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DNA-Dependent R N A  Polymerase I1 Stimulatory Factors from Calf 
Thymus: Purification and Structural Studies? 

R.  H. Benson, S. R.  Spindler,t H. G. Hodo, and S. P. Blatti*,e 

ABSTRACT: Protein factors which stimulate R N A  polymerase 
I1 but not polymerases I and 111 on native D N A  have been 
isolated from calf thymus. These factors are basic proteins and 
exhibit properties which are similar to the stimulatory factor 
first described by H. Stein & P. Hausen [(1971) Cold Spring 
Harbor Symp. Quant. Biol. 35, 7 191. The stimulatory factors 
are initially purified by the following steps: homogenization, 
40-80% ammonium sulfate precipitation, DEAE-Sephadex, 
CM-cellulose, and Sephadex G-75. Two stimulatory peaks 
(SF-1 and SF-2) are resolved by Sephadex G-75. SF-1 is re- 
sistant while SF-2 is sensitive to heat denaturation a t  98 ‘C. 
The protein kinase activity present in SF-1 is heat labile, 
demonstrating that it is not responsible for the stimulation by 
SF-1. Both factors stimulate transcription on native calf thy- 
mus DNA but not denatured calf thymus DNA. SF-2 stimu- 
lates while SF-I does not stimulate transcription on pol- 
y[d(A-T)]. Both factors are sensitive to digestion with pro- 
teolytic enzymes, indicating that both factors contain a protein 
which is essential for stimulatory activity. Gel filtration studies 
show that SF-1 and SF-2  exhibit native molecular weights of 

D i f f e r e n t  classes of eukaryotic RNA polymerase (Roeder 
and Rutter, 1969) transcribe the respective classes of cellular 
RNA. R N A  polymerase I is localized in nucleoli (Roeder & 
Rutter, 1970) and transcribes the r R N A  precursor (Blatti et 
al., 1970; Reeder & Roeder, 1972); R N A  polymerase I1 is 
responsible for pre-mRNA synthesis (Blatti et al., 1970; Zylber 
& Penman, 1971); R N A  polymerase I11 transcribes the 4.5s 
pre-tRNA and 5 s  r R N A  (Weinmann & Roeder, 1974; Weil 
& Blatti, 1976). Thus the different classes of R N A  polymerase 
may be controlled independently to regulate the amount of 
transcription of each gene class. Hydrocortisol treatment, 
administration of estradiol, and partial hepatectomy all result 
in increased R N A  polymerase I activity in the respective target 
tissues (Blatti et al., 1970) and recently estradiol has been 
shown to increase R N A  polymerase 111 activity in rat uterus 
nuclei (Weil et al., 1977). However, it is thought that the pri- 
mary events after steroid treatment involve the expression of 
structural genes, presumably by R N A  polymerase 11. How 
specific structural genes are selected for expression by R N A  
polymerase I1 remains one of the major unsolved problems of 
eukaryotic biology. 

The structural similarity of calf thymus R N A  polymerase 
I1 with two large subunits and several small subunits (Blatti 

From the Department of Biochemistry and Molecular Biology, Uni- 
versity of Texas Medical School, Houston, Texas 77030. Received July 
22, 1977; revised manuscript received November 28, 1977. This work was 
supported by National Institutes of Health Grant No. 5R01 
GM19494. 

I Present address: Department of Biochemistry, Colorado State Uni- 
versity, Fort Collins, Colo. 80521. 

8 On leave from the Department of Molecular Medicine, Mayo Clinic, 
Rochester, Minn. 55901. 

0006-2960/78/0417-1387$01 .OO/O 

55 000-65 000 and 25 000-35 000, respectively. Upon further 
purification by phosphocellulose chromatography the SF- 1 
activity peak was coincident with polypeptides at  27 000 and 
36 000-38 000 molecular weights, indicating that SF-I  may 
be a dimer. SF-2 contains several components; the major 
polypeptide (90% pure) which is coincident with peak of ac- 
tivity exhibits a molecular weight of 19 000 and is active in 
unwinding poly[d(A-T)]. Isoelectric focusing indicates that 
two different stimulatory factors are present in SF-2, the 
19 000 molecular weight poly [d(A-T)] unwinding activity and 
a second peak with polypeptides of 34 000 and 22 000 molec- 
ular weight. Using an alternate purification procedure, small 
quantities of the second stimulatory factor in SF-2 were pu- 
rified to near homogeneity (95% pure) and it appears to be 
composed of single polypeptide of 34 000 molecular weight. 
Interestingly, the minor impurities in SF- 1 and SF-2 found in 
the side fractions of the activity peaks comigrate on sodium 
dodecyl sulfate-polyacrylamide gels with the four low mo- 
lecular weight polypeptides of homologous R N A  polymerase 
11. 

et al., 1970; Weaver et  al., 1971; Kedinger et al., 1974; Hod0 
& Blatti, 1977) to the prokaryotic polymerase (Burgess, 1969) 
suggests that similar mechanisms of control may be involved. 
Thus, dissociable protein factors such as the u factor (Burgess 
et al., 1969) and other low molecular weight protein factors 
(see references in Chamberlain, 1974) which are required for 
proper initiation and specificity of gene expression in prokarl 
yotes may also be present in eukaryotic transcription sys- 
tems. 

Factors which specifically stimulate transcription by R N A  
polymerase I1 on double-stranded D N A  templates have been 
identified in extracts of calf thymus (Stein & Hausen, 1970) 
and rat liver (Seifart, 1970; Seifart et  al., i972), KB cells 
(Sugden & Keller, 1973), Novikoff ascites cells (Lee & 
Dahmus, 1973), and mouse-myeloma cells (Lentfer & Lezius, 
1972). These factors stimulate homologous R N A  polymerase 
11 four- to tenfold on native DNA but do not stimulate the 
activity of R N A  polymerase I or E .  coli R N A  polymerase. 
Although some of the stimulatory factors have been highly 
purified (Sekimizu et al., 1976), most of the factors isolated 
have not been purified to homogeneity and none have been 
compared to purified homologous R N A  polymerase 11. The 
purpose of this report is to describe the purification and 
properties of two stimulatory factors SF-1 and SF-2 from calf 
thymus. We also compare the molecular sizes of the polypep- 
tides present in SF-1 and SF-2 with R N A  polymerase I1 sub- 
units. 

Materials and Methods 
Materials. All chemicals were reagent grade. 5’-3H-la- 

beled-UTP (>20 Ci/mmol) was purchased from New England 
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Vuclcar. Calf thymus DKA (grade I )  and protease were from 
Sigma Chemical Co. Crystalline bovine serum albumin was 
from Pentex-Miles and poly[d(A-T)] from Miles Laboratories. 
tu -Amani t in  ( A  grade), trypsin (A grade), and soybean trypsin 
inhibitor ( R  grade) were obtained froin Calbiocheni. Fresh 
f ro /cn  calf thymus was purchased from Dubuque Pack. I h -  
buque. 1on.a. and stored at  -70 "C. 

S o / u / i o m  All solutions were prepared using reverse-osmosis 
purified water. Dithiothreitol, when present, was added i n -  
iiiedi:itely before use. Buffer A was composed of 1 .O M sucrose. 
I O  ink1 Tris-HCI ( p H  7.9),  2 5  mM KCI, and 5 m M  MgCI?. 
Buffer B contained 12% glycerol (v /v ) ,  50 mM Tris-HC1 (pH 
7.91. 5 mM MgC12.O.I m M  EDT'4, and 0.5 mM dithiothrei- 
toi. Buffer C was 33% glycerol ( v / v ) ,  50 mM Tris-HCI (pH 
7.Y),  5 I ~ M  MgClz, 0.1 inM EDTA, and 0.5 m M  dithiothrei- 
tol. Buffer D was the same composition as buffer C except that 
WgC'I: \vas omitted. Buffer E contained 15% glycerol ( v / v ) ,  
I O  i n M  KzHP04 (pti  7 . l ) ,  0.1 m M  EDTA. and 0.5 m M  di- 
thiotlireitol. Buffer F was the same composition as buffer E 
evccpt i t  contained 10% glycerol ( v / v ) .  Buffer G contained IO 
IIIW Tris-liCI ( p H  7.4). 6 mM MgC12. and 2.5 mM di- 
thiotlircitol. Buffer t~ contained 10% glycerol, 5 mM K?P04 
!pCi l . X ) ,  0.5 mM MgC12. Buffer I contained 10 mM Tris (p t i  
I . 0 )  :ind 10 mM haCI. Buffer J contained 50 niM Tris (pH 
7.9). lo96 glycerol. 0.1 I T ~ M  EDTA. 0.1 mM dithiothreitol. and 
IO inbl tiC1. Solutions containing ammonium sulfate were 
;ltijustcd t o  the desired concentration by the addition of  4 M 
:!ininoiiium sulfate ( p t i  7 .9 ) ,  adjusted at  20 "C w i t h  
'c t i . 1 0 1  I .  

Drttvwitiution of (NHJ)~SOJ und KCI ( 'o~icenrruiioris The  
;~iiiinoiiii~in sulfate concentration of a solution was determined 
t)) nicrtsuring the conductivitj of a 100-fold dilution using :I 

Radioiiictcr CDM26 conductivitj meter. The values obtained 
Lberc compared with ;I standard curve constructed using am- 
iiioniuni sulfate solutions of known concentrations. The t iCI  
coricent ration of ;I solution was determined in a similar fashion 
using ;I -Wfold sample dilution ;inti  il standard curve con- 
htructcd using k;( I solutions of known concentration. 

.i,~!q. ~ ~ ' f Z , Y . 4  Po/j'twrci.w Aclirirj,. A w t y s  were carried 
O U I  A >  previously describcd (Blatti et 2 1 1 , .  1970) but i n  a final 
\oluiiic ot'b0 pL .  The assa>s were initiated by the addition of 
10 @ I  of R \ , A  polymerase fraction in either buffer C or D to 

. i ~ y  mixture containing 3 5  p l ,  of  ;I solution contnining: 
i ~ i i i o l  or  -[ rib-1 iC1 ( p l t  7.9). 100 nmol o f  MnC12. 20 pg of  
I) \  ,\, 36 n m o l  each of (;TI', CTP. and ATP. 600 pniol of 
unlabclcd IiTP, and 0 . 5  pCi of "-labeled LTP, and 15 pL of 
,elution C containing the appropriate amount of aninionium 
c.ulf;ite. 1,'nlcss othcruisc indicated poljmerase I was assayed 
:I[ 40 n i M  ammonium sulfateand polymerases I 1  and I l l  were 
:~\ ia)et i  a t  IO0 n iV aiiimonium sulfate. This reaction mixture 
c%)iit;iined nonsaturating levels of UTP and was used for routine 
: L > ~ : I > ~ ,  When units of e n q m e  activit) fiere determined. sat- 
iir:itins lcvcls of 0 rirnol of LJTP per : y were used. The assa) 
\!;I< incubated at  37 "c' for IO inin and a 50-pL aliquot was 
n i t t idrawn a n d  absorbed to ;I DEAE-cellulose paper disc 
i I)F.:-XI filter 2.5 cm diameter). The filters were washed six 
iiiiicj I'or 5 min each in 5% YaZHPOj followed by t w o  washes 
i n  distilled water, two bvashes in 95% ethanol. and a final two 
\r;ishei in ether. The filters were dried under an infrared lamp 
Lind ndioactivity  as determined using I O  mL/filter of toluene 
coni:iining 4 g/L. of Omninuor ( N e w  England Nuclear). 
i ' r i t iu i i i  counting e!"ficiency using this system \4as 91%. 

Oiic u n i t  of K h A  polqmcrase activity represents 1 riinol of 
I J M P  incorporated per 10 min under saturating UTP condi- 
tions using native calf thymus DNA as a template. Specific 
activity \vas determined under optimal salt conditions for each 

polymerase. One nanoiriole o f  L hf I' incorporated is equal t o  
3.7 x I O 4  cpin. 

,I .SJ ( I J '  oj ' ,Vf  i r i  I u IN t o r j  !*'m,t or A L I ir / l , ~ , .  S t i  i ii u I a t or  fact or 
activity was routinely assayed in ii final voluine of 60 pl< by the 
addition of a IO-pl.. aliquot of the siiriiple to he 
i n  buffer I-., t o  1 5  pl of KN,A polymerase, purified through the 
5econiJ l7EAE-Scphadcx stcp, i n  buffei c' containing sufficient 
ainiiioriiuin sulf:ite to result in ;I final concentrution of 20 niM. 
The reaction W:IS initiated by the additiori of 35 p L  of the re- 
action cocl\t;iil tfcsiribxt ,rbovc. I'ollcwed 1)) incubation :it 37 
' t . ' .  Al'tcr IO i i i i r i ,  50 p l .  uf thc rcactioii \ \ a x  absorbed to 
[)EAtl-celliilose p:iper discs a n d  the filters were washed and 
counted A S  indicaicd abovc. 

I 'wi 1 ( I  ro i iiJl? (?f lo i I - I :  .vi , I :  u ngc ( I  I I ci ( i  LJ I F'ilt r N I ioti Res in .\ 
D E A  I!-Sephadcx A-2.5 and SP-Scphadcx C-25 were obtained 
from Pharmaciii. rhe resins were suspended in 4 volumes of 
reverse-osmosis purified n;itcr ; ind  titrated to ptl  7.9 with 2 
21 .rris base. l ' hc  resins weie washed with 16 wlumes of uater 
and 8 volumes of buffer ( '  containing 50 rnM aminonium 
s u l f a t e  or with buffer 1' l'or A - 2 5  and <'-35. respectively. The 
resins Mere resuspended in t1:e appropriate buffer. The solu- 
tioris \\crc made 0.03% toluene ;is I : 1 (buffer:resin) slurries 
a n d  \ i o ru i  a t  4 "(.' 

Phosphoccllulose (P-  I1 \+:is obtained froni Whatman, Inc. 
I t  \ \as  waslied with 8 volumes o f  0.5 Y N a O t i  folloued by 6 
\\ ashes \\ it11 Y vuluiiies ( i t  rc\~crsc-osniixis purified \cater. The 
re5in \vas thcn washed i n  8 volunies of0 .5  N HCI followed by 
6 \+ashes \ b i t h  X wlutiics of reverse-osiriosis purified \\;iter. Thc 
1iii:iI w l i i t i c m  wCis titrated t o  p l l  7.9 with KOH and gentl) 
\tirrcd overnight The pH of the solution was readjucted with 
KOtt a n d  thc resiii ~ a s h e d  4 times i n  8 volumes of buffcr I). 
Plic resin wlution h a 5  ,idjustcti i o  !).03% toliiene ;I> :I 3:l 
~i-csin.thut'fer~ q l u r r y  ; i n d  i iored :it 4 "C. 

~ ' ~ 1 - c ~ ~ l l u l o s c  (CM-52) w;is obtiiincd from Whatman. Inc. 
I t  \+; is  suspended i n  ten tinies concentrated buffer F and 
cquilibrated overnight. 'The resin was \+ashed twice i n  8 vol- 
ume\ 01' butfer f , rcsujpendcd i n  buffcr f', made 0.0396 in 
toluene ;is ;I 1 : I  (resin:buffer) s l u r r y  and stored ai 4 " C .  

/ \ I 1  rcsin slrirricx ucrc  \+:iriiied t o  room temperature and 
vacuuiii deg;ia\ed brl'orc use. Columns ue rc  packed a t  room 
teinpcraiurc. placcd ; t i  4 "<'. a n d  equilibrated \v i th  several 
volumes of the appropriate buffer. 

Scph:idcx ( i - 7 5  \ \ a i  huspended in 4 volumes of buffer I- 
contaiiring 400 m%l tic!. T h e  cluir! \ \ a s  boiled for 3 h and 
stored ;!t 4 "c' for  \evcr;iI aceks to alliw complete swelling. The 
ylurr) u a ~  adjusted l o  Li I : I  (rcsin:buffer) s l u r r j .  warmed to 
room tciiiper:iture. a n d  vacuum degassed before packing. The 
columns k\\.erc ~ a s h c d  a 1  4 ''(. \$it11 10 column volumes of 
buffer I:. 400 m M  KCI to a l h  complete packing. Samples in 
biiffcr t ' .  4 0 0  iiiM k<.l comprising :ess than 2% of the totiit 
coluii in voluiiic \ \ e re  1;i)crc.d onto t h e  t o p  of the column. 

. Y ( J ~ ; / I I I I  i)ritirjc,r.l .Yir!fare ( i t , /  ~~l[~i,rrc,i'lror.rc.ic.. P<ll!,acr 41- 
aniide scrdiurn d o d c ~ ) l  \uIf;Itc pel\ (IO a n d  12.5%) uc re  run 

) the method of I .acniml i  Ak Fawe (1973'1, except 
rvoir bulfers cont;iincd 0.5 mM dithiothrcitol. The 

samples \vert either ionct:nti ated by precipitation with 5Or1 

trichloroacetic ncid a t  0 "C' o r  dialyxd into 20 mM 
NtIqt iCO+ 0 . 0 5  r i i C l  dithiothrcitol arid lyophilixd. T'hc 
samples were rcsuspcndcti i n  2 5  mM Tris-lI(.'i ( p i i  7.9) and 
5% ( v / v )  I'l-mercnptocth;tnol. 'Tlic aaniples were made 1% i n  
sodium dodecyl sulfate and immediately boiled for 60 s. After 
adjustnient to 15% ( i , / v ' )  gl!cer4 thc samples were 1nyei.ed on 
thc gels. (;cis werc \taiiieO accordiiig to the method o f  Fair- 
bankset 21. (1971). 

Protein D~r~r t~ i ) rur io t z .  Protein was determined by the 
method of Lowry e t  al. ( I O  1 ) iifter cit her dialysis against 10 
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m M  Tris-HCI (pH 7.9) or precipitation with cold 10% tri- 
chloroacetic acid. 

R N A  Polymerase I I  Purification. RNA polymerase I1 was 
either purified by the method outlined previously (Weil & 
Blatti, 1975) through the second DEAE-Sephadex column and 
then subjected to sucrose density gradient as described by 
Blatti et al. (1970) or purified by the method of Hod0 & Blatti 
(1977). Both enzymes were stimulated to the same extent by 
stimulatory factors. 

Isolation of R N A  Polymerase I I  Stimulatory Factors. 
Frozen thymus (1.7 kg) was thawed in 0.15 M KCI and ho- 
mogenized in a Waring blender for 2 min (40 s each a t  the low, 
medium, and high settings) in 3 L of buffer A. All manipula- 
tions were performed a t  4 O C .  The homogenate was adjusted 
to 0.3 M ammonium sulfate and 0.5 m M  /3-mercaptoethanol 
by the addition of the appropriate volume of 4 M ammonium 
sulfate (pH 7.9) and 100% @-mercaptoethanol. The solution 
was homogenized for 60 s (20 s each a t  the low, medium, and 
high settings), diluted with 6 L of buffer B and homogenized 
for an additional 60 s a t  the high setting. The mixture was 
centrifuged 40 min at  13 OOOg, solid ammonium sulfate (0.234 
g/mL of solution) was added to the supernatant fraction, and 
the mixture was stirred for 90 min. The resulting precipitate 
was removed by centrifugation for 40 min a t  13 OOOg. Am- 
monium sulfate (0.22 g/mL) was then added to the 40% am- 
monium sulfate supernatant and the solution was adjusted to 
pH 8 . 0  with NH40H. The precipitate was collected after 1 h 
by centrifugation for 60 min at  I3 OOOg. The pellet was re- 
suspended in buffer B and dialyzed to 10 m M  ammonium 
sulfate. This solution was clarified by centrifugation at 48 OOOg 
for 60 min, passed through a layer of glass wool, and added to 
100 g (dry weight) of DEAE-Sephadex A-25 equilibrated in 
buffer B. The resulting slurry was stirred 12 h and poured onto 
a bed of DEAE-Sephadex making a 5 X 60 cm DEAE-Se- 
phadex column. The effluent was titrated to pH 7.1 with 2 N 
HCI, diluted with 1 volume of a 10% glycerol solution, and 
applied to a 5 X 60 cm column of CM-cellulose equilibrated 
with buffer F containing I O  m M  KCI. The column was washed 
with 2 column volumes of buffer F containing 10 mM KCI and 
eluted with 2 column volumes of a linear 10 to 400 mM KCI 
gradient in buffer F. The fractions containing stimulatory 
activity were pooled and precipitated with solid ammonium 
sulfate (0.56 g/mL) for 2 h at  pH 8.0. The precipitate was 
collected by centrifugation at 48 OOOg for 30 min, resuspended 
in buffer F, dialyzed to 400 m M  KCI in buffer F, and clarified 
by centrifugation a t  6000g for 30 min. The stimulatory ac- 
tivities present were resolved and further purified by gel fil- 
tration utilizing a 2.5 X 130 cm G-75 Sephadex column 
equilibrated in buffer F containing 400 m M  KCI. The stimu- 
latory activity eluted in two major peaks termed SF-I and SF-2 
in order of elution. 

SP-Sephadex Chromatography o f  SF-2.  The fractions 
containing SF-2 activity from the (3-75 column were pooled, 
dialyzed to 10 m M  KCI in buffer F, and applied to 2.0 X 23 
cm column of SP-Sephadex C-25. The column was washed 
reverse flow with 6 column volumes of buffer F, 10 m M  KCI, 
followed by 0.6 column volumes of buffer F, 25 m M  KCI. The 
activity was eluted with 2 column volumes of a linear 25 to 400 
m M  KCI gradient in  buffer F. 

Alternate Procedure f o r  the Purification of SF-2.  The 
procedure through the CM-cellulose step (Figure 1) was 
identical with that described above. The peak fractions from 
CM-cellulose were pooled and dialyzed against 0.01 M KCI, 
buffer F. A sample containing 80 mg of protein in a volume of 
320 mL was adsorbed to a column of SP-Sephadex (bed vol- 
ume, I50 mL) a t  35 mL/h equilibrated in 0.01 M KCI, buffer 

TABLE I :  Purification of Stimulatory Factors SF-I and SF-2.= 

Total  Total % r e -  
Purification step protein (mg) volume (mL) coveryb 

I4  700 Tissue homogenate 
40% ammonium sulfate 58 000 16 000 

DEAE-Sephadex 2 900 1800 

CM-cellulose 23 5 550 100 

230 000 

supernatant 

flowthrough 

chromatography 

SF-I SF-2 SF-1 SF-2 SF-I  SF-2 

Sephadex (3-75 53 17 50 70 45 55 
Heat treatment 1 1  48 45 
Phosphocellulose 0.8 17 20 

chromatography 

chromatography 

a SF-I  and SF-2 refer to the two peaks of stimulatory activity ob- 
tained when the CM-cellulose activity is chromatographed on G-75. 
Protein, volume, and % recovery, respectively, are  listed for SF-I and 
SF-2 material in subsequent purification steps. Recovery was esti- 
mated from the amount of factor required to stimulate 0.1 unit of 
polymerase activity to 0.2 unit of activity. 

SP-Sephadex 8 21 25 

F. The column was washed with 300 mL of 0.01 M KCI, buffer 
F, and the stimulatory activity was eluted with buffer F, con- 
taining 0.05 M KCI. The factor preparation containing 40 mg 
of protein in 250 mL was dialyzed to 0.01 M KCI, buffer F and 
adsorbed to a 200-mL bed volume CM-cellulose column 
equilibrated in the same buffer. The column washed was 200 
mL with buffer F, 10 m M  KCI and eluted with a 400 m L  of 
0.01-0.25 M KCI gradient in buffer F a t  a flow rate of 80 
mL/h. The peak of stimulatory activity which eluted at  55 m M  
KCI was pooled (85 mL) and concentrated to 6 mL by lyoph- 
ilization. After dialysis against buffer F, 0.4 M KCI, the sample 
containing 20 mg of protein in 5 mL was layered onto Sepha- 
dex (3-75 column and run as described in the other procedure. 
The void volume was 218 mL and the peak of stimulation 
eluted a t  about 400 mL. Only one peak of stimulatory activity 
was obtained, eluting at  a position identical to SF-2. The pooled 
peak of stimulatory activity contained 3.2 mg of protein in 65 
mL. After dialysis against 10 m M  KCI, buffer F the sample 
was loaded onto a 2-mL SP-Sephadex (2-25 column equili- 
brated in the same buffer. The column was washed with 5 
column volumes of 0.01 M KCI, buffer F and eluted with a 
20-mL 10-300 m M  KCI, buffer F gradient at  flow rate of 8 
mL/h, collecting 0.25-mL fractions. The stimulatory activity 
found in the 0.01 M KCI wash was lyophilized to 1.2 mL and 
dialyzed against buffer F containing 5% glycerol, 0.1 M KCI, 
and 1 m M  dithiothreitol. The concentrated stimulatory frac- 
tion was layered onto a 5-20% sucrose gradient in the same 
buffer. After sedimentation in an SW65 rotor for 48 h at  4 OC, 
the gradients were collected in 0.2-mL fractions. 

Results 
Purification and Separation of Multiple Forms of S t imu-  

latory Factors. The purification procedure is detailed in Ma- 
terials and Methods. Disrupted calf thymus tissue is disrupted 
by homogenization in high salt, diluted to lower salt, and 
centrifuged to remove chromatin and cellular debris. The 
stimulatory factor activities are precipitated between 40 and 
80% of saturation with ammonium sulfate and the pellet is 
resuspended and dialyzed. It was found that most of the ribo- 
nuclease H contamination could be. removed if the preparation 
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FIGCJKE I : Carboxymethylcellulose chromatography of R N A  polymerase 
I 1  stimulatory activity. A 5 X 60 cm CM-cellulose column was loaded with 
2.9 g of protein, washed with 2 column volumes of buffer F, 10 mM KCI, 
and subsequently eluted reverse flow with 2 column volumes of a linear 
10 to 400 m M  KCI gradient in buffer F a t  d flow rate of 300 mL per h. 
Fractions of 24 mL were collected and assayed for stimulatory activity 
at  20 mM ammonium sulfate using 0.3 unit of polymerase activity. (0) 
R N A  polymerase I 1  activity; (0) absorption at 280 nm; (-) KCI con- 
centration. 
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I-IGURE 2: Sephadex G-75 filtration of polymerase I [ stimulatory factors. 
Peak fractions from CM-cellulose chromatography were concentrated 
by ammonium sulfate precipitation and a I5-mI. sample ( I  5.6 mg/mL) 
in buffer F; 400 m M  KCI was layered onto a I30 X 2.5 cm Sephadex (3-75 
column previously equilibrated in  the same buffer. The flow rate was 40 
mL/h. Fractions of 13.7 mL were collected and assayed for stimulatory 
activity using 0.3 uni t  of polymerase I I  per assay at  20 mM ammonium 
sulfate. ( 0 )  Polymerase activity: (0) absorbance at 280 nm. 

was passed through DEAE-Sephadex in buffer containing 20 
m M  ammonium sulfate and 5 mM MgC12. As shown in Table 
I ,  when the preparation is passed through DEAE-Sephadex 
most of the nucleic acid and a considerable amount of con- 
taminating protein are removed. Stimulatory activity can be 
first detected reproducibly in the DEAE flow through fraction, 
but the presence of nucleases makes the assay unreliable at  this 
stage of purification. After DEAE-Sephadex chromatography 
the pH of the solution is reduced to 7 .1  by titration and the 
ionic strength is further reduced by dilution. The stimulatory 
activity is subsequently chromatographed on a column of 
CM-cellulose. Figure 1 illustrates the activity profile which 
is obtained from this column. A biphasic peak is routinely 
obtained at  this step; gel analysis, however, does not reveal any 
significant differences across the peak of activity. Although 
ribonuclease H assays seldom reveal any activity in these 
fractions when ribonuclease H activity is present, it is found 
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F I G L R E  3: Gel filtration of SF-I and SF-2 stimulatory factors on a cali- 
brated (3-75 column. SF-I ( I O  mg in 1.5 mL) purified through Sephadex 
'3-75 and SF-2 ( 5  mg in  I ..5 mLj purified through SP-Sephadex were se- 
quentially chromatographed on a Sephadex G-75 column ( I  .5 X I24 cni) 
in buffer F. 200 m M  KCI. SF-I and SF-2 were assayed using 1.5 units and 
0.3 unit of RNA polymerase I I .  respectively. The column was subsequently 
calibrated with protein standards. (V,) Blue dextran 2000; ( A )  SF-I; ( 0 )  
SF-2; (0) absorbance at 280 n m  of SF-2. A, B, C. and D represent the 
positions at  which B S A .  ovalbumin. chymotrypsinogen. ,ind cytochrome 
c eluted. respective11 

T A B L E  I I :  Trypsin Sensitivity of Stimulatory Factors." 

Sample Trypsin Trypsin inhibitor cpm 

Buffer F t + 8 947 
Buffer F - - 
BSA" (250 ,ug/mL) + + 10 363 
SF-  I + t 10 501 
SF-2 + + I O  796 

t 9 775 Buffer F - 
+ 32 I57 SF-I - 
+ 29 756 SF-2 - 

9 031 

Each preparation was incubated for 15 min a t  37 'C in the pres- 
ence or absence of trypsin (25 pg/mL).  Solbean trypsin inhibitor (250 
,ug/mL) was then added to all of the samples and the samples were 
incubated for an additional 5 inin a t  37 "C. The  reactions were then 
cooled to 0 "C and 10 pL of each was assayed in standard factor assay 
reaction with 0.5 unit of R N A  polymerase per reaction. T h e  bovine 
serum albumin and stimulatory factor samples were in buffer F. I O  
inM KCI. BSA. bovine serum albumin. 

before the peak of stimulatory activity. 
The CM-cellulose purified stimulatory activity is next 

concentrated by ammonium sulfate precipitation and chro- 
matographed on Sephadex (3-75. Two peaks of stimulatory 
activity are resolved on this column, termed SF- 1 and SF-2 by 
order of elution (Figure 2) .  During the initial stages of this 
study it was observed that variable and usually small amounts 
of SF-I  were obtained at  this step. The pH was originally ad- 
justed by dialysis after the DEAE-Sephadex step, but this 
method proved to be inadequate. The method of titration and 
dilution to low ionic strength was adopted, resulting in repro- 
ducibility of higher yields of SF-I activity. 

To ascertain if the activity i n  the SF-1 peak might be an 
association product of the smaller SF-2 species existing as a 
rapid equilibrium, the activities were each concentrated by 
ammonium sulfate precipitation and separately rechromato- 
graphed on a second Sephadex (3-75 column (Figure 3).  The 
results indicate that a rapid interconversion does not exist since 
SF-1 and SF-2 each rechromatographed as a single peak, 
eluting at  K,, values similar to those obtained on the first (3-75 
column. When the K,,, values are plotted vs. molecular radius 
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FIGURE 4: Sensitivities of SF-1 and SF-2 to heat inactivation. Samples 
of SF-I purified through the Sephadex G-75 step and SF-2 purified 
through the SP-Sephadex step were separately diluted with buffer F, 10 
mM KCI to subsaturating activity levels (each factor stimulated about 
threefold) and a final protein concentration of 0.9 mg/mL and 0.03 
mg/mL for SF-I and SF-2, respectively, each in 0.5 mL. Thesamples were 
incubated at  98 OC and IO-pL samples were removed at  the indicated 
times. The samples were chilled to 0 O C  and assayed in  a standard assay 
with 0.4 un i t  of RNA polymerase 11. (A) SF-I activity; ( 0 )  SF-2 activi- 
ty. 

B'O 
MINUTES 

FIGURE 5: Kinetics of the RNA polymerase 11 reaction in  the presence 
or absence of saturating amounts of SF-1 or SF-2. Standard reaction 
mixtures contained saturating levels of UTP and 0.4 unit of calf thymus 
RNA polymerase I1 with or without saturating levels of SP-Sephadex 
purified SF-1 or SF-2 in a final volume of 390 fiL. The reactions were 
begun by the addition of enzyme followed by incubation at  37 OC. At the 
times indicated 40-pL aliquots were removed and processed as described 
in Materials and Methods. ( 0 )  RNA polymerase activity with no addi- 
tions; (0) enzyme activity in the presence of SF-1; (A) RNA polymerase 
activity in the presence of SF-2. 

according to the relationship of Laurent & Killander ( 1  964), 
the molecular radius of SF-I is calculated to be 31 and that 
of SF-2 is 21 A (data not shown). Assuming these proteins have 
a globular shape, the data indicate native molecular weights 
of 55  000-65 000 and 25 000-35 000 for SF-1 and SF-2, re- 
spectively. 

Multiple peaks of stimulatory activity are also obtained 
when the factor activity from CM-cellulose is subjected to 
isoelectric focusing (R. H. Benson and S. P. Blatti, unpublished 
observations). The peaks of stimulation are isoelectric a t  pH 
9.6,9.1,8.6, and 8.0. When SF-I and SF-2 are each subjected 
to isoelectric focusing, SF-I exhibits a major peak a t  PI= 9.1, 
while SF-2 exhibits major peaks a t  8.8 and 9.4. 

TABLE 111: Effect of SF-I  and SF-2 on the Activity of R N A  
Polymerases I, 11, and IILa 

Enzyme com 

Polymerase I 30 000 
Polymerase I + SF- I  31 000 
Polymerase I + SF-2  29 000 

Polymerase I1 + SF- 1 70 000 
Polymerase I1 + SF-2 90 000 
Polymerase 111 2 500 
Polymerase 111 + SF-I  2 300 
Polymerase 111 + SF-2 2 600 

(I Standard reactions were carried out with subsaturating U T P  at  
20 mM ammonia sulfate. SF-I (0.9 mg/mL) was purified through 
the Sephadex G-75 step and SF-2 (0.13 mg/mL) was purified through 
the SP-Sephadex step. R N A  polymerase I was chromatographed on 
DEAE-Sephadex (Weaver et  al. 1971). R N A  polymerase I11 was 
purified as  described by Weil & Blatti (1975) except that  the phos- 
phocellulose step was omitted; polymerase 111 was assayed in the 
Dresence of 4.8 m g / m L  a-amanitin.  

Polymerase I1 22 000 

TABLE IV:  Sensitivity of Protein Kinase Activity in SF-I to Heat 
Denaturati0n.O 

Protein kinase act .  
[ Y - ~ * P ] A T P  Stimulation 
incoro/ 10 s ratio 

SF-I  ((3-75) 95 400 1.9 
SF-I  (20 min a t  95 "C) 100 2.0 
SF-2 (G-75) 3 500 2.2 
SF-2 (20 min a t  95 OC) 100 1.1 

0 Protein kinase activity was assayed as previously described (Bell 
et  al., 1977). The specific activity of [ y 3 * P ] A T P  was 2000 dpm/  
omol. 

Sensitioity of SF-I  and SF-2  to Heat and Proteolytic En- 
zymes. Table I1 presents the results obtained when SF-I and 
SF-2 a re  incubated with trypsin for 10 min at  37 "C. RNA 
polymerase I1 activity was measured after inactivation of 
trypsin by soybean trypsin inhibitor. As can be seen, trypsin 
treatment completely abolishes the stimulatory activity of both 
SF-I and SF-2. The activities of SF-I and SF-2 are also sen- 
sitive to treatment with protease K or autodigested protease. 
The data indicate that the stimulatory activities observed have 
an essential protein moiety as part of their structure. 

The stability of SF-1 and SF-2 against heat denaturation 
a t  98 O C  was tested. As can be seen in Figure 4, SF-I activity 
is completely stable a t  98 OC for 40 min. I n  contrast, SP- 
Sephadex purified SF-2 activity is completely inactivated by 
incubation a t  98 "C for 40 min. 

Effect of SF-I  and SF-2  on RNA Polymerase I1 Actiuity. 
The effect of SF-I and SF-2 on the kinetics of RNA incorpo- 
ration by R N A  polymerase I1 using calf thymus DNA as 
template was investigated. Only about a twofold increase in 
R N A  polymerase activity is observed during the first few 
minutes of R N A  synthesis (Figure 5). However, the fold 
stimulation increases at  later times due to the rapid decline in 
the rate of R N A  synthesis which occurs in the absence of the 
factors. Although the ammonium sulfate optima for maximum 
R N A  synthesis remains a t  100 m M  in the presence of SF-2, 
the maximum level of stimulation is obtained at  10 to 20 m M  
ammonium sulfate. Therefore, the assays of stimulatory ac- 
tivity were routinely performed at  20 m M  ammonium sul- 
fate. 
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FIGURE 6: (A) Phosphocellulose chromatography of SF-I. Thc fractions which convaincd ST- l  activity wcre pooled. dialyrcd to  0.2 M KCI  in buffer 
F. and heated at 80 'C for 2 min. After centrifugation at 27 000g for 30 min. the rupernitiant cnnt;iining I I m g  of protein in S o  m L  w 
a 0.h X 20 cm phasphoccllulasc column (6 ml. bed volumc) equilibrated in 0.2 M KCI. buffer f .  The column was washed with 2 column vol~nies of 
0.2 M KCI.bufferFandthefactoractivitywaselutcdwith42ml.of0.20.8 M KCI.bufferFgrildient;~taflow ratcof15ml. /h.  Fractionsof2.5ml. 
were collected and assayed for stimulatory activity in the presence d 0 . 2  unit of R N A  polymerarc I I .  ( 0 )  R N A  polymerase activity; ( 0 )  absurbancc 
at 280 nm: and (-) M KCI  concentration. (6) Scdium ddecyl  sulf~te~polyacryl;imide (10%) slab gel o i  fvaclions across thc pmk of stimulatory activity 
from phosphocellulose. Lanes 1-4 and X- I I wcre rcspectively from 0.1 28 m L  each of the even numbered fractions 24 4 0  from thc phosphocellulose 
column. Lane 5 contains standards bovine serum albumin, ovalbumin. chymotrypsinogcn. and cytochromc c with cytochrome (. moving at the dye fvont. 
Lanes handlconta in  20rrgofSF-I  (G-75) beforethe heat stepand IDrrgufSF-I ( G - 7 0  afterthc heat\tep,rerpectively.(C) Dcpendenceufprotein 
concentration an R N A  polymerase I I  Stimulation by SF- I .  A sample from a phosphucelluluse column wasconccntrated by Ivunhiliration and dialyrcd 
against buffer F. Increasing amounts of protein werc asraycd in thc prercnce of 0.8 unit o f  R N A  polymerase I I  

Specgicity of Stimulatory Factor SF-I and SF-2. Stimu- 
latory factors SF-I and SF-2 were tested for their ability to 
stimulate the activity of the various classes of calf thymus 
RNA polymerase (Table 111). The stimulatory factors have 
noeffecton theactivityofRNApolymerase I or 111, butspe- 
cifically stimulate the activity of RNA polymerase II. This 
stimulation plateaus at  about 4.5-fold increase in activity. This 
plateau indicates that the mode of stimulation by SF-2 is dis- 
tinct from that of the polyamines, which inhibit RNA synthesis 
a t  higher concentrations. 

The specificity of SF-l and SF-2 activity for stimulation on 
various DNA templates was also tested. SF-2 stimulates en- 
zyme I I  activity on poly[d(A-T)] 22-fold and on native calf 
thymus DNA 2.7-fold. It does not stimulate activity on sin- 
gle-stranded DNA templates. The data suggest that, while 

SF-2 stimulation is specific ror double-stranded templates, it 
is not species DNA specific as are the acidic chromosomal 
protein stimulatory factors. SF-I is similar to SF-2 since it 
stimulates synthesis by RNA polymerase II 3.2-fold on native 
call  thymus DNA but not denatured DNA. However, SF-I  
does not stimulate transcription ofpoly[d(A-T)]. 

Stimulatory Factors SF-I and SF-2 Are Not Protein Ki- 
nases. Dahmus (1976) has recently shown that an RNA 
polymerase II stimulatory factor. HLF2, from Novikoff hep- 
tatoma contains a protein kinase. He suggests that the factor 
stimulates RNA polymerase I I  by phosphorylation. We 
therefore tested SF-I and SF-2 for protein kinaseactivity. SF-I 
was found to contain a very active protein kinase activity, 
whereas very low levels of protein kinase activity were found 
in SF-2 (Table IV). Since SF-I is stable to heat denaturation, 
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TABLE v: Comparison of the Molecular Weights and Isoelectric Points of Yeast and Calf Thymus RNA Polymerase II Subunits and 
Polypeptides Present in SF-I and SF-2.' 

M ~ I  ,,,+ x in-3 ("1) 

Call-thymus 
Yeast Calf-thymus Calf-thymus Calf-thymus SF-2 (alternate 

RNA polymerase I1 RNA polymerase I1  SF-I SF-2 procedure) 

I 8 5  
145 
4s (4.45) 
32 (4.95) 
27 (9.1) 
23 (4.5) 

16.5 (7.6) 
14.5 (4.6) 

(c) 145 (7.0-8.8) 
(d) 45(5.0) 
(e) 36-38 (5.0 36-38* 34 34 

27 27 21 
(0 25 (6.15-6.4) 

(i) 16 (5.0) I 6 *  
( i )  15 I S '  15% 

(g. h )  20, 18.5 (5.9.4.4) 19 (7.6) 

12.6 (5.3) ( i )  12-14(5.3) 13' 
(I) 11.5 1 1 . S  11.5* 

Yeast R N A  polymerase I1  subunit molecular weights and p l  values were obtained from Buhlcr et al. ( I  976). The 27 000, p l 9 . 1  and 23 000. 
p14.5 subunits (Buhler et al.. 1976) and possibly the 14 500, pl4.6 wbunit (Bell et al., 1977) of yeast polymerase II are common to yeast RNA 
polymerase I, II, and 111. All p l  values for calf-thymus RNA polymerase I1  subunits were determined in the presence of 9 M urea as described 
by Hod0 & Blatti (unpublished observations). Those components with asterisks comigrate with R N A  polymerase II subunits. 

we also tested this fraction for protein kinase after heating. As 
shown in Table IV, after the heat treatment (20 min a t  95 "C) 
stimulatory activity is not affected, whereas the protein kinase 
activity is wmpletely inactivated. These data are in agreement 
with data by Kuroiwa et al. (1977) which demonstrate that 
protein kinase does not copurify with Ehrlich ascites tumor cell 
RNA polymerase II stimulatory factor S-II.  

Studies on SF-l  Srimulnrory Factor. Since SF-I from 
Sephadex G-75 was resistant to heat denaturation (Figure 4), 
a heat step was used before further purification by phospho- 
cellulose chromatography. Figure 6A shows the phosphocel- 
lulose activity profile and the sodium dodecyl sulfate-poly- 
acrylamide gel pattern of fractions across the peak of activity 
(Figure 68). Polypeptides of 27 000,36 000, and 38 000 were 
coincident with the peak of stimulatory activity. These poly- 
peptides were quantitated using densitometer scans with bovine 
serum albumin as a standard. The molar ratios were deter- 
mined to be about 27 000 (Z), 36 000 ( I ) ,  and 38 000 ( I ) .  
These data together with the native molecular weight suggest 
that SF-I is a dimer of the 27 000 and/or 36 000-38 000 
molecular weight polypeptides. Further attempts to purify 
SF-I activity without complete loss of activity were unsuc- 
cessful. When SF-I was electrophoresed on 12.5% sodium 
dodecyl sulfate slab gel together and separately with calf 
thymus R N A  polymerase II (Figure 7), the 36 000 and/or 
38 000 molecular weight subunits migrate a t  about the same 
position as subunit e lez  (36 000-38 000) doublet of R N A  
polymerase 11,' while the 27 000 molecular weight species 
clearly migrates in a different position from any subunits of 
RNA polymerase II. In addition, a minor component with a 
molecular weight of 16 000 is present which comigraies on 
sodium dodecyl sulfate gels with subunit (i) of RNA poly- 
merase II (Table V). However. this component is not coinci- 
dent with the peak of stimulatory activity. Whether the com- 
ponents (36 000, 38 000, and I6 000) are identical to the 

I When the e subunit of R N A  polymerase splits into two subunits la- 
beled el and e2. the SF- I components in this molecular weight range also 
Split into a doublet. However, when Splitling is not observed in the gel, the 
SF-I component migrates at 38 000 molecular weight and R N A  poly- 
merase II subunit e migrates as a 36 000 molecular weight species, indi- 
cating that, although these wmponcnts may be structurally related, they 
are not identical. 

FIGURE 7: NaDodS04-polyacrylamide ( I  2.5%) gel electrophoresis of 
SF-I.SF-2.and RNApolymeraae II.(Lane 1)ThirtymicrogramsofRNA 
polymerase: (lane 2) 10 pg of SF-I, fraction 34 from P-cellulose together 
with30pgafRNApolymerase II:(lane3) lOlrgafSF-I.rractian34from 
P-cellulose: (lane 4) protein markers bovine Serum albumin, ovalbumin, 
chymotrypsinogen, and cytochrome c: (lane 5) 40 pg of SF-2. peak tube 
from SP-Sephader; (lane 6) 20 pg of SF-2, peak tube from SP-Sephadex 
tagether with 30 pg of RNA polymerase 11: and (lane 7) 30 pg of RNA 
polymerase II. R N A  polymerase I I  subunits are labeled a-I: the corm- 
sponding molecular weights are given in Table V. 

subunits (e, i)  of RNA polymerase I1  or result from secondary 
modifications must await further biochemical and charge 
density analysis. 

Figure 6C demonstrates that SF- I stimulatory activity in- 
creases linearly with protein concentration a t  low protein 
concentrations and that saturation is reached a t  about I pg of 
SF-I.  Using a specific activity of 200 units/mg for R N A  
polymerase II, we calculate that about 2-4 mol of SF-I  (mo- 
lecular weight 60 000) stimulate l mol of RNA polymerase 
II. 

Srudies on SF-2 Stimulatory Acliuiry. Two methods were 
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FIGURES: EffectofSF-2onthethermdlmeltingofpoly[d(A-T)]. Each 
scaled c ~ ~ e t t e  contained 435 uL of buffer H. 5 pL of poly[d(A-T)] (I 
mg/mL) in buffer 1. and 60 pL of stirnulatory factor SF-2. The sample 
was obtained from the peak of activity of SP-Sephadex which was further 
purified over Sephadex G-50 column. The buffers were vacuum degassed 
before miring. Samples contained as indicated poly[d(A-T)] only. plus 
25 pg factor or plus 50 wg factor to give respective protein/poly[d(A-T)] 
ratios of 0.5, or IO. A companion cuvette standard containing buffers only 
was monitored and any OD change was subtracted from thc experimental 
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FIGURE 9 Sodium dadecyl sulfatc~polyacrylamide (10%) gel of SF-2, 
purified by the alternate procedure. SF. 20 pg of protein from the peak 
tube of a sucrose gradient. Protein markers arc bovine serum albumin, 
ovalbumin. chymotrypsinogen. and cytochrome e 

utilized to isolate SF-2 activity. In the first method, the pooled 
SF-2 fractions from G-75 (Figure 2) were further chromato- 
graphed on SP-Sephadex as described in Materials and 
Methods. Figure 7 (gel 5) shows the polypeptides present in 
the peak fractions from SP-Sephadex. The minor proteins 
present migrate with molecular weights of 34 000, 27 000, 
15 000.14 000, and I I 500. The 34 000 and 27 000 molecular 
weight components are eluted in early fractions before the peak 
of stimulation while the low molecular weight species 15 000, 
I4  000, and 11 500 come off the column after the peak of 
stimulation. As shown in Figure 7 (gel 6). the three smallest 
polypeptides comigrate with subunits j, k, and I of RNA 
polymerase 11. The major protein (90% pure) which was 
coincident with peak of stimulatory activity exhibits a mo- 
lecular weight of 19 000. This protein is similar, if not identical, 
to UP-I protein described by Herrick & Alberts (1976). since 
its amino acid composition is very similar to UP-I and it ex- 
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r:liiURE 10:Sodiumdodecylsulfale- polyacrylamide(12.576)gelsofST-2 
and RNApalymeraieII.ThesampleufSF-2usedfortheaegels(l and 
2) was obtained by paoling the entire peak of stimulatory activity from 
a wcrose gradient as described for the alternative procedure. The low 
molecular weight polypeptides which comigrate with RNA polymerase 
I 1  subunits j and I were present on the low molecular weight side of the 
activity peak. ( L a w  I )  twenty micrograms of SF-2. pooled peak: (lane 
2) 20 pg of SF-2, p a l e d  peak, together with 30 p g  of R N A  polymerase 
[I; and (lane 3) 30 p g  of R N A  polymerase 11. The molecular weiehts of 
the RNA polymerase I1 subunits a-l aregiven in Table V 

hibits a pl of 7.6-7.8 upon isoelectric focusing in 8 M urea. As 
shown in Figure 8, SF-2 lowers the T ,  of poly[d(A-T)]. This 
effect is heat labile and sensitive to oxidation. 

In the alternate procedure for SF-2 purification (detailed 
in Materials and Methods), the final step in the procedure is 
sucrose density gradient sedimentation. The peak of stimula- 
tory activity after electrophoresis in sodium dodecyl sulfate- 
polyacrylamide gels (10%) is shown in  Figure 9. The major 
protein observed is a 34 000 polypeptide and a minor protein 
component at 27 000 molecular weight.2 When the entire peak 
is pooled and compared with RNA polymerase I I  subunits on 
12.5% sodium dodecyl sulfate gels (Figure IO), two additional 
proteins are observed. The molecular weights of these poly- 
peptides are 15 OOO and I I 500 and they comigrate with RNA 
polymerase II subunits j and I .  Since only small quantities of 
SF-2 factor wereobtained by this procedure, we were unable 
to test for poly[d(A-T)] unwinding activity. 

Discussion 
Resolution of Multiple Stimulatory Factors. Two distinct 

RNA polymerase I I  stimulatory proteins were extensively 
purified from calf thymus tissue. This procedure utilized am- 
monium sulfate precipitation, DEAE-Sephadex. CM-cellulose, 
and finally Sephadex G-75 before two peaks of stimulatory 
activity (SF-I and SF-2) are resolved. Rechromatography of 
each peak on Sephadex (3-75 demonstrated that the two species 
do not exist in a rapid equilibrium under these conditions. 

The elution volume of SF-I and SF-2 activity on Sephadex 
G-75 indicates, respectively, native molecular weights of 

2 The I9 OOO component described above was not present in the material 
applied IO thesucrose denrilygradient. This protein was retained during 
the I O  m M  KCI wash of the SP-Sephadex Column and, upon elution. gave 
less than twofold stimulation. 
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55 000-65 000 and 25 000-30 000. Sodium dodecyl sulfate- 
polyacrylamide gels of SF-1 after the heat step and phospho- 
cellulose chromatography reveal three proteins with molecular 
weights of 38 000-36 000 and 27 000 which were coincident 
with peak of activity. Thus a structure of SF-1 with native 
molecular weight of 55 000-65 000 may be a dimer composed 
of the 27 000 and/or 36 000-38 000 components. 

Isoelectric focusing of R N A  polymerase I1 subunits in 9 h4 
urea demonstrates the conspicuous absence of any basic po- 
lypeptides. As Table V shows, yeast but not calf thymus R N A  
polymerase I1 contains a p l  = 9.1,27 000 polypeptide. Thus, 
it is possible that a 27 000 molecular weight component is lost 
from the calf thymus enzyme during purification. On the other 
hand, the 36 000 molecular weight subunit (e) of R N A  poly- 
merase I1 is known to be an acidic protein with a p l  = 5.0 (see 
Table V).  Therefore, if the 27 000 and 36 000-38 000 com- 
ponents exist as a dimer, and both are lost from the enzyme, 
the interaction must be between a very basic protein and an 
acidic protein. 

SF-2  Activity Peak f r o m  G-75 Contains Two Stimulatory 
Activities. The SF-2 stimulatory peak when further purified 
by SP-Sephadex exhibited a 19 000 molecular weight species 
which was coincident with the activity peak. After further 
purification by Sephadex G-50, the 19 000 polypeptide was 
about 90% pure. This species is active in lowering the T ,  for 
poly[d(A-T)]. Amino acid analysis of the 19 000 molecular 
weight species indicates a striking similarity to the UP-1 DNA 
unwinding protein described by Herrick & Alberts (1976). 
Both contain 1-1.5 cysteines per 20 000 molecular weight. The 
isoelectric point of the 19 000 molecular weight species in 8 
M urea is 7.6-7.8 which is the p lo f  UP-1 (Herricks & Alberts, 
1976). Both the poly[d(A-T)] unwinding activity and the 
stimulatory activity were reversibly inactivated upon dialysis 
in the absence of reducing agents and both were reactivated 
by dithiothreitol. In addition, the unwinding and stimulation 
activities were heat labile and both were stabilized, a t  least in 
pari, against heat denaturation in the presence of poly[d(A- 

Isoelectric focusing of the SF-2 peak from G-75 under 
nondenaturing conditions gave two peaks of stimulatory ac- 
tivity, one broad peak, a t  PI = 8.8 containing the 19 000 mo- 
lecular weight species and a more sharply defined peak a t  p l  
= 9.4 containing a 34 000 and a 22 000 molecular weight 
species. None of these polypeptides comigrated with any RNA 
polymerase II subunits. 

Using the alternate procedure for purification of stimulatory 
factors, we obtain a peak of activity which elutes at the position 
of SF-2 on Sephadex G-75. Upon further purification by 
SP-Sephadex and sucrose gradient sedimentation, the stimu- 
latory activity is nearly coincident with a 34 000 molecular 
polypeptide (95% pure). Thus, one of the stimulatory factors 
in SF-2  is most likely a single subunit protein of 34 000 mo- 
lecular weight. We estimate that between 0.5-1.0 pg of SF-2 
(34 000 mol wt) maximally stimulate R N A  polymerase 11. 
Bovine serum albumin a t  this or higher concentrations does 
not stimulate the enzyme. The minor components present in 
side fractions of SF-1 and SF-2 comigrate with the low mo- 
lecular weight polypeptides (i-l) of R N A  polymerase 11. 

Comparison of Calf-Thymus SF-I  with S-ZI f r o m  Ehrlich 
Ascites Tumor Cells. Sekimizu et al. (1976) have purified an 
R N A  polymerase I1 stimulatory factor, S-11, from Ehrlich 
ascites tumor cells. The factor appears to be a single subunit 
of 38 000 molecular weight. Since the R N A  polymerase I1 
used in those studies exhibits a specific activity which is about 
1000-fold lower than the calf thymus enzyme I1 used in our 
studies, the large stimulation which they observe (20-fold) may 

-01 .  

be the result of a reactivation of a “crippled” enzyme which 
has lost 95% of its 36 000 molecular weight subunit. Alter- 
nately, the difference in maximum stimulation, 20-fold vs. 
4-fold, may simply arise from the respective incubation times 
used to assay S-I1 (60 min) and SF-1 (10 min). At  the lower 
ionic strength used to assay the enzyme in the stimulation 
assay, the enzyme when assayed alone begins to terminate 
transcription after the first few minutes, whereas in  the pres- 
ence of saturating stimulatory factor, transcription is linear 
(Figure 5 ) .  Thus longer incubation times would result in the 
increase in apparent stimulatory activity. 

Specific Actiuity and Purity of  Stimulatory Factors. Sek- 
imizu et al. (1976) define a unit of stimulatory activity as the 
increase of 1 pmole of activity of R N A  polymerase 11. Their 
final specific activity is 14.7 pmol/pg of S-11. In contrast, using 
the same definition for a unit of stimulatory activity, our spe- 
cific activity is calculated to be about 400 pmol/pg for SF-1 
or SF-2. For a 60-min assay our specific activity is increased 
to over 1500 pmol/pg. Thus if the SF-I and S-I1 factors are 
similar, the definition of this unit may not be valid for factor 
quantitation. Alternatively, the S-11 factor may be only about 
I-5% pure. 

Specificity of Stimulatory Factors SF-I and SF-2 fo r  R N A  
Polymerase I1 and Natice DNA.  Both factors stimulate ho- 
mologous or heterologous R N A  polymerase I1 but not ho- 
mologous or heterologous R N A  polymerase I and 111. Al- 
though this suggests a unique function of these factors for 
enzyme 11, the result does not preclude a similarity in function 
or the presence of these factors with enzymes I and 111. The 
latter enzymes may simply retain these components while 
enzyme I1 loses them during the purification. Alternatively, 
different polypeptides in enzymes I and TI1 may be responsible 
for this function. Detailed biochemical and charge density 
characterization of subunits of all three classes of calf thymus 
R N A  polymerase and stimulatory factor should answer this 
question. 
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Partial Purification and Characterization of Two Hen Oviduct Protein 
Synthesis Initiation Factors Capable of Initiation Complex Formationt 

J .  Fielding Hejtmancik and John P. Cornstock*,: 

ABSTRACT: Two initiation factors alF-2A and alF-2 capable 
of binding Met-tRNAf to form an initiation complex in vitro 
have been isolated from the hen oviduct. Both factors were 
obtained from a 0.5 M KCI uash of a nuclear-microsomal 
fraction of the oviduct homogenate. Four purification steps 
were carried out according to the protocol for the purification 
of rabbit reticulocyte eIF-?A before a high molecular weight 
ribonuclease was removed by molecular sieve chromatography 
and aIF-2'4 activity was detected. This oviduct factor has been 
characterized with respect to its activity in stimulating 
poly(U)-directed polyphenylalanine synthesis, lowering the 
Mg'+ concentration optimum required for polyphenylalanine 
synthesis, and stimulating phenylalanyl-puromycin synthesis. 
In these assays aIF-2'4 was able to substitute for the corre- 
sponding rabbit reticulocyte factor. Factor alF-2A was capable 
of binding fMet-tRNAf and Met-tRNAr to 40s ribosomal 
subunits programmed with the AUG codon. The molecular 
weight and Stokes radius of a 1 F - M  Ivcrc estimated by mo- 
lecular sieve chromatography to be l I O  000 and 42.5 A, rc- 

T h e r e  is evidence that sex steroid hormones increase the rate 
of protein synthesis (Palmiter et al..  1970, 1971; Palmiter. 
1972a.b; Comstock et al., 1972) as well as increasing the cel- 
lular concentration of translatable m R N A  in the oviduct 
(Roser: & O'Malley, 1975; Schimke et al.. 1975: Harris et al.. 

' From the Departincnt of Cell Biology, Baylor College of Medicine 
and the Department of Medicine. Vetcram Administration Hospital. 
Houston. Texas 7721 I .  Kec,eir.c~d Si~premhc~r 8, 1977. This work was 
\upported in  part bk the Ccnter for Popuht ion  Research, Research p a n [  
l id-7495. * Department of Medicine. Veterans Administration Hospital, Houston, 
Texas 7721 I .  

spectively. The sedimentation coefficient was 3.5 S as mea- 
sured by sedimentation analysis on sucrose density gradients. 
Combining these data, the calculated molecular weight of 
aIF-2A was 62 500. These values are similar to those reported 
for the highly asymmetric reticulocyte factor. The activity of 
the second oviduct factor aIF-2 was detected during gradient 
elution chromatography of the nuclear-microsomal salt wash 
on DEAE-cellulose. This factor bound Met-tRNA( in a binary 
complex since GTP was not required and did not further in -  
crease the binding. This may be caused by the aging of the 
factor and/or its partial degradation. Similar characteristics 
have been reported for the corresponding reticulocyte factor. 
elF-2. Nevertheless, alF-2 was capable of forming an 80s 
initiation complex as determined by the stimulation of meth- 
ionql-puromycin synthesis upon the addition of ribosomes and 
ribosomal subunit joining factors. eIF-5 and elF-4C and D. 
The molecular weight of aIF-2 was estimated by molecular 
sieve chromatography to be 102 000 corresponding to the value 
reported for the monomer form of the reticulocyte factor. 

1975). We are interested in learning the mechanisms by which 
protein synthesis is regulated at the translation level in  this 
tissue and whether hormones act directly or indirectly in this 
control. W e  have chosen to use for these investigations the 
estrogen-stimulated chicken oviduct, a widely used model 
system for studying the actions of sex steroid hormones. Al- 
though both initiation and elongation factors have been well 
studied in several mammalian and eukaryotic systems, it is 
necessary systematically to isolate and characterize these 
factors in the oviduct in order to study the molecular events by 
which hormones affect protein synthesis. 

Recently our laboratory reported on the properties of two 
protein synthesis initiation factors designated A2A and A2B 
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