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the Swiss-Norwegian Beamline (SNBL) at the 
European Synchrotron Radiation Facility in 
Grenoble according to Fig. 2. The method was 
first tested on a textured sample of the zeolite 
ZSM-5 ([Si960192]-4(C3H7)4NOH, space group 
Prima, a = 20.049 A, b = 19.933 A, c = 
13.390 A) with 38 framework atoms in the 
asymmetric unit. Pole-figure data for eight sin
gle reflections and full diffraction patterns at 
four sample orientations were measured. As 
predicted, all four patterns displayed the same 
veiy high resolution independent of the tilt an
gle. A single set of reflection intensities was 
extracted from the four patterns with a modified 
Le Bail algorithm (10) and was used as input 
into a standard direct methods program. With 
default settings, all 12 Si positions and 19 of the 
26 O positions were found in the top 40 peaks 
of the sharpened electron density map (E-map). 
With the improved reflection intensity data, this 
very complex structure could be solved in a 
routine manner. 

The method was then applied to two ma
terials with unknown structures. The first of 
these materials was the aluminophosphate 
molecular sieve Mu-9 (11). Like many mate
rials, Mu-9 contained an unidentified impu
rity. This impurity not only made an accurate 
chemical analysis impossible but also created 
serious problems with the indexing of the 
powder pattern. However, the texture mea
surement allowed the peaks belonging to 
Mu-9 to be identified unambiguously and the 
pattern to be indexed satisfactorily (space 
group R3c, a = 14.057 A and c = 42.295 A). 
Intensity extraction (six pole figures and five 
full patterns) followed by the application of 
direct methods then revealed an unexpected 
framework composition ([A166P720288]18-) 
and an unusual structure with 13 framework 
atoms in the asymmetric unit. One of the 
three Al atoms proved to be (unexpectedly) 
six- rather than four-connected to framework 
P atoms. 

The second material of unknown structure 
was the zeolite UTD-1 (12) prepared with a 
modification of the published synthesis pro
cedure (13). In contrast to the body-centered 
orthorhombic unit cell reported for calcined 
UTD-1 (a = 18.98 A, b = 8.41 A, c = 23.04 
A) (14), the diffraction pattern of this as-
synthesized material could only be indexed 
with a primitive monoclinic cell (a = 
14.9633 A, b = 8.4704 A, c = 30.0098 A, p 
= 102.667°). Furthermore, no evidence of 
faulting, which was reported for the calcined 
form, could be discerned. These observations 
indicated that the material might be substan
tially different from that of Lobo and co
workers (14), and further investigation 
seemed to be warranted. 

The needle-like crystals were aligned with 
shear forces in a polystyrene matrix. Pole-
figure data for seven reflections and full dif
fraction patterns at five sample orientations 

were measured (Fig. 3). Application of direct 
methods to the reflection intensities extracted 
assuming the space group P2Jc produced an 
E-map with 16 Si atoms, which described a 
complete three-dimensional, four-connected 
framework with 14-ring pores [related to 
polymorph C in (14)]. Seventeen of the 
bridging O atoms were also found on that 
initial E-map. Difference electron density 
maps allowed the remaining 15 O atoms, the 
(nonframework) Co, and the pentamethylcy-
clop entadienyl rings to be located. Subse
quent Rietveld refinement showed the correct 
space group to be noncentrosymmetric (Pc) 
with 117 atoms in the asymmetric unit (Fig. 
4). The Co complex is fully ordered in the 
14-ring channels. 

The determination of such a complex 
structure (69 non-H atoms in the asymmetric 
unit in P2xlc) from powder diffraction data 
with standard crystallographic methods pro
vides a clear demonstration of the power of 
the texture approach. The method can be 
applied to any class of compounds, and the 
only requirement is that a sample with pre
ferred orientation can be prepared. This is 
generally possible with one of the many 
known techniques. A larger range of structur
al complexity hereby becomes accessible to 
scientists interested in the structures of poly-
crystalline materials that cannot be grown as 
single crystals. 
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component critical for signal transduction 
(1). These six IL-6-type cytokines trigger the 
dimerization of gpl30, activating associated 
cytoplasmic tyrosine kinases in the Janus ki-
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The cytokines LIF (leukemia inhibitory factor) and BMP2 (bone morphogenetic 
protein-2) signal through different receptors and transcription factors, namely 
STATs (signal transducers and activators of transcription) and Smads. LIF and 
BMP2 were found to act in synergy on primary fetal neural progenitor cells to 
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the subsequent induction of astrocytes from neural progenitors. 
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nase family and a downstream transcription (TGF)-P superfamily signal through het- astrocyte marker, glial fibrillary acidic pro- 
factor, STAT3 (1). BMPs and related mem- erotetrameric serine-threonine kinase recep- tein (GFAP). BMPZ or LIF alone (up to 200 
bers of the transforming growth factor tors (2). Activated BMP receptors phosphor- nglml) did not induce astrocyte development. 

ylate transcription factors Smadl, 5, or 8, BMP4 combined with IL-6 plus soluble IL-6 
which in turn associate with a common me- 
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Fig. 1. Synergistic en- 
hancement of astro- 
cyte differentiation from 
neuroepithelial cells by 
BMPZ and UF. Cells were 
cultured with medium 
alone (A), BMPZ (80 ngl 
ml) (B), LIF (80 ng/ 
ml) (C), or BMPZ (80 
ngfml) plus LIF (80 
ngfml) (D), and sub- 
jected to immunoflu- 
orescent staining for 
GFAP. Scale bar, 50 
CLm. 

Fig. 2. Smads and STAT3 are both required for synergism between BMPZ and LIF. (A) Neuroepi- 
thelial cells were cotransfected with GFlL-pGL3 and R-Luc along with control vehicle or a construct 
expressing Smad6 or DN-STAT3, and then stimulated with the indicated cytokines. (B) Neuroep- 
ithelial cells were transfected with GFlL-pGL3 or modified versions of reporter constructs along 
with R-Luc (left panel); the locus of the proximal potential STAT3 binding site conserved between 
mouse and rat is marked by large dots below the bars representing GFAP promoters. The cells were 
then treated with each cytokine as indicated (right panel). 

receptor (sIL-6R) also promoted astrocyte de- 
velopment (8). 

To investigate a molecular mechanism of 
the synergism, we first examined the tran- 
scription factors activated by these cytokines. 
Smad6 may repress TGF-P and BMP signal- 
ing by inhibiting receptor-mediated phospho- 
rylation of signal-specific Smad species or 
competing with them for binding with the 
regulatory Smad4 (9, 10). Transfection with 
this inhibitory Smad, Smad6, reduced the 
promoter activation induced by BMP2 and by 
a combination of BMP2 and LIF, but not by 
LIF alone (6, 11) (Fig. 2A). Smad7, another 
inhibitor of Smad signaling, also suppressed 
promoter activation by a BMP2-LIF combi- 
nation almost to the level induced by LIF 
alone (8). Overexpression of a dominant neg- 
ative form of STAT3 (DN-STAT3) inhibited 
GFAP promoter activation by LIF and by a 
BMP2-LIF combination. Although the inhi- 
bition was not complete, these results suggest 
that activation of both Smads and STAT3 by 
relevant cytokines is required for the syner- 
gistic effect of BMP2 and LIF on astrocyte 
differentiation. 

We constructed mutations in the GFAP 
gene promoter to identify regions required for 
effects of LIF and BMP2 on the promoter. A 
single STAT3 binding site (TTCCGAGAA) 
is required for rat GFAP promoter activation 
by IL-6 family cytokines (5). This sequence, 
conserved in the mouse GFAP promoter, is 
located between nucleotide positions -1 5 18 
and -1510 (12). When the STAT3 binding 
site was deleted (GFlL-S-pGL3), responsive- 
ness to LIF and to a combination of LIF and 
BMPZ was reduced (6, 11) (Fig. 2B). Resid- 
ual GFAP promoter activation with this con- 
struct might be attributable to one remaining 
putative STAT3 binding site (TTACCA- 
GAA) that is also conserved between mouse 
and rat (marked by a dot in Fig. 2B, left 
panel) (12, 13). The deletion also caused 
reduction in BMP2 response, implying that 
the deleted region interacts with Smad pro- 
teins. Appending the STAT3 binding element 
at the 5' end of this deleted construct (SBSW- 
GFlL-SB-pGL3) restored the response to 
LIF and the synergistic response to LIF and 
BMP2. A larger deletion (GFlL-K-pGL3) 
abolished BMP2 responsiveness with or 
without LIF. Thus, the deleted fragment con- 
tains another region required for BMPZ re- 
sponse. Responsiveness to both LIF and 
BMP2-mediated by STAT3 and Smads, re- 
spectively-is required for the synergism be- 
tween LIF and BMP2. The consensus binding 
sequence for Smad3 and Smad4 is 5'-AG(C/ 
A)CAGACA-3' (14) or 5'-GTCTAGAC-3' 
(15), and the latter may be capable of binding 
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to Smadl as well (16). The GFAP gene 
promoter has no identical sequence but has 
three similar sequences: 5'-CAGAGA-3' at 
positions -1406 to -140 1, 5'-GAGTA- 
GACA-3' at -1373 to -1365, and 5'-GA- 
CACA-3' at -1290 to -1285. However, even 
though nucleotide substitutions were intro- 
duced in all three sequences simultaneously, 
no significant reduction in the response of the 
reporter construct to BMP2 and a combina- 
tion of BMP2 and LIF was observed (8). This 
implies that an unidentified nucleotide se- 
quence exists that may contribute to Smad- 
mediated GFAP promoter activation. 

STAT3 and one or more Smads may 
physically interact to promote the synergy 
between LIF and BMP2 in astrocyte differ- 
entiation. We were unable to detect such 
interaction in COS-7 cells overexpressing 
STAT3 and Smadl, even after cells were 
stimulated with a combination of IL-6 and 
sIL-6R and coexpression of constitutively ac- 
tive type I BMP receptor (CA-ALK3) (8). We 
thus hypothesized that STAT3 and Smadl 
may interact via an adaptor molecule. The 
CREB-binding protein (CBP)/p300 family of 
transcriptional coactivators interacts with 
various transcription factors such as AP-1, 
Myb, and nuclear receptors, altering their 
activity (17). Smadl, 2, 3, and 4 associate 
with CBPlp300 family members (18, 19), and 
STAT1, 2, and 5 also associate with them 
(20). As shown in Fig. 3, p300 was detected 
in the immune complex of Smadl when cells 
were stimulated by coexpression of CA- 
ALK3 (Fig. 3A) and in the STAT3 immune 
complex independent of IL-6 stimulation 
(Fig. 3B) (21). These results imply that p300 
acts as an adaptor molecule that links Smadl 
and STAT3. Smadl was present in the 
STAT3 immune complex only in the pres- 
ence of p300 in a CA-ALK3 stimulation- 
dependent manner (Fig. 3C), confirming the 
p300-mediated complex formation of activat- 
ed Smadl and STAT3. Exogenously ex- 
pressed p300 enhanced the GFAP promoter 
activation induced by each cytokine alone as 
well as in combination (6, 11) (Fig. 3D). We 
suggest that p300 bridges STAT3 and Smadl 
proteins, leading to synergistic transcriptional 
activation of the GFAP promoter. 

To understand the mechanism of p300- 
mediated association of STAT3 and Smadl 
in more detail, we determined what regions in 
the p300 protein were important for interac- 
tion with Smadl and STAT3 (21). In the 
presence of CA-ALK3, Smadl interacted 
most with a COOH-terminal fragment of 
p300 spanning amino acid residues 1737 to 
2414 [p300(1737-2414)l (Fig. 4A), as indi- 
cated for other Smad species (18). Weaker 
Smadl association was observed with 
p300(1-682) and p300(1-1030) mutants. A 
p300(1-1736) protein species failed to inter- 
act with Smadl, which implies that the region 

between residues 1030 and 1736 may inhibit 
the interaction by masking the NH2-terminal- 
ly located interaction domain. STAT3 asso- 
ciated most with two NH2-terminal p300 
fragments, p300(1-682) and p300(1-1030) 
(Fig. 4B). The p300(1-1736) fragment bound 
neither STAT3 nor Smadl. The association of 
STAT3 with the COOH-terminal p300 frag- 

ment, p300(1737-2414), was much weaker 
than with the two NH,-terminal fragments. 
Thus, it is likely that the NH,-terminal portion 
of p300 interacts with STAT3 and the COOH- 
terminal portion with Smadl. The complex of 
STAT3, Smads, and p300 contributes to the 
LIF- and BMP2-mediated GFAP promoter ac- 
tivation, and truncated forms of p300 should 

Fig. 3. STAT3 and Srnadl A B 
proteins are bridged by FLAG-smd1 - + + FLAG-STAT3 - + + 
p300, leading to syner- p3w-HA + + + ~ 3 0 0 - H A  + + + 
gistic transcriptional acti- - + 

Stimulation - - + 
vation of the GFAP pro- - -pJOO rr w -p3W 

rnoter. (A) HA-tagged IP, <%FLAG; Blot. ctHA IP,nFLAG, Blot.<zHA 

p300 was transfected-~o 
COS-7 cells with FLAG- @ -!+=,dl 

tagged Srnadl and HA- IP, t ,,FLAG 

tagged CA-ALK3 con- 
structs (9). Cell extracts y - a h - p J O O  

were subjected to  irn- Lysate. B I O ~  <,HA 
rnuno~reci~itation fIP) 

IP,uFLAG: Blot,irFLAG 

Lysate: Blot.<xHA 

with inti- LAC  FLAG^. 
Precipitates or lysates 
were separated by SDS- 
PAGE and analyzed by 
irnrnunoblotting with an- 
ti-HA (aHA). Expression 
of Srnadl and p300 
was monitored. (B) HA- 
tagged p300 was ex- 
pressed together with 
FLAG-tagged STAT3 (23) 
in COS-7 cells. The cells 
were stimulated with a 
combination of 11-6 (100 

-a 

L r 

IP.,rFLAG: Blot . r M y C  
- S r n d l  

-m 

- STAT3 

Lysate: Blot - nglrnl) and slL-6R (ZOO 
nglrnl) for 15 rnin. Cell 
extracts were irnrnuno- 

m -m 
Vehicle Zg(14ug 

p3QQ 
Lysate: Blot. stin 

precipitated with anti-FLAG and analyzed by SDS-PAGE followed by irnrnunoblotting with anti-HA. 
Expression of p300 and STAT3 is shown. (C) Myc-tagged Srnadl was expressed together with 
FLAG-tagged STAT3, HA-tagged p300, and CA-ALK3 in COS-7 cells. Cell extracts were irnrnunoprecipi- 
tated with anti-FLAG and then subjected to irnrnunoblotting with the indicated antibodies. Comparable 
.expression of Srnadl and STAT3 is indicated. (D) Neuroepithelial cells were transfected with the 
indicated concentrations (per milliliter) of p300 expression construct together with reporter and control 
plasrnids. The transfected cells were stimulated with cytokines (80 nglrnl) separately or in combination. 
as indicated. Control vehicle was used to adjust the total amount of DNA used in each transfection. 

- s r n ~ l  & - w - ~ ~ ~ ~ ~  Fig. 4. Srnadl and STAT3 interact with 
Lysate, B I O ~ . , Z M ~ C  Lysate. B I O ~ ,  <,HA a distinct region of p300 and form a 

complex, effectively activating the 
GFAP gene promoter. (A) Myc-Smadl and CA-ALK3 were expressed with FLAG-tagged p300 
fragments as indicated. Lysates were irnmunoprecipitated with anti-FLAG, and the precipitates 
were analyzed by protein immunoblotting with anti-Myc. (8) HA-STAT3 expression construct was 
transfected into COS-7 cells with FLAG-tagged p300 fragment expression constructs as depicted. 
lmmunoprecipitation was performed with anti-FLAG and then analyzed by irnrnunoblotting with 
anti-HA. (C) Respective truncated p300 constructs were cotransfected with reporter and control 
plasrnids into neuroepithelial cells as indicated. The cells were stimulated with cytokines (80 ngfrnl) 
separately or in combination, as depicted. 
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impede the GFAP promoter activation by the 
two cytokines. Expression of any of the p300 
deletion mutants used in this experiment re- 
duced the GFAP promoter activation by LIF 
and BMP2 either alone or in combination (6, 
11) (Fig. 4C). possibly by competing with the 
endogenous p300 for the binding to STAT3 and 
Smadl. The p300(1-1736) fragment, which in- 
teracted with neither STAT3 nor Smadl, also 
behaved as an inhibitor, possibly because of the 
seclusion of do~vnstream targets of endogenous 
p300. 

It is interesting that the neuroepithelial 
cell cultures (6) over 3 days with LIF or 
BMP2 alone produced GFAP-positive cells, 
although their extent was smaller than that 
observed in the 2-day culture with a combi- 
nation of LIF and BMP2 (8) .  This is consis- 
tent with previous observations in which LIF 
( 5 )  or BMP2 (22) alone induced astrocyte 
differentiation in cultures for a relatively 
longer period. This may be due to the foima- 
tion of a STAT3-Smadl-p300 complex in- 
duced by an exogenously added cytokine and 
the endogenous expression and accumulation 
of its counterpart. 

We have proposed a mechanism by which 
p300 coordinates the interaction of STAT3 
and Smadl, leading to synergistic astrocyte 
differentiation. Similar interactions between 
transcriptional coactivators and different 
kinds of transcription factors may explain 
synergistic actions of distinct types of cyto- 
kines in other biological signaling pathways. 
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Modular polyketide synthases catalyze the biosynthesis of medicinally impor- 
tant natural products through an assembly-line mechanism. Although these 
megasynthases display very precise overall selectivity, we show that their 
constituent modules are remarkably tolerant toward diverse incoming acyl 
chains. By appropriate engineering of linkers, which exist within and between 
polypeptides, it is possible to exploit this tolerance to  facilitate the transfer of 
biosynthetic intermediates between unnaturally linked modules. This protein 
engineering strategy also provides insights into the evolution of modular 
polyketide synthases. 

Since the discovery of the modular architecture 
of certain polyketide synthases (PKSs), several 
reports have highlighted the functional versatil- 
ity of these multienzyrne assemblies by exper- 
iments involving domain inactivation. substitu- 
tion, or addition (1).  Although these empirical 
gene fusion approaches have led to the biosyn- 
thesis of diverse "unnatural" natural products, 
they have usually resulted in decreased in vivo 

productivity (2). The reasons for the lower 
productivity are poorly understood but could 
include structural instability of the engi- 
neered protein, suboptimal chemistry within 
the altered module. or inefficient processing 
of the nonnatural polyketide intermediates by 
downstream modules. 

An alternative strategy for combinatoiial 
biosynthesis would be to recombine intact mod- 
ules from the vast natural repertoire of PKSs. 
Such an approach would benefit from the use of 
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