FIG. 4. Comparison of the RBD in the 64-kDa subunit and the RBD consensus. Highly conserved residues, deduced from compilations of
RBDs (36, 37), and the spacings between them (in parentheses) are indicated on the top. Corresponding amino acid residues and the spacings
in the 64-kDa-subunit RBD are shown on the bottom. Positions at which identical residues are found between the consensus and the 64-kDa
subunit are boxed. Ribonucleoprotein 1 (RNP1; octamer) and 2 (RNP2) consensus sequences are indicated.

Both the N-terminal fragment and full-length bacterially
expressed 64-kDa protein (unpublished data) can be
crosslinked with equal efficiencies to RNAs containing or
lacking an intact AAUAAA. These findings are consistent
with previous results obtained with extensively purified CstF
(19, 22), which, coupled with functional studies (13, 14), led
to the suggestion that CstF does not directly recognize
AAUAAA (e.g., ref. 18). What specific sequences might then
be recognized by the 64-kDa subunit? The only sequence
element other than AAUAAA implicated in polyadenylyla-
tion is the so-called downstream element, which is a U- or
G/U-rich sequence found 5-50 nt 3' to the cleavage site in
many pre-mRNAs (for review, see ref. 6). Indeed, recent
studies by Nevins and colleagues (14, 23) have suggested that
CstF (called CF-1 by those' authors) interacts 'specifically
with these downstream sequences. However, several other
studies are not entirely consistent with this view. First, the
original detection of AAUAAA-dependent UV-crosslinking
of the 64-kDa subunit did' not show any dependence 'on
downstream sequences (20, 21), and our preliminary exper-
iments with purified CstF or the recombinant 64-kDa subunit
are consistent with these earlier findings. Furthermore, we
have also shown that CstF is fully functional in bringing about
efficient cleavage on substrates containing mutations that
destroy the downstream element (K. Murthy, Y.T., and
J.L.M., unpublished data). Therefore, we suggest that the
64-kDa protein may have only limited sequence specificity in
its interaction with RNA and that its function in polyaden-
ylylation may involve specific protein-protein interactions.
The repeat structure in the C-terminal region is likely to

form an extended a-helix. Several different types of a-helical
structures have been suggested to make specific protein-
protein interactions in a number of transcription factors, for
example, in leucine-zipper (45-47) and helix-loop-helix (46-

49) proteins. In all of these cases, hydrophobic amino acids
are localized on one side of the helix, and it has been
suggested that these residues are directly involved in protein-
protein interactions. On the other hand, other transcription
factors can apparently form amphipathic a-helices in which
charged residues are located on the same face of the'helix
(e.g., refs. 50 and 51). In contrast to all ofthese examples, the
putative a-helix ofthe 64-kDa subunit protein is considerably
longer (-60 residues), and charged residues (both acidic and
basic) are distributed on all faces of the helix (Fig. 5C). This
raises the possibility that the a-helix of the 64-kDa subunit is
completely or largely solvent-exposed, an extremely unusual
situation observed previously only in certain calcium-binding
contractile proteins (39). In addition, the a-helix is sur-
rounded by proline/glycine-rich regions that can potentially
form multiple }3-turns, which may provide a flexible frame-
work allowing extensive movement of the a-helix. We spec-
ulate that the repeat structure is involved in a protein-protein
interaction mediated by electrostatic forces.
As mentioned above, there is now considerable evidence

suggesting a functional interaction between CstF and CPSF
(14, 19, 22, 23). When CstF and CPSF are mixed, efficient
UV-crosslinking of the 64-kDa subunit to RNA can be
detected only with substrates containing AAUAAA. In con-
trast, purified CstF or the E. coli-expressed N-terminal
fragment of the 64-kDa subunit shows no specificity for
AAUAAA-containing RNAs. Thus it appears that protein-
protein interactions between CPSF and CstF convert the
latter to an AAUAAA-dependent RNA binding protein,
perhaps through cooperative interactions of the two factors
with the pre-mRNA. This is analogous to the interaction
between CPSF and poly(A) polymerase, which converts the
enzyme from a sequence-independent polymerase to an
AAUAAA-dependent one. We propose that the a-helical
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FIG. 5. Structure of the pentapeptide
repeating motif in the 64-kDa subunit. (A)
Amino acid sequences of the pentapep-
tide repeating units are shown. A con-
sensus sequence is shown at the bottom.
The first and the last residues of the
repeat structure are indicated by number.
(B) Flattened helical display ofthe repeat
structure. The helical region containing
the repeat structure was flattened into
two dimensions by splitting the helix
lengthwise. Note that Arg-428, Glu-446,
and Gly-464, which are bisected by the
split along the helix, are displayed in
duplicate. Salt bridges are indicated by
dotted lines. (C) Helical wheel analysis of
the repeat structure. The amino acid se-
quence of the repeat structure is dis-
played down the axis of a schematic
a-helix. Ile-410 is placed at position 1 of
the helix, followed by Asp-411 at position
2, and so on. Gly-469, the most C-termi-
nal residue, is placed at position 4.
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FIG. 6. UV-crosslinking of the bacterially expressed 64-kDa
subunit to SV40 late pre-mRNAs. The E. coli-expressed N-terminal
fragment of the 64-kDa subunit (rHis64A247) was incubated with
32P-labeled SV40 late pre-mRNAs containing a wild-type
(AAUAAA, lane 2) or a mutated (AAGAAA, lane 3) polyadenylyl-
ation signal. The reaction mixtures were UV-irradiated, treated with
RNase A, and fractionated on an SDS/10% polyacrylamide gel.
Positions of the molecular mass markers (lane 1) are indicated on the
left in kDa.

structure in the 64-kDa subunit directly interacts with CPSF.
It may be that this interaction alters the structure of the
64-kDa subunit, increasing the accessibility and/or affinity of
the RBD for the pre-mRNA. An intriguing possibility is that
some of the intramolecular salt bridges in the repeat structure
of the 64-kDa subunit are converted to intermolecular ones
when CstF interacts with CPSF, leading to a stable interac-
tion between CstF and CPSF.
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