AIF pathway (which would be independent
of DEVDases) can also be excluded. For
example, CED-3 protease is absolutely re-
quired for programmed cell death in Caeno-
rhabditis elegans (37), and caspase-3 (CPP32)
is obligatory for cell death in areas of the
developing murine brain (38).

Bel-x, is structurally related to certain
bacterial pore-forming proteins (39), and
Bcl-2 probably has a similar structure (40).
Thus, Bcl-2 could conceivably block cyto-
chrome c efflux directly. Or, Bcl-2 may
prevent this event indirectly by regulating
the flow of ions, including Ca®*, across the
mitochondrial and ER membranes (41—-46).
Such a scenario could explain the ability of
Bcl-2, in some cell types, to block apoptosis
even when its location is restricted to the
ER (47). In the cell-free system described
here, ER membranes are not required for
activation of DEVD-specific proteases (Fig.
4), and thus a possible effect of Bcl-2 on this
compartment may not be discernible.

Our results show that Bcl-2 acts on the
mitochondria with which it is associated
(Fig. 4). This localized action of Bcl-2 may
depend on the ability of Bcl-2 to target the
kinase Raf-1 to mitochondrial membranes
(48). The Bcl-2—-dependent mitochondrial
sequestration of Raf-1 could be a mecha-
nism underlying our finding that, when
Bcl-2 was preincubated in cytosol with one
aliquot of mitochondria, it failed to protect
a second portion of mitochondria added
later (Fig. 4, C and D).

Our observations have identified the mi-
tochondrial release of cytochrome ¢ as a
major target for the anti-apoptotic effects of
Bcl-2. The ability of cytochrome ¢ to acti-
vate CPP32-like proteases and cell death
appears to be distinct from this protein’s
life-sustaining role in respiration. Cyto-
chrome c is highly conserved in eukaryotes
(49). If its function in apoptosis is also
conserved, this would explain how Bcl-2 or
similar molecules can effectively regulate
most forms of apoptosis.

REFERENCES AND NOTES

1. J. C. Reed, J. Cell Biol. 124, 1 (1994).
2. G. Nufez and M. F. Clarke, Trends Cell Biol, 4, 399
(1994).
. E.Yang and S. J. Korsmeyer, Blood 88, 386 (1996).
. Y. Akao, Y. Otsuki, S. Kataoka, Y. Ito, Y. Tsujimoto,
Cancer Res. 54, 2468 (1994).
5. P. Monaghan et al., J. Histochem. Cytochem. 40,
1819 (1992).
. S. Krajewski et al., Cancer Res. 53, 4701 (1993).
. D.de Jonget al., ibid. 54, 256 (1994).
. T. Lithgow, R. Van Driel, J. F. Bertram, A. Strasser,
Cell Growth Differ. 5, 411 (1994).
9. A. M. Chinnaiyan et al., J. Biol. Chem. 271, 4573
(1996).
10. P. Erhardt and G. M. Cooper, ibid., p. 17601.
11. R. C. Armstrong et al., ibid., p. 16850.
12. 8. Shimizu, Y. Eguchi, W. Kamiike, H. Matsuda, Y.
Tsujimoto, Oncogene 12, 2251 (1996).
13. D. D. Newmeyer, D. M. Farschon, J. C. Reed, Cell
79, 353 (1994).

N~

o ~N®

1136

14. S. J. Martin et al., EMBO J. 14, 5191 (1995).

15. 8. C. Cosulich, S. Green, P. R. Clarke, Curr. Biol. 6,
997 (1996).

16. R. M. Kluck, S. J. Martin, D. R. Green, D. D. New-
meyer, in preparation.

17. Y. A. Lazebnik, S. Cole, C. A. Cooke, W. G. Nelson,
W. C. Earnshaw, J. Cell Biol. 123, 7 (1993).

18. Y. A. Lazebnik, S. H. Kaufmann, S. Desnoyers, G. G.
Poirier, W. C. Earnshaw, Nature 371, 346 (1994).

19. M. Enari, H. Hug, S. Nagata, ibid. 375, 78 (1995).

20. A. Takahashiet al., Proc. Natl. Acad. Sci. U.S.A. 93,
8395 (1996).

21. X. Liu, C. N. Kim, J. Yang, R. Jemmerson, X. Wang,
Cell 86, 147 (1996).

22. A. Mayer, W. Neupert, R. Lill, J. Biol. Chem. 270,
12390 (1995).

23. M. E. Dumont, T. S. Cardillo, M. K. Hayes, F. Sher-
man, Mol. Cell. Biol. 11, 5487 (1991).

24. S. J. Martin et al., J. Biol. Chem. 270, 6425 (1995).

25. S. J. Martin, D. M. Finucane, G. P. Amarante-
Mendes, G. A. O'Brien, D. R. Green, ibid. 271,
28753 (1996).

26. R. M. Kluck, E. Bossy-Wetzel, D. R. Green, D. D.
Newmeyer, data not shown.

27. P. X Petit et al., J. Cell Biol. 130, 157 (1995).

28. N. Zamzami et al., J. Exp. Med. 181, 1661 (1995).

29. S. Shimizu et al., Oncogene 13, 21 (1996).

30. M. Zoratti and |. Szabo, Biochim. Biophys. Acta
1241, 139 (1995).

31. N. Zamzami et al., J. Exp. Med. 182, 367 (1995).

32. P. Marchetti et al., ibid. 184, 1155 (1996).

33. N. Zamzami et al., ibid. 183, 1533 (1996).

34. J. G. Pastorino et al., J. Biol. Chem. 271, 29792
(1996).

35. S. A.Susinet al., J. Exp. Med. 184, 1331 (1996).

36. D. M. Farschon, C. Couture, T. Mustelin, D. D. New-
meyer, in preparation.

37. J. Yuan and H. R. Horvitz, Dev. Biol. 138, 33 (1990).

38. K. Kuida et al., Nature 384, 368 (1996).

39. S. W. Muchmore et al., ibid. 381, 335 (1996).

40, B. A. Vance, C. M. Zacharchuk, D. M. Segal, J. Biol.
Chem. 271, 30811 (1996).

41. G. Baffy, T. Miyashita, J. R. Willamson, J. C. Reed,
ibid. 268, 6511 (1993).

42. M. Lamet al., Proc. Natl. Acad. Sci. U.S.A. 91, 6569
(1994).

43. M. Zornig et al., Oncogene 11, 2165 (1995).

44, C.W. Distelhorst, M, Lam, T. S. McCormick, ibid. 12,
2051 (1996).

45, M. C. Marin et al., ibid., p. 2259.

46. A. N. Murphy, D. E. Bredesen, G. Cortopassi, E.
Wang, G. Fiskum, Proc. Natl. Acad. Sci. U.S.A. 93,
9893 (1996).

47. W. Zhu et al., EMBO J. 15, 4130 (1996).

48. H.-G. Wang, U. R. Rapp, J. C. Reed, Cell 87, 629
(1996).

49. M. L. Baba, L. L. Darga, M. Goodman, J. Czelusniak,
J. Mol. Evol. 17, 197 (1996).

50. A. J. Rivett, P. J. Savory, H. Djaballah, Methods
Enzymol. 244, 331 (1994).

51. S.J. Martin et al., J. Exp. Med. 182, 1545 (1995).

52. We thank R. Jemmerson, J. Reed, D. Farschon, G.
Corradin, and B. Singh for reagents; S. Martin, G.
Amarante-Mendes, H. M. Beere, and T. Gunter for
helpful discussions, critical reading of the manu-
script, or both; and M. Schibler, B. Ranscht, and E.
Koller for help with confocal microscopy. Supported
by grants from the American Cancer Society (DB-97
to D.D.N.), NIH (grants GM50284 to D.D.N. and
GM52735 and CA69381 to D.R.G.), and from the
Swiss National Science Foundation (fellowship
823A-046638 to E.B.-W.).

21 October 1996; accepted 29 January 1997

Role for the Amino-Terminal Region of Human
TBP in U6 snRNA Transcription

Vivek Mittal and Nouria Hernandez*

Basal transcription from the human RNA polymerase lil U6 promoter depends on a TATA
box that recruits the TATA box-binding protein (TBP) and a proximal sequence element
that recruits the small nuclear RNA (snRNA)-activating protein complex (SNAP ). TBP
consists of a conserved carboxyl-terminal domain that performs all known functions of the
protein and a nonconserved amino-terminal region of unknown function. Here, the amino-
terminal region is shown to down-regulate binding of TBP to the U6 TATA box, mediate
cooperative binding with SNAP to the U6 promoter, and enhance U6 transcription.

The TATA box—binding protein is a cen-
tral transcription factor required for tran-
scription by all three RNA polymerases.
The highly conserved COOH-terminal do-
main performs all of the TBP functions
examined so far, including binding to the
TATA box and interacting with TBP-asso-
ciated factors, general transcription factors,
and activators (1). In vivo, this domain can
functionally replace the full-length protein
for all promoters tested in mammalian sys-
tems (2); and in yeast, strains carrying a
TBP missing the NH,-terminal domain are
viable (3). The role of the nonconserved
NH,-terminal domain is unknown.

Howard Hughes Medical Institute and Cold Spring Har-
bor Laboratory, Cold Spring Harbor, NY 11724, USA.

*To whom correspondence should be addressed.

Most RNA polymerase 1II promoters
consist of gene-internal elements and re-
cruit TBP as part of the TBP-containing
transcription factor I[1IB (TFIIIB), through
protein-protein interactions with the
DNA-binding TFIIIC (4). However, in
some unusual cases, exemplified by the
human U6 snRNA promoter, the promot-
er elements are located upstream of the
transcription start site (5) and appear to
recruit neither TFIIIC (6) nor the same
TFIIIB complex recruited by RNA poly-
merase [II promoters with gene-internal
elements (7). Instead, the U6 promoter
contains two basal promoter elements, a
proximal sequence element (PSE), which
recruits a multisubunit complex referred to
as the SNAP complex (SNAP.) or PSE
transcription factor (8) and a TATA box,
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which recruits TBP (9).

To test whether SNAP_ and TBP might
bind to the U6 promoter cooperatively, as
suggested by previous results (10), we per-
formed an electrophoretic mobility shift
analysis (EMSA) (11) with a probe corre-
sponding to the basal human U6 promoter
but containing the mouse U6 PSE, which is
a higher affinity binding site for SNAP_. A
barely detectable complex formed when
full-length human TBP fused to glutathione-
S-transferase (G-hTBP), was incubated with
the probe, but a prominent complex formed
when a fraction highly enriched in SNAP_
was incubated with the probe (Fig. 1A).
When G-hTBP and SNAP, were co-incu-
bated with the probe, a prominent complex
of slower mobility was observed, and its
formation was dependent on an intact PSE
and an intact TATA box (Fig. 1A). This
complex contained both G-hTBP and
SNAP,, as determined by antibody super-
shift experiments (12). Similar results
were obtained when hTBP was used in-
stead of the G-hTBP fusion protein (12).
Thus, SNAP, appeared to enhance bind-
ing of TBP to the U6 promoter probe. The
COOH-terminal core of TBP lacking the
NH,-terminal region (G-hTBPAN) bound
much more efficiently to the TATA box
than did G-hTBP on its own, and
G-hTBPAN binding was not substantially
increased in the presence of SNAP. bound
to the PSE (Fig. 1A). Thus, although both

Fig. 1. SNAP_-enhanced A
binding of full-length hu-

man TBP but not TBPAN Probe
to the TATA box. (A) The

EMSA was performed SNAP
with a probe containing a B8P

high-affinity PSE (mouse
U6 PSE) and a TATA box,
or mutated versions
thereof, and G-hTBP
(lanes 2, 3, 5, and 6), or
G-hTBPAN (lanes 9
through 12) or SNAP,, or
both, as indicated above
the lanes. Proteins were
obtained as described
(77). Each titration con-
tained approximately 80
and 160 ng of TBP. The
positions of the free
probe and the protein-
probe complexes are in-
dicated. (B) The binding
reactions for the DNase |

SNAP /G-hTBP _

SNAP_/G-hTBPAN -
SNAP,_ -

G-hTBP -

G-hTBPAN -

Free probe -

footprinting assay contained probe alone (lane 1), G-hTBP alone (lanes 2 through 4; 30,
70, and 110 ng, respectively), the same amounts of G-hTBP and a constant amount of

factors could co-occupy the U6 probe, in
this case they did not influence each oth-
er’s ability to bind DNA. Similarly, in
assays with the TATA box of the adeno-
virus 2 major late (Ad2 ML) promoter,
G-hTBP bound more weakly than did
G-hTBPAN (12). These results suggest
that the NH,-terminal region of human
TBP down-regulates binding to the
TATA box and allows SNAP, to mediate
recruitment of TBP to the U6 TATA box.

To determine whether the same effect
could be observed at equilibrium in solu-
tion, we performed a deoxyribonuclease I
(DNase I) footprinting experiment (13).
Addition of increasing amounts of human
G-hTBP to the U6 probe did not result in
any detectable footprint, indicating that
under the conditions used, full-length G-
hTBP did not bind stably to the probe (Fig.
1B). In contrast, in the presence of SNAP,,
which gave a footprint over the high-affin-
ity mouse U6 PSE on its own, a clear foot-
print over the TATA box was observed,
confirming that SNAP, recruits and stabi-
lizes TBP on the TATA box. Recruitment
of TBP by SNAP, was also observed with
non-—glutathione-S-transferase (GST) TBP
purchased from Promega (12). In contrast,
G-hTBPAN generated a clear footprint
over the TATA box in the absence of
SNAP,, and this footprint was not in-
creased in the presence of SNAP. (Fig. 1C).
The results confirm that G-hTBPAN binds

SNAP,, (lanes 5 through 7) or SNAP, alone (lane 8). (C) The binding reactions contained
probe alone (lane 1 and 11), G-hTBPAN alone (lanes 2 through 5; 15, 30, 70and 110 ng, o

respectively), the same amounts of G-hTBPAN and a constant amount of SNAP,, (lanes

6 through 9), or SNAP,, alone (lane 10). The locations of the mouse U6 PSE and the

TATA box on the probe are shown on the left. The dashed line indicates vector sequences on the probe. The arrow marks

a hypersensitive site observed in the presence of SNAP...
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more efficiently to the TATA box than
does G-hTBP and cannot be further stabi-
lized on the DNA by SNAP,.

SNAP,
TBP -

+ o+ + -

4A£+

SNAP/G-hTBP ‘
SNAP,/G-hTBPAN —
SNAP,

o

G-hTBPAN

Free probe

1234567

Fig. 2. Enhanced recruitment of SNAP, to a low-
affinity human PSE by ful-length hTBP but not
hTBPAN. The EMSA was performed with a U6
probe containing either the high-affinity mouse U6
PSE (lane 1) or the low-affinity human U6 PSE
(lanes 2 through 7) and a TATA box. Either G-
hTBP (lanes 3, 4, and 7) or G-hTBPAN {lanes 5
and 6) and a constant amount of SNAP,, as indi-
cated above the lanes, was used. Each titration
contained 40 and 100 ng of TBP.

< Y, B
X £ SNAP, -~ --tred SMAP b 5 4Rt
L 7L hTBP - =2 =-  hTBPAN - —7J —7 .
2 & I I
r - | 1 ' '
- - -kt - + [} |.' "l'
- - L+ d = + 3 I | ' '
- 1 | 3-3-F 4 F-F ]
‘L I .--‘li..lil
| - -
.l'o sfe . R ETTITE
: e=ctecnsees
- - I
spep » ; |
§aaz ; 2
--- H z
= = =ta -
- pE2kx 2
amae LT $
Sewe 4+ LelE -
i i v oesee® o
123456789 1011121314 - p=
-———— - .
L L 2 -
| e==—-- - - -- -
=" mm e®
=B .
B =
12345678

1234567891011

1137



To test whether TBP stabilized SNAP,
on the PSE, we assayed binding of SNAP,
and G-hTBP to the wild-type human U6
promoter, which contains a PSE with very
low affinity for SNAP_. The SNAP_
bound efficiently to the mouse U6 PSE
but not to the human U6 PSE (Fig. 2).
However, upon addition of increasing
amounts of G-hTBP, which did not bind
effectively to the probe on its own, we
observed very efficient formation of a
SNAP./G-hTBP complex on the human
U6 promoter. Remarkably, G-hTBPAN
bound very efficiently to the probe but was
unable to recruit SNAP, to the PSE (Fig.
2). Yeast TBP, whose NH,-terminal do-
main bears no homology to human TBP,
behaved like hTBPAN (12). Thus, the
NH,-terminal region of human TBP not
only down-regulates binding of full-length
TBP to the TATA box, but also mediates
cooperative binding with SNAP..

The nonconserved NH,-terminal region
of TBP can be divided into three segments:
(i) a run of glutamines at position 55
through 95 (segment II), (ii) the segment
that precedes it (segment I, amino acids at
position 1 through 54), and (iii) the seg-

Fig. 3. (A) Structure of NH,- A B
terminal deletion mutants of 15598

ment that follows it (segment III, amino
acids at position 96 through 158) (Fig. 3A).
We first generated two constructs that ei-
ther contained only the third segment
(AN+III) or only the first two segments
(AN+I+1I) of the NH,-terminal region,
and compared them with full-length TBP
and hTBPAN in their ability to recruit
SNAP, to the low-affinity human PSE. We
tested both GST TBP fusion proteins and
non-GST TBP proteins (Fig. 3B). SNAP_
alone bound relatively weakly to the PSE,
and full-length G-hTBP or hTBP did not
show detectable binding. However, SNAP_
and G-hTBP together or SNAP_ and hTBP
together bound very efficiently to the hu-
man U6 promoter. Both G-hTBPAN and
hTBPAN bound to the probe on their own
but did not recruit SNAP_ to the PSE.
G-TBP and TBP proteins containing only
the third segment of the NH,-terminal re-
gion (AN+III) also bound to the TATA
box on their own and also failed to enhance
recruitment of SNAP, to the PSE. In con-
trast, proteins containing only the first two
segments (AN+I+II) did not bind effi-
ciently on their own but were able to bind
cooperatively with SNAP_ (Fig. 3B). The

Bindingto SNAP, us Ad2 ML

hTBP and their effect on  hTBP HEEQE
DNA binding, ability to inter- ~ AN+lil
act with SNAP_, and basal AN+1411
U6 and Ad2 ML transcrip-

tion. The positions of seg- AN
ments |, Il, and lll in wild-type
TBP and the various TBP
mutants are indicated. The AN+
EMSA and transcription re-
sults in (B) and (C) are sum-
marized on the right. (B) The

AN+1

Whole-cell

A R

159
3 - - + +

+ - - +

<!

+

TBP-depleted

%
(3]
<]

=

first two segments of the ko

NH,-terminal domain of
TBP can recruit SNAP_ to
the PSE. The upper panel
shows an experiment per-
formed with GST fusion pro-
teins and the lower panel
shows an experiment per-
formed with TBP molecules
lacking the GST moiety. The
NH,-terminal deletion mu-
tants of hTBP used are indi-
cated above the lanes. The 15
positions of the free probes

and of the various DNA-protein complexes are indicated. In the upper panel, lanes 4, 7, 10, 13, 16, and
19 contained 40 ng of G-TBP and lanes 3, 5, 6, 8, 9, 11, 12, 14, 15, 17, 18, and 20 contained 80 ng of
G-TBP. In the lower panel, lanes 4, 7, 10, and 13 contained 8 ng of \TBP and lanes 3, 5, 6, 8, 9, 11, 12,
and 14 contained 16 ng of hTBP. The SNAP,, preparation used in the upper panel was very concen-
trated; the autoradiogram is therefore a much shorter exposure than that in Fig. 2, hence the much
weaker signals corresponding to the G-hTBPAN complex. (C) The first two segments of the NH,-

FEst

345 7 8 91011121314151617181920

335 TATA box recruitment transcription transcription

TBP molecules lacking the GST moiety
were also tested for their ability to bind to
the Ad2 ML TATA box, and in this assay
too, full-length hTBP and AN+I1+1I bound
less efficiently to the TATA box than did
hTBPAN and AN+III (12). These results
suggest that the first two segments down-
regulate binding of human TBP to the
TATA box and recruit SNAP, to the PSE.

We then tested two GST fusion con-
structs containing either segment I or seg-
ment II fused directly to the COOH-termi-
nal domain (constructs AN+I and AN+I[;
Fig. 3A). Whereas G-hTBPAN+I was un-
able to bind effectively to the U6 TATA
box on its own (like full-length and
AN+I+I11 TBP), G-hTBPAN+II could
bind to the TATA box (Fig. 3B). These
results suggest that segment I down-regu-
lates binding of TBP to the TATA box.
Both proteins, however, were capable of
binding cooperatively with SNAP, to the
U6 promoter, although less efficiently than
either G-hTBP or G-hTBPAN+I+I11 (Fig.
3B). This suggests that segments I and II
both contribute to cooperative binding
with SNAP .

To determine whether the NH,-terminal

B T <
| e
= N ‘i : &

G-hTBP RIS R T Y (O e
SNAP, -+ ¢+ _ 4 s e- s +-++-+s

SNAP./G-hTBP i “

SNAPC!: - . ::“ - )
G-hTBP[ z = g

Free probe-

12345 67 891011121314151617181920

SNAP/hTBP [
SNAP, ~

hTBP

Free probe -

1234567 891011121314

terminal domain of hTBP are required for efficient in vitro transcription from the human U6 but not from the Ad2 ML promoter. Mock-depleted (lane 1) or
TBP-depleted (lanes 2 through 20) whole-cell extracts (10 pl) were programmed with the U6 template hU6/Hae/RA.2 (22) containing a mutated enhancer
(upper panel) or with the p119ML(C2A) template (22) containing the Ad2 ML promoter in front of a G-less cassette (lower panel). Where indicated, the reactions
were supplemented with 20, 60, and 180 ng of G-hTBP or truncated versions thereof, as illustrated above the lanes. RNA derived from the U6 template was
analyzed by ribonuclease T, protection with the U6/RA.2/143 probe, according to Lobo et al. (7). A correctly initiated RNA signal from the U6 promoter and
from the Ad2 ML promoter is indicated. Transcription from U6 was severely reduced by mutations in the PSE or the TATA box (72).

1138

SCIENCE ¢ VOL. 275 « 21 FEBRUARY 1997 * http://www.sciencemag.org



Human
Mouse
Hamster
Viper
Xenopus

MDQNNS{EPP: ~
MDQNNSEPPUQGLASPQERITPGT ST FSPREEY GTGLTPQPY! Q~

Q-rich

TNSLSTLEE QQR; 810000Q00222Q0QQQQQQQQQQQQQQARANNR
TNSLSTLEE QQR$QQQ NI 0010 R

Fig. 4. Deduced amino acid
sequences from the NH,-

Human
Mouse
Hamster
Viper
Xenopus

" S
PLYP SP PMTPI“PATPASES
PLYP SPUITPMTPIYPATPASES

terminal regions of human
(18), mouse (16), hamster
(19), viper (20), and Xenopus
(77) TBP. Identical residues
are shown against a black
background. A dash indi-

cates a gap. Abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F,
Phe; G, Gly; H, His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W,

Trp; and Y, Tyr.

region of TBP plays a role in snRNA gene
transcription, we compared the ability of G-
hTBP and the various NH,-terminal trunca-
tions to direct basal RNA polymerase III tran-
scription from the human U6 promoter,
which has a low-affinity PSE, and basal RNA
polymerase I transcription from the Ad2 ML
promoter, in an extract immunodepleted of
TBP (14). Depletion of TBP inhibited both
U6 and Ad2 ML transcription, but addition of
increasing amounts of G-hTBP or any of its
mutant derivatives restored transcription from
the AdZ ML promoter (Fig. 3C). This indi-
cates that none of the TBP mutants were
inherently defective, including those that
bound only weakly to the TATA box, and
also suggests that the TBP mutants that do
not bind DNA effectively can be stabilized on
the Ad2 ML TATA box by other members of
the Ad2 ML initiation complex, such as
THIA or TFIIB. Indeed, all TBP mutants
bound to the Ad2 ML TATA box in an
EMSA in the presence of TFIIA or TFIIB
(12). Transcription from the U6 promoter
could be restored very efficiently by addition
of increasing amounts of G-hTBP or
G-TBPAN+I+II and somewhat less effi-
ciently by addition of increasing amounts of
G-hTBPAN+I or G-hTBPAN+II. Remark-
ably however, neither G-hTBPAN+III nor
G-hTBPAN was capable of restoring U6 tran-
scription at any of the concentrations tested
(Fig. 3C). Thus, the abilities of the different
mutant TBPs to support basal transcription
from the human U6 promoter correlate with
their abilities to recruit SNAP, to the human
PSE, and not with their intrinsic abilities to
bind DNA or to restore basal RNA polymer-
ase I transcription. These results suggest that
recruitment of SNAP_ by the NH,-terminal
domain of TBP is essential for basal transcrip-
tion from the human U6 promoter, which has
a low-affinity PSE. The results may also ex-
plain the observation of Lescure et al. that a
monoclonal antibody directed against an
epitope corresponding to the junction be-
tween regions [ and II inhibits RNA polymer-
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ase 11l transcription from a U6 promoter but
not from TATA-less promoters in vitro (15).

How does the NH,-terminal domain of
TBP down-regulate binding to the TATA
box and recruit SNAP_ to the PSE? Perhaps
this domain masks part of the conserved
COOH-terminal DNA-binding domain
and undergoes a conformational change
during cooperative binding of SNAP_ and
TBP to the U6 promoter, so that it becomes
engaged in direct protein-protein interac-
tions with SNAP_. This putative interac-
tion would be dependent on both factors
binding to DNA, because both an intact
PSE and an intact TATA box are required
for formation of the SNAP_/TBP complex.
Are the functions we describe restricted to
human TBP? Although the TBP NH,-ter-
minal domain has diverged much more
than the COOH-terminal domain, it is
highly conserved among vertebrate TBPs
(16, 17). Segments I and II are 78 and 73%
identical, respectively, among humans (18),
mice (16), hamsters (19), two different vi-
pers (whose TBDPs are identical except for
the number of Gln residues in segment II)
(20), and Xenopus laevis (17) TBPs, with
large blocks of amino acids conserved 100%
(Fig. 4). The main variation is the length of
segment II, which indeed is polymorphic in
humans (21). Similarly, snRNA promoters
have diverged widely between, for example,
yeast and humans, but are quite conserved
among vertebrates (5). Perhaps the TBP-
SNAP, interaction, like the NH,-terminal
region of TBP, has remained conserved
among vertebrate species.
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Structural Convergence in the Active Sites of a
Family of Catalytic Antibodies

Jean-Baptiste Charbonnier,” Béatrice Golinelli-Pimpaneau,
Benoit Gigant, Dan S. Tawfik,T Rachel Chap,
Daniel G. Schindler, Se-Ho Kim, Bernard S. Greent,
Zelig Eshhar, Marcel Knossow::

The x-ray structures of three esterase-like catalytic antibodies identified by screening for
catalytic activity the entire hybridoma repertoire, elicited in response to a phosphonate
transition state analog (TSA) hapten, were analyzed. The high resolution structures
account for catalysis by transition state stabilization, and in all three antibodies a tyrosine
residue participates in the oxyanion hole. Despite significant conformational differences
in their combining sites, the three antibodies, which are the most efficient among those
elicited, achieve catalysis in essentially the same mode, suggesting that evolution for
binding to a single TSA followed by screening for catalysis lead to antibodies with

structural convergence.

Convergent evolution is a frequent out-
come of the process of natural selection. At
present, we know very little about this pro-
cess, particularly with respect to proteins and
their function. Among the unanswered ques-
tions are concerns about how many different
ways a protein pocket can effect a given
chemical transformation, and what elemen-
tary processes once existed and have then
been discarded along the evolutionary path-
way to the efficient enzymes we see today.
Catalytic antibodies that are induced exper-
imentally in real time offer a way to reveal
much about enzyme evolution including
questions about convergence (1). The pro-
posal that antibodies with catalytic activity
(abzymes) could be generated to an analog of
a transition state (TSA) of the reaction to be
catalyzed (2) has proved widely applicable
(3). Now, instead of reporting a singular
event via a structure we report and compare
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the best solutions to catalysis in a family of
antibodies, thereby offering insight into the
power of selection, through a screening for
catalytic activity, even when it is only al-
lowed to operate once.

Most abzymes have been identified by
screening the immune response for binding
to the hapten and then testing the best
scoring clones for catalytic activity. X-ray
structures of abzymes generated following
this general protocol have begun to define
relationships between the hapten used to
elicit catalytic antibodies and the residues
of these antibodies which effect catalysis
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(4-8). With a more facile procedure, cat-
ELISA, in which product-specific antibod-
ies are used to detect the appearance of
product after immobilized substrate is ex-
posed to the supernatant of culture hybrid-
oma cells, we were able to probe the entire
hybridoma repertoire for catalytic antibod-
ies (9). The catalytic antibodies D2.3, D2.4,
and D2.5 were obtained by immunizing
BALB/c mice with phosphonate 1, an ana-
log of the oxyanion intermediate in the
hydrolysis of 2, coupled to keyhole limpet
hemocyanin (KLH) (Fig. 1), and identified
with the use of catELISA. Among a total of
1570 hybrid clones derived from a single
mouse, nine scored positive in this assay, a
figure to be compared to 970 hapten-bind-
ing clones (9). Catalytic antibodies D2.3,
D2.4, and D2.5 show specific and efficient
hydrolysis, accelerated by up to five orders
of magnitude, toward the p-nitrobenzyl es-
ter 2 (Table 1) and are significantly more
active than the other six catalytic clones
that were identified (as determined by cat-
ELISA).

The sequences of the variable domains
of D2.3, D2.4, and D2.5 have been deter-
mined. The most extensive differences are
found in the H3 loop (10 residues), which
in D2.4 differs from those in D2.3 and D2.5
at four positions and by an insertion (10).
Otherwise, the sequences present a high
degree of identity, similar to that observed
in families of catalytic antibodies elicited
with the same hapten (11-13), as opposed
to the extensive differences between se-

Table 1. Kinetic and structural data on antibodies D2.3, D2.4, and D2.5.

D2.3 D2.4 D2.5

Ky (Min~1) 3.6 1.0 0.07
K (M) 280 300 340
KpS/Kp TSA 1.1 X 10° 3.3 x 10¢ 1.3 X 108

caKincatl . 1.3 X 10° 36 x 107 25 X 10°
Resolution (A) A 1.9 3.1 2.2
Precision of atomic positions (A) 0.25 0.35 0.25
Interactions of TSA 1 with the Fab
Buried surface§ (A?%) 515 510 505
van der Waals contacts (nb) 86 96 76
Hydrogen bonds (nb) 5 5 5

*The catalytic activity (per site) and binding parameters were measured as described (9, 19). Data for the most efficient
of these antibodies, D2.3, have be reported (9); those for D2.4 and D2.5 are reported in a kinetic study of all three
antibodies (79, 28). K ncat IS Measured in the same buffer as used for measuring catalysis, the kinetic constant
being extrapolated to zero buffer concentration, at constant ionic strength. IThe precision of atomic positions is
evaluated from the variation of the R factor with the resolution, according to the method of Luzzati (20). §AN
equivalent surface area is buried on the Fab side.
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