
REFERENCES AND NOTES 

1. A. C. Braisted and J. A. Wells, Proc. Nati. Acad. Sci. 
U S A .  93, 5688 (1 996). 

2. R. R. D~ckason and D. P. Huston, Nature 379, 652 
(1 996). 

3. M. C. Mossing and R. T Sauer, Science 250, 171 2 
(1 990). 

4. R. A. Albr~aht. M. C. Mossina. B. W. Matthews. Bio- 
chemistry35, 735 (1996). 

5. T. V Borchert, R. Abagyan, R. Jaen~cke, R. K. 
Wierenga Proc. Natl. Acad. Sci. U.S.A. 91. 151 5 
(1 994) 

6. W. Schiebs, N. Thank, R. Jaenicke, R. K. Wierenga, 
Biochemistry 36, 9655 (1 997). 

7. E. Hasam, Shikimic Acid. Metabolism and Metabo- 
lites (Wiley, New York, 1993) 

8. W. Gu et ai. Microb. Comp. Genomics 2, 141 
(1 997). 

9. A. Y. Lee, P. A. Karpus, B. Ganem, J. Cardy, J. Am. 
Chem. Soc 11 7, 3627 (1 995). 

10. A. P. Brunet etai . ,  Nature 364, 355 (1993). 
11. L. Castagno~, C. Vetr~ani, G. Cesaren, J. Mol. Biol 

237, 378 (1 994). 
12. P. F Predk and L. Regan, Biochemistiy 34, 9834 

(1 995) 
13. G. MacBeath, P. Kast, D. Hilvert, Protein Sci. 7, 325 

(1 998). 
14. G. MacBeath, P. Kast, D. H~lvert, unpublished 

results. 
15. K. E. Neet and D. E. T~mm,  Protein Sci. 3, 2167 

(1 994). 
16. C. J. Bult eta/. , Science 273, 1058 (1 996). 
17. For comparison, k,,,/k,,,,, for EcCM under these 

conditions IS 3 x loE  [calculated from the activaton 
parameters reported In C. C. Galopin, S. Zheng, 
D. B. Wilson, B. Ganem, Tetrahedron Lett 37, 8675 
(1996): ibid. 38, 1467 (1997)l. The efficiency of 
MjCM at 85"C, the optma grovdh temperature for 
M .  jannaschii, actually decreases somewhat (k,,J 
k,,,,, = 9 x 1 04] because of the steeper tempera- 
ture dependence of the uncatayzed reacton. 

18. V. BIOU, A Yaremchuk, M. Tukao, S. Cusack, Sci- 
ence 263, 1404 (1 994). 

19. M. G. Oakey and P. S. K m ,  Biochemistry 36, 2544 
(1997). 

20. Libraries were constructed n plasmd pKMCMT-W, 
whch features the chorismate mutase gene (aroQJ 
from M,  jannasch~i under control of the trc promoter. 
Dupl~cation of Leuz0-Lys", introduction of a Hnd  Ill 
slte, and mutation of Leuzoa to G u  and Ile" to Arg 
was accompi~shed by use of the polymerase chain 
reaction (PCR) w~ th  template pKMCMT-W and prim- 
ers MNEGS (5'-ATAAGATACTTAAGGAAAAGCT- 
TATTGCTGAAAGAAATAGTTTAGCT-3') and 
MNEG-N (5'-CTTTTGGAGGGCCTTATTATGCTC- 
TATAAGACGTTGAAATATTTTAATGCCAAT-3'). 
Clonng o f ths  product into pKMCMT-W w th  restric- 
tion enzymes Af I and Eco 01091 gave pKMCMT- 
NEG. Six random codons were then introduced Into 
the mod~ f~ed  aroQ, using the PCR with template 
DKMCMT-W and orlmers SEQT-S (5'-GTGAGCG- 
GATAACAATTTCACA-3'1 and MJMA-N (5'-TCAG- 
CAATAAGCTTTTCSNNSNNSNNSNNSNNSNNC- 
TTAAGGATCTTATTGTCAATCTCATCAATCTW 
(N = A. C, G, orT; S = C or G) Coning of this library 
of products n to  pKMCMT-NEG with 7estriction en- 
zymes Nde I and Hnd  Ill gave Ibrary pKMCMT-LbA. 

21. P. Kast, M. As~f-Ullah. N. Jiang, D. H~lvert, Proc. Natl. 
Acad. Sci. U.S.A. 93, 5043 (1 996). 

22. The host strain for proteln product~on was KA13. a 
CM-defc~ent E. coii w t h  an sopropy p-D-thogaac- 
topyranosde-inducible T 7  RNA polymerase gene 
integrated Into the chromosome. 

23. R, P~cco i  et ai., Proc. Nati. Acad. SCI U.S.A. 89, 
1870 (1 992). 

24. Sedimentat~on equ ibr~um runs were performed 
from 3000 to 17.000 revoutons per minute with 2, 
10. and 30 p M  proten concentratons In phosphate- 
buffered saline (PBS) at 20°C. Partal specif~c vol- 
umes and solvent denstes were calculated w t h  the 
program Sednterp [T. M. Laue, B. D. Shah. T M. 
R~dgeway, S. L. Pelletier, In Anaiyticai Ultracentrifu- 
gation in Biochemistiy and Poiymer Science. S. E. 
Harding, A. J. Rowe, J. C. Horton, Eds. (Royal SOCI- 

ety of Chemstry, Cambridge, England, 1992), pp. 
90-1 251 and data were analyzed by nonlinear least- 
squares f~tting w~ th  the Origin software provided by 
Beckman. 

25. M. J. Bennett, M. P. Schlunegger, D Elsenberg 
Protein Sci. 4, 2455 (1 995) 

26 A. Di Donato, V. Cafaro, G. D'Aessio, J. Biol. Chem. 
269, 17394 (1 994). 

27. S. Tr~nkl, R. Gockshuber, R. Jaencke, Protein Sci. 
3, 1392 (19941. 

28. Supplementary material IS ava~lable at www. 
sciencemag.org/feature/data/976438.shl. 

29. React~on k~netics were measured w~ th  50 nM en- 
zyme at 20°C in PBS, supplemented w~ th  bov~ne 
serum albumin (0.1 mg/ml), lnclus~on of bovne se- 
rum albumn did not alterthe aggregaton state of the 
protein as verif~ed by analytical size-exclusion col- 
umn chromatography. Initial rates were determned 
by monitor~ng the disappearance of chorismate 
spectrophotometr~cally at 274 nm (E,?, = 2630 M- '  

cm-'1. Steady-state knetic parameters kc,, and K,, 
were calculated from the intal  rates. 

30. M. J. Bennett, S. Choe, D. Elsenberg, Proc. Natl. 
Acad. SCI. U.S A. 91, 31 27 (1 9941 

31 . Removing six amino acidsfrom the carboxy termnus of 
MjCM increased its resistance to proteolyt~c cleavage 
w~thout affecting the properties of the proten. Conse- 
quently, a detailed biochemical and biophys~cal char- 
acterzatons of mMjCM were also carred out on a trun- 
cated derivat~ve, which behaved identically to the f u -  
length mMjCM in all aspects tested. 

32. We thank H. Lashuel and J. Kelly for anaytca ultra- 
centrifugaton studes. G.M, s the recplent of a Nat- 
ural Sciences and Engineering Research Councl of 
Canada 1967 Centennial Postgraduate Schoarshp 
and an E l  L~lly Graduate Student Fellowship. Sup- 
ported by the Skaggs nsttute for Chemical Bology 
at The Scrpps Research Institute. 

1 December 1997; accepted 2 February 1998 

Dependence of BSAP Repressor and Activator 
Functions on BSAP Concentration 

Jeffrey J. Wallin," Edwin R. Gackstetter, 
Marian Elliott Koshland? 

During a B cell immune response, the transcription factor BSAP maintains its activator 
functions but is relieved of its repressor functions. This selective targeting of BSAP 
activities was shown to be regulated by a concentration-dependent mechanism whereby 
activator motifs for BSAP had a 20-fold higher binding affinity than repressor motifs. An 
exchange of activator and repressor motifs, however, showed that the context of the 
motif, rather than the affinity, determined whether BSAP operated as an activator or 
repressor. 

BSAP, the transcriution factor encoded bv are maintained at the same time that its 
the Pax5 gene, is a key regulator of B lym- negative functions are relieved, we investi- 
phocyte development ( 1 ) .  Its critical role in gated how these different regulatory activi- 
early B cell lylnphopoiesis has been estab- ties are accomplished. BSAP concentra- 
lished by targeted disruption of the mouse tions are high in pre-B, immature B, and 
Pax5 gene 12). B cells from the mutant mice mature B cells: once an antigen signal is 

c, ~, " " 
are blocked at the pro-B stage and do not delivered, however, the concentrations pro- 
develou f~~rther.  BSAP also warticinates 111 gressively decrease froin the uresecretor to 
the laier antigen-driven stages o i  B cell ;he mature plasma cell stage, in which 
differentiation. Analysis of the changes in BSAP is almost undetectable (7, 8). The 
gene expression induced by antigen and decrease in BSAP expression is induced by 
cy-tokine signals has shown that BSAP pos- signals from interleukin-2 (IL-2) or IL-5, 
ltivelv regulates the exwression of the CD19 which can down-regulate BSAP RNA ex- , - 
component of the B cell antigen coreceptor 
and germ-line transcription of the E gene 
(IE),  which is a prerequisite for a switch to 
i~nmunoglobulin E (IgE) synthesis (3, 4). 
BSAP can also serve as a negative regulator 
during development. During an immune re- 
sponse, BSAP blocks are removed from the 
heavy chain 3' enhancer to allow isotype 
switching and from the J chain gene pro- 
moter to allon, svnthesis and secretion of 

- 
pression to 20 to 25% of untreated cells (7, 
9). Overexpression of BSAP in plasma cell 
lines increases BSAP repressor activity: J -  
chain RNA and secreted IgA decrease (7, 
10). This expression pattern suggested that 
BSAP activities might be selectively target- 
ed during antigen-driven differentiation by 
competition among the BSAP sites for the 
diminishing amounts of factor (7, 1 1  ). 

We obtained exwerimental evidence for 
pentamer IgM an;ibody (5-7). a concentration-dependent regulation by 

Because the wositive functions of BSAP determining the relative affinities of BSAP 
u 

. activator and repressor elements from gel- 
Immunology Div~sion, Department of Molecular and Cell 
Biology, Unverslty of California, Berkeley, Berkeley, CA shift assays (Fig' BSAP binding a 
94720, USA consensus recognition sequence (12)  was 

-To whom correspondence should be addressed. competed by adding increasing amounts of 
+Deceased. the BSAP recognition motifs with estab- 

:lencemag.org SCIENCE VOL 279 20 L4ARCH 1998 1961 



lished functions such as the CD19, IE, and J 
chain gene promoters and the 3' a enhanc- 
er (13). The BSAP sites with positive reg- 
ulatory activity had 20 times the affinity for 
the factor as those sites with repressor ac- 
tivity (Fig. 1, A and B). A fivefold excess of 
the CD19 or IE oligonucleotide blocked 
BSAP binding to the probe by 80 to 90%, 
whereas a 100-fold molar excess of the J 
chain or 3' a-enhancer oligonucleotides 
was required to achieve the same degree of 
binding inhibition (Fig. 1C). This differ- 
ence in affinity indicated that the activator 
sites could out-compete the repressor sites 
when the supply of BSAP was limiting. 

We obtained further evidence for a con- 
centration-dependent mechanism by exam- 
ining the effects of BSAP overexpression on 
both its repressor and activator functions. 
For the repressor experiments, representa- 
tive plasma cell lines were stably transfected 
with BSAP expression vector or vector 

alone, and G418-resistant clones were se- 
lected for analysis (14). The amounts of 
BSAP were determined in  rotei in immuno- 
blots of nuclear extracts, and the amount of 
heavy chain and J chain in protein immu- 
noblots of cytoplasmic extracts. Because 
light chain synthesis was unaffected by 
changes in BSAP expression, the light 
chain content of the cytoplasmic samples 
was used to normalize the densitometry data 
for differences in sample loading. 

A concentration-dependent regulation 
predicts that BSAP repressor activities can 
be restored by increasing BSAP concentra- 
tions in plasma cells. This prediction was 
borne out by protein immunoblots of heavy 
chain isotypes regulated by the 3' heavy 
chain enhancer. Of four transfected clones 
of a MPCll line producing a y2b heavy 
chain. the two that ex~ressed moderate 
BSAP concentrations re&ced y2b content 
by one-half to two-thirds (Fig. 2A). In three 

RDb. 
Pmbs 
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BSAP d1-cle01160 c m p t t l o r  (ngl 

Fig. 1. Affinity of BSAP binding to its recognition sites. BSAP recognition motifs were examined in 
gel-shift assays for their abilities to compete with the consensus recognition sequence from the sea 
urchin promoter, H2A2.2, for the endogenous BSAP in extracts from the mature B cell line, K46R. The 
competitors were added in a 5,25, and 100 molar excess over probe. (A) Representative competition 
by activator elements. (B) Representative competition by repressor elements. (C) Quantitation of the 
competition assays by Phosphorlmager measurements of the BSAP-probe complexes formed. Each 
point represents an average of three independent gel-shift determinations. 
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Fig. 2. Effect of BSAP overexpression on its repressor functions. Protein immunoblots of the BSAP, 
heavy, J,  and light chain contents in (A) MPC11, (B) MOPC315, and (C) S194 plasmacytomas stably 
transfected with a BSAP expression vector (Tfl to Tf4) or with vector alone (TfO). The amounts of each 
protein were measured by densitometry, normalized to light chain content, and expressed relative to the 
value obtained with the vector-transfected control, which was set to 1 .O. Endogenous BSAP in the three 
plasma cell lines was too low to be detected by the conditions used to evaluate the concentrations of 
transfected BSAP. No heavy chain data are included in the S194 assays because the cells synthesize 
too little a chain protein for quantitative measurements. 

clones of an a-producing MOPC315 cell 
line that expressed moderate amounts of 
BSAP, the a-heavy chain content was re- 
duced by one-half to one-quarter (Fig. 2B). 
Similarly, J chain expression was depressed 
in all clones expressing transfected BSAP, 
and the extent of suppression roughly cor- 
related with BSAP concentration. In S194 
clones, for example, relatively low BSAP 
concentrations decreased J chain content 
by 15 to 45%, whereas high amounts de- 
creased J chain content by 85 to 90% (Fig. 
2C). 

We examined the effect of BSAP over- 
expression on its activator functions by sta- 
bly transfecting the BSAP expression vec- 
tor and vector control into a CHl2LX sub- 
line that expresses IgM (15). Unlike plasma 
cells, CH12LX-IgM cells synthesize CD19, 
express low amounts of J chain but do not 
secrete significant amounts of pentamer 
IgM, and have not undergone isotype 
switching. The phenotype of such CHI2 
cells is consistent with their BSAP content, 
which has been reduced by the partial ac- 
tivation to 30% of that present in lines 
representative of mature, unactivated B 
cells (7). RNA blots were used to assay the 
results of the transfections (16) because 
they allowed the amounts of endogenous 
and transfected BSAP RNA to be readily 
distinguished: a 9- to 10-kb endogenous 
RNA versus a 1.2-kb transcript of the trans- 
fected BSAP cDNA (Fig. 3). 

A concentration-dependent control 
mechanism would predict that expression of 

Fig. 3. Effect of BSAP overexpression on its acti- 
vatorfunctions. RNA blot analyses of endogenous 
and transfected BSAP, CD19, and J chain tran- 
scripts in CH12LX-IgM cells stably transfected 
with a BSAP expression vector (Tfl to Tf5) or with 
vector alone (TfO). The relative CD19 and J chain 
RNA values were determined from Phosphor- 
Imager measurements normalized to the tubulin 
RNA content. The density of the BSAP and CD19 
blots was measured after a 24-hour exposure, 
whereas the density of the J chain blots was de- 
termined after a 4-day exposure. 
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the target genes under positive BSAP con- 
trol would increase. or at least remain the 
same, with increasing RSAP concentrations. 
Again, the prediction was matched by the 
experimental data (Fig. 3). CD19 RNA was 
1.6 to 3.3 times higher in the BSAP-trans- - 
fected clones than in the vector control. 
Thus, maximum expression of CD19 is not 
required to maintain its coreceptor functions 
during the presecretor-germinal center stage 
of a B cell primary immune response (1 7). J 
chain RNA was also regulated in a con- 
centration-dependent manner. Increasing 
BSAP in these cells increased its repressor 
activities so that even the low ex~ression of 
the target J chain gene was reduced by 45 to 
60% (Fig. 3). The p heavy chain, however, 
was not affected, consistent with studies 
showing that the p isotype expression is not 
significantly regulated by the 3' a enhancer 
and thus is independent of any BSAP-in- 
duced changes (1 8). 

We next asked whether the affinity of a 
BSAP site determined its activator or repres- 
sor action. The CD19 BSAP recognition 
sequence was substituted for the BSAP se- 
quence (JC) in the J chain gene promoter. 
Nine of the 18 base pairs (bp) that make up 
the minimum consensus RSAP site were re- 
placed (Fig. 4A). We evaluated the effect of 
the replacement by inserting the J2 (nucle- 
otide - 168 to -84) test and control h e -  " 
ments from the J chain promoter upstream of 
a minimum y-fibrinogen promoter and the 
chloramphenicol acetyltransferase (CAT) 
reporter gene (1 9). These constructs were 
then assayed for CAT activity after transfec- 
tion into J chain-expressing S194 cells (20). 
The BSAP element, which functioned as an 
activator binding site in the CD19 promoter, 
was converted to a repressor binding site in 
the J chain gene promoter (Fig. 4A). The 
CD19 site-containing J2 fragment induced a 
90% decrease in CAT expression compared 
with an 84% decrease obtained with the 
counterpart endogenous J chain-containing 
J2 fragment. 

To determine whether the change in 
function of the CD19 RSAP site was ac- 
companied by a change in affinity, we used 
the J chain promoter fragments containing 
the CD19 and JC binding elements as com- 
petitors in the gel-shift assay described in 
Fig. 1. The patterns of competition ob- 
tained with the 85-bp fragments (Fig. 4B) 
duplicated those observed with the 34-bp 
CD19 and JC oligonucleotides (Fig. I), in- 
dicating that the affinity of the BSAP site 
did not change when its context was al- 
tered. Despite this switch in affinity, the 
BSAP site still functioned as a repressor in 
the J chain promoter, specifying that affin- 
ity alone was not sufficient to dictate the 
remessor or activator function of a BSAP 
site within an individual promoter. Thus, 
although BSAP sites with high affinity cor- 
relate with positive regulatory function, and 
low-affinity sites with negative regulatory 
functions, the context of a site is crucial, 
even though the occupancy of a site is 
determined by the gradient of BSAP 
concentration. 

Here. we have defined a concentration- 
dependent mechanism that allows a single 
transcri~tion factor to alter its coordinate 
regulation of gene expression at different 
stages during B cell differentiation. A sim- 
ilar mechanism operates in the developing 
embrvo of Drosobhila where concentration 
gradients of transcription factors, such as 
the dorsal activator, are established along 
the dorsoventral axis (21 ). In this mamma- 
lian example, the gradient of BSAP con- 
centration is instituted by signals from IL-2 
or IL-5 (7), so that the mechanism allows a 
single external cytokine to regulate the var- 
ious BSAP-controlled events in the B cell 
immune response. In view of these features, 
concentration-dependent regulation of gene 
expression may be a generally used mecha- 
nism in the developmental systems of ver- 
tebrates to control the coordinated activa- 
tion and repression of multiple genes during 
development. 

Fig. 4. Exchange of an A I3 
activator motif for a re- J ,-*, 
pressor motif. (A) Effect hD"nt 

of exchange on the func- J2 & 
tion of the activator mo- r , 1 + 
tif. Constructs of the J2 

J2CD,s I , 
promoter fragment (nu- 'J, lJA * PU ' I 

r, 

BsAp TT] cleotide - 168 to -84) 

pressor element or the Pmba 

CD19 BSAP activator el- 
ement, and constructs of the J1 fragment (nucleotide -83 to -9) containing the positive-acting JA and 
PU.1 elements were assayed for CAT activity after transfection into S194 plasmacytoma cells. CAT 
activity is expressed relative to the value obtained with the y-fibrinogen promoter alone, which was set 
to 1 .O. All values are the mean of at least three independent determinations. Bars indicate the SEM. (B) 
Effect of exchange on the affinity of the activator motif. J2 fragments containing the CD19 and JC 
elements were used as competitors in gel-shii assays as described in Fig. 2. 
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