
enzyme reactions and consequently meta- Biochem. Genet. 21,239 (1983); W. B. Watt, R. C. equilibrium and are not linked to any known poly- 

bolic flux. ~h~~ suggested that an important Cassin, M. S. Swan, c e n e t h  103, 725 (1983); W. morphic locus [D. A. Powers et al., A m .  Zool. 26, 
B. Watt, P. A. Carter, S. M. Blower, Genetus 109, 131 (1986)]. 

aspect of enzyme evolution may be related 157 (1985); W. E. Zammer and R. J. Hoffmann, 22. SAS Institute, S A S / S T A T  User's Guide, Releae 
to in protein structure that alter Proc. Natl. Acad. Sci. U.S.A.  86, 2737 (1989). 6.03 Edition (SAS Institute, Cary, NC, 1988), pp. 

21. The animals selected were randomly drawn from the 549-640. transfer within a pathway. Per- same population, which has mitochondrial DNA 23. Supported by NSF grant DEB-82-07006 and the 
haps genetic variation in the LDH-B haplotypes found only in southern waters [I. L. Texas Agricultural Experiment Station. 

isozyme of the rnummichog affects its asso- Gonzalez and D. A. Powers, Evolution 44, 27 
(1990)l. The Ldh-B alleles exist in Hardy-Weinberg 29 April 1991; accepted 22 May 1991 

ciation with other glycolvtic enzymes and - ,  , 
thereby affects the rate of glucose use. 

Evidence from a variety of other animals 
and enzyme systems has also indicated that 
allozyme variation is associated with meta- Related RNA Polymerase-Binding Regions in 
bolic and organismal level differences that 
may affect fitness (5-17, 20). However, our Human RAP30/74 and Eschevichia coli a70 
experiments suggest that the organismal dif- 
ferences correlated with the Ldh-B polymor- 
phism in the mummichog are causally 
linked. If this is not a unique observation, 
allozymic variation may be important in the 
evolution of species. 
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RAP30174 is a heteromeric general transcription initiation factor that binds to 
mammalian RNA polymerase 11. The RAP30 subunit contains a region that is similar 
in amino acid sequence to the RNA polymerase-binding domain of the Escherichia coli 
transcription initiation factor sigma 70 (-70). Mammalian RNA polymerase I1 
specifically protected a serine residue in the -70-related region of RAP30 from 
phosphorylation in vitro. In addition, human RAP30174 bound to Escherichia coli 
RNA polymerase and was displaced by a70. These results suggest that RAP30 and 
a70  have functionally related RNA polymerase-binding regions. 

R NA POLYMERASE 11 REQUIRES 

several general factors for initia- 
tion of transcription at the pro- 

moters of protein-encoding genes (1 ) .  Al- 
though many of these factors have been 
purified extensively, the functions of most 
of them in the initiation of transcription 
are not well characterized. RAP30174 
(RNA polymerase-associated protein), 
also known as TFIIF (Z), is a heterodimeric 
general transcription initiation factor that 
binds to eukaryotic RNA polymerase I1 (3, 
4). An adenosine triphosphate (ATP)-de- 
pendent DNA helicase activity that associ- 
ates with RAP30174 may be related to its 
function (5 ) .  The amino acid sequence of 
RAP30 deduced from its cDNA (5) shows 
that RAP30 contains a region with se- 
quence similarity to a domain of the bac- 
terial transcription initiation factor u70. 
This domain of a70 is conserved through- 
out the u factor family and is required for 
the binding of a70 to RNA polymerase 
(6-8). The structural similarity between 
RAP30 and 070 suggests that RAP30 
could contain an RNA polymerase-bind- 
ing region that is functionally related to 
that of a70. The demonstration of h n c -  

tional similarity between RAP30174 and 
a70 would suggest the use of the well- 
characterized prokaryotic transcription ini- 
tiation system as a paradigm for initiation 
factor function in higher organisms. 

In order to identify a region of RAP301 
74 that is associated with RNA polymerase 
11, we used the catalytic subunit of cyclic 
adenosine 3',5'-monophosphate (CAMP)- 
dependent protein kinase (pKA) as a re- 
agent to modify RAP30174 and assessed 
the ability of RNA polymerase I1 to protect 
RAP30174 from phosphorylation by pKA 
(9) (Fig. 1). RAP30/74 that had been 
purified by RNA polymerase I1 affinity 
chromatography (3) was phosphorylated in 
vitro with pKA. The RAP74 subunit was 
phosphorylated ten times as efficiently as 
RAP30. RAP30 was then immunoprecip- 
itated after denaturation of the RAP30174 
heterodimer (Fig. lA, lane 5). Excess RNA 
polymerase I1 in the reaction blocked phos- 
phorylation of RAP30 (lane 6). RNA poly- 
merase I1 did not affect phosphorylation of 

Table 1. Approximate molar dissociation 
constants for RAP30 and a70 binding to RNA 
polymerase. 
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Protein E. coli RNA Mammalian RNA 
polymerase polymerase I1 

*In (28). !Estimated from the partial cosedimenta- 
tion of a70 w ~ t h  4 x M RNA oolvmerase I1 (Fie. 
2F). +Estimated from the compl~te iosedimentati;n 
of RAP30174 with 4 x M RNA polymerase (Fig. 
2C) and the poor displacement of RAP30174 from RNA 
polymerase by NusA. §In (3). 
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18 - reaction before immunoprecipitation; lanes 3 and 4, RAP30174 immunopre- 

cipitated with antibodies to RAP30 (nondenaturing conditions). Because 
phosphorylation of RAP74 is -tenfold higher than that of RAP30, longer 

exposure is required to visualkc RAP30 in lanes 1 and 3. Lanes 5 and 6, RAP30 immunoprecipitated with antibodies to RAP30 (denaturing conditions). (6)  
RAP30 labeled in vivo with [3H]leucine (lanes 1 and 2) and RAP30 labeled with 32P in viwo with pKA (lanes 3 and 4) before (lanes 1 and 3) and after (lanes 
2 and 4) treatment with cyanogen bromide. Samples were analyzed by elecaophoresis in the presence of SDS and urea (16). (C) Schematic representation of 
RAP30 highlighting the region (amino acids 111 to 152) with sequence similarity to u70 (amino acids 361 to 409). The RNA polymerase-binding region of 
070 (amino acids 361 to 390) (7) is shown. Underlined amino acids are conserved among members of the a factor family (8) .  Methionine residues in M 3 0  
are denoted by arrows; serine residues by vemcal lines in the top hagram. Vemcal lines between RAP30 and u70 show identical amino acids; asterisk show 
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All fragment sizes are given in kilodaltons. M, molecular-size markers. 

Sedimentation 
rn 

- RAI 

RAP74, which coimmunoprecipitated 
with RAP30 under nondenaturing condi- 
tions (lanes 3 and 4); nor did it affect the 
phosphorylation of contaminating proteins 
in the reaction (lanes 1 and 2). This specific 
protection of RAP30 by RNA polymerase 
I1 is consistent with the suggestion (3, 5) 
that it is the RAP30 subunit of RAP30174 
that binds directly to RNA polymerase I1 
and indicates that the pKA phosphoryla- 
tion site on RAP30 is located in or near the 
polymerase-binding domain. 

Phosphoamino acid analysis (10) and 
two-dimensional tryptic peptide mapping 
(1 1 ) showed that RAP30 was phosphoryl- 
ated by pKA on a serine residue in a single 
tryptic peptide (12). In order to localize 
this pKA phosphorylation site in RAP30, 
we used cyanogen bromide (13, 14) to 

Fig. 2. Sedimentation analysis of RAP30174 and 
E. coli RNA polymerase. Protein samples were 
sedimented on glycerol density gradients as de- 
scribed (17). Samples applied to gradients con- 
tained the following: (A) RAP30174 (1 x 
M); (B) RAP30174 (1 x M) and calf 
thymus RNA polymerase I1 (4 x M); (C) 
RAP30174 (1 x M) and E. coli RNA 
polymerase (4 x M); (D) RAP30174 (1 x 

M), E. coli RNA polymerase (4 x M), 
and excess 070 (1.1 x M); (E) RAP30174 (1 
x M), E. coli RNA polymerase (4 x lo-' 
M), and excess NusA (9 x M); and (F) 070 
(1.1 x M) and calf thymus RNA polymerase 
11 (4 x M). Fractions (300 ~ 1 )  were collect- 
ed, lyophllized, analyzed on SDS-polyacrylamide 
gels, and either stained with silver as in (F) or 
transkrred to nitrocellulose and probed with anti- 
bodies to RAP30, Nus& and the subunia of the E. 
coli RNA polymerase: P, P', a, and a70 as in (A 
through E). The RNA polymerase I1 was not 
shown in (B) but cosedimented in the same posi- 
tion as in (F) (180- and 140-kD subunits). 

hydrolyze RAP30 at methionine residues 
(Fig. 1B). Cyanogen bromide treatment of 
RAP30 labeled in vivo with [3H]leucine 
(15) produced three fragments (lane 2) 
whose sizes, as predicted from the cDNA 
sequence, were 13.4, 7.3, and 5.5 kD (Fig. 
1C). By comparing the electrophoretic mo- 
bility (16) of the phosphorylated cyanogen 
bromide fragment to the mobilities of 
these peptide fragments, we determined 
that the site of pKA phosphorylation was 
located in the 7.3-kD peptide (Fig. lB, 
lane 4). Therefore, pKA phosphorylated 
RAP30 on at least one of the serine resi- 
dues at positions 135, 136, or 142. These 
serines in RAP30 are located immediately 
COOH-terminal to the region that is sim- 
ilar to the RNA polymerase-binding do- 
main of a70 (Fig. 1C) (7). Protection of 
this site from phosphorylation by RNA 
polymerase I1 supports the idea that the 
a70-related region of RAP30 is a poly- 
merase-binding domain. 

We next tested whether human RAP301 
74 might bind to the Escherichia coli RNA 
polymerase core enzyme by determining if 
RAP30174 cosedimented with E. coli RNA 
polymerase in glycerol-density gradients 
(1 7). anity-purified RAP30/74 sedi- 
mented at 5 s  (3) (Fig. 2A). However, 
RAP30174 sedimented further in the gra- 
dient, to the same position as RNA poly- 
merase I1 (Fig. 2F), when both RAP30174 
and RNA polymerase I1 were included in 
the sample (3, 18) (Fig. 2B). RAP30/74 
also cosedimented with the core compo- 
nent of E. coli RNA polymerase under the 
same conditions (Fig. 2C). The presence of 
a threefold excess of a70 over RNA poly- 
merase inhibited cosedimentation of 
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RAP30174 and RNA polymerase (Fig. 
2D). The simplest interpretation of this 
result is that RAP30174 binds to the same 
site on bacterial RNA polymerase as does 
a70. The E. coli elongation factor NusA 
binds to RNA polymerase more weakly 
than a70 at a site that overlaps the a70 
binding site (19). A twofold excess of 
NusA over RNA polymerase only partially 
inhibited the cosedimentation of RAP301 
74 with bacterial RNA polymerase (Fig. 
2E), suggesting that RAP30174 binds to 
E. coli RNA polymerase more tightly than 
does NusA. Therefore, the abilities of a70 
and NusA to displace RAP30174 from E. 
coli RNA polymerase are directly related to 
the binding affinities of these factors for 
RWA polymerase. In the converse experi- 
ment, a portion of the a70 applied to the 
gradient cosedimented with mammalian 
RNA polymerase I1 (Fig. 2F), indicating 
that a70 can bind, although weakly, to 
RNA polymerase 11. Gradients with a70 
alone did not show a peak of a70 sedi- 
menting at the position of RNA polymer- 
ase I1 (12). 

The approximate dissociation constants 
for initiation factor-RNA polymerase in- 
teractions calculated from the sedimenta- 
tion experiments (Table 1) indicate that 
RAP30174 bound to E. coli RNA polymer- 
ase and mammalian RNA polymerase I1 
with comparable affinities. Unlike RNA 
polymerase 11, E. coli RNA polymerase 
cannot efficiently protect RAP30 from 
phosphorylation by pKA (12). This may be 
because the pKA phosphorylation site is 
located adjacent to, not within, the predict- 
ed RNA polymerase-binding site (7) (Fig. 
lC), and the structural differences of the E. 
coli enzyme do not permit protection of 
this region. 

Our results show that RAP30174 and 
a70 have functionally similar RNA poly- 
merase-binding sites. Moreover, a70 and 
the rat liver transcription factor py (20), 
which cross-reacts with antibodies to hu- 
man RAP30 and RAP74 (12), both dis- 
place RNA polymerase that is nonspecifi- 
cally bound to DNA (21). This 
conservation of hnction between a70 and 
RAP30174 indicates that RAP30174 may 
be considered a member of the a factor 
family (8). Moreover, it is consistent with 
the sequence similarities of the large sub- 
units of prokaryotic and eukaryotic nuclear 
RNA polymerases (22). However, a fac- 
tors recognize bacterial promoter se- 
quences (23), whereas RAP30174 has not 
been shown to participate in promoter 
recognition. TFIID (24), which recognizes 
the TATA sequence of eukary- 
otic promoters, has a region with limited 
sequence similarity to the a70 region that 

recognizes the - 10 region of bacterial 
promoters (25), a domain that is separate 
from the RNA polymerase-binding do- 
main discussed here. Therefore, the regions 
of bacterial a factors that recognize pro- 
moters and RNA polymerase may be sep- 
arable domains in eukaryotes distributed to 
at least two distinct general initiation fac- 
tors. 
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