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CO+, 53), 77 (C6H5
+, 60), 73 (TMSi+, 84); 6-methyl-4-hydroxy-2-pyrone: RRt

0.35, 198 (M+, 18), 183 ([M-Me]+, 16), 170 ([M-CO]+, 54), 155 ([M-CO-Me]+,

15), 139 ([M-Me-CO2]
+, 10), 127 ([M-Me-2CO]+, 13), 99 (12), 84 (13), 73

(TMSi+, 100), 43 (CH3CO+, 55). The numbers show m/z values, and the key

fragments and their relative intensities are indicated in parentheses.
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Crystal structureof thecomplex
of thecyclinD-dependent
kinaseCdk6bound to the
cell-cycle inhibitor p19INK4d

Deborah H. Brotherton, Venugopal Dhanaraj, Scott Wick,
Leonardo Brizuela, Peter J. Domaille, Elena Volyanik, Xu Xu,
Emilio Parisini, Brian O. Smith, Sharon J. Archer,
Manuel Serrano, Stephen L. Brenner, Tom L. Blundell
& Ernest D. Laue

Nature 395, 244±250 (1998)
..................................................................................................................................
In the text we refer to the work of Batchelor et al. (ref. 25) on the
structure of a GABPa/b±DNA complex, but GABP was incorrectly
written as GABA (g-aminobutyric acid).

In addition, some spurious dark patches were introduced into
Fig. 1 during the production process but these do not affect the
information conveyed by the ®gure. M

retraction

Identi®cationand roleof
adenylyl cyclase inauxin
signalling inhigherplants
Takanari Ichikawa, Yoshihito Suzuki, Inge Czaja,
Carla Schommer, Angela Leûnick, Jeff Schell
& Richard Walden

Nature 390, 698±701 (1997)
..................................................................................................................................
Some of the results reported in this Letter cannot be reproduced. We
know that the data on protoplast division described for Figs 1a, c,
2a, b and 4, and the corresponding experimental procedures
described in the Methods section and the text, are wrong. In fact,
the data showing that cAMP can stimulate protoplast division in the
absence of auxins are not correct. Hence, we need to retract this
paper. We apologize for any misunderstanding that this might have
caused.
Note from the Editor : One author, R.W., although concerned with the
accuracy of parts of this paper, reserves judgement concerning its
retraction and awaits the outcome of further experimentation. M
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The crystal structure of the cyclin D-dependent kinaseCdk6bound to the p19INK4d protein hasbeen determined at 1.9 Å
resolution. The results provide the first structural information for a cyclin D-dependent protein kinase and show how
the INK4 family of CDK inhibitors bind. The structure indicates that the conformational changes induced by p19INK4d

inhibit both productive binding of ATP and the cyclin-induced rearrangement of the kinase from an inactive to an active
conformation. The structure also shows how binding of an INK4 inhibitor would prevent binding of p27Kip1, resulting in
its redistribution to other CDKs. Identification of the critical residues involved in the interaction explains how
mutations in Cdk4 and p16INK4a result in loss of kinase inhibition and cancer.

Cyclin-dependent kinases (CDKs) are important in controlling the
eukaryotic cell cycle. CDKs are switched on and off at different
times; Cdc2/cyclin B regulates entry and exit from mitosis, whereas
the cyclin D-dependent kinases (Cdk4/cyclin D and Cdk6/cyclin D)
and those of Cdk2 (Cdk2/cyclin E and Cdk2/cyclin A) regulate G1
progression and entry into the S phase of the cell cycle1.

CDKs are partially activated by their regulatory cyclin subunits,
which are periodically synthesized and degraded during the cell
cycle. The cyclin/CDK complex is fully activated by phosphoryla-
tion of a threonine residue in the T-loop by CDK-activating kinase
(CAK)2. In addition, phosphorylation of tyrosine and/or threonine
residue(s) in the phosphate-binding loop by Wee1 and Myt1
inhibits CDKs3. This inhibition can be reversed by the dual-
specificity Cdc25 phosphatases4.

CDKs are further regulated by CDK inhibitors (CDKIs), which
induce cell-cycle arrest in response to different signals5,6. In

proliferating cells, their redistribution between the different com-
plexes coordinates the timing of activation of the different CDKs7,8.
Two classes of CDKI have been identified. First, the Cip/Kip family
members, which include p21Cip1,WAF-1, p27Kip1 and p57Kip2, inhibit
all G1- and S-phase CDKs and are important in p53- and TGFb-
mediated cell-cycle arrest5. Second, the INK4 family, which is
specific for Cdk4 and Cdk6 (ref. 9), has four known family
members, p16INK4a, p15INK4b, p18INK4c and p19INK4d (refs 9–13).
These bind in the absence or presence of cyclin D, but show different
patterns of expression6. Their interactions with Cdk4 and Cdk6
regulate phosphorylation of the retinoblastoma protein (pRB),
which leads to disruption of pRB/E2F complexes and activation
of S-phase genes14. Changes in expression or mutations to cyclin D1,
to Cdk4, to p16INK4a and to pRB are all strongly implicated in
cancer1.

To help understand the regulation of cyclin D-dependent kinases,
we have determined the three-dimensional structure of the
p19INK4d/Cdk6 complex by X-ray diffraction analysis (Fig. 1 and
Table 1).

Overall structure of the complex
Cdk6, in common with other kinases, consists of two domains with
the catalytic cleft lying between the two. The overall structure of
Cdk6 is very similar to that of Cdk2 (refs 15–17). The amino-
terminal domain (residues 5–100) comprises a five-stranded b-
sheet that packs against the PLSTIRE helix a1 (PSTAIRE in Cdk2).
The cyclin interacts with helix a1, whose conformation switches
to activate the kinase16,17. The larger carboxy-terminal domain
(residues 101–309) is mainly a-helical, with a small b-sheet (Fig. 2).

p19INK4d comprises five ankyrin repeats18 (I–V), each consisting
of an extended strand followed by a helix–loop–helix (HLH) motif
and another extended strand. Consecutive repeats are linked by a
series of b-turns between the N and C termini. The antiparallel
helices in each repeat stack together, giving the protein an elongated
L-shaped structure (Fig. 2). The four helical bundles form the long
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Table 1 Data collection and statistics from the crystallographic analysis

Data set Native Native

Resolution (Å) 15.0–2.1 18.54–1.90
Observations 326,706 166,218
Unique reflections 31,989 41,965
Data coverage (%) 97.8 98.5
Rsym (%) 9.6 5.4
Refinement
Resolution range (Å) 18.54–1.90
R-factor/Free R-factor
(all data)

20.0/25.3

Number of atoms 3,830
Number of waters 286
R.m.s.d. bond lengths (Å)* 0.024
R.m.s.d. bond angles (deg)* 2.3
R.m.s.d. B-factors*
backbone/side chain (Å2) 1.8/3.3
.............................................................................................................................................................................
Rsym ¼ ShSijIh; i 2 Ihj=ShSi Ih; i for the intensity (I) of i observations of reflection h.
R ¹ factor ¼ SjFO 2 FCj=SjFO j, where FO and FC are the observed and calculated structure
factors, respectively.
* The r.m.s. deviations from ideal geometry and r.m.s. variation in the B-factors of bonded
atoms.
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arm of the L, whereas the extended strands and b-turns form its
base19–21 (Fig. 2b).

p19INK4d binds through its concave face to the cleft between the N-
and C-terminal domains of Cdk6, just to one side of the active site
(Fig. 2). In p19INK4d, the unusual ankyrin II19–21 is at the centre of the
interface which mainly involves ankyrins I–III (Fig. 3a, b). In Cdk6,
the interaction occurs mainly through the b-sheet in the N-terminal
domain, loop L7 linking the N- and C-terminal domains, and helix
a2 in the C-terminal domain (Fig. 3a, c). As predicted19, the
structure shows that INK4 protein binding does not obstruct the
cyclin binding site, which is consistent with the formation of ternary
complexes with cyclin D/Cdk6 (refs 11, 22) (D.H.B., S.W., L.B. and
E.D.L., unpublished results).

Structure of the p19INK4d/Cdk6 interface
The interface consists of three main parts. In the first, helices a1, a3
and a5 of p19INK4d pack almost at right angles across the N-terminal
b-sheet of Cdk6 (Figs 2 and 4). In the second, the b-turns between
ankyrins I/II and II/III in p19INK4d provide a lid over the b-sheet of
Cdk6. Together, these interactions form a clamp around the N-
terminal b-sheet of Cdk6 (Fig. 2b). Finally, loops L4 and L6,
between the helices in ankyrins II and III of p19INK4d, respectively,
clamp down on the C-terminal domain, moving the N-terminal
domain relative to that of the C terminus. Loop L4 of p19INK4d binds
over the linker (Cdk6 loop L7), with the side chain of Met 50 to one
side and Gly 52 to the other. Loop L6, in particular Phe 86, binds in a
hydrophobic pocket between loops L7 and loop L11 in the C-

terminal domain of Cdk6 (Figs 2a and 4). The total surface area
buried in the complex is 1,700 Å2 (Fig. 3a).

The interaction between p19INK4d and Cdk6 partly buries several
intermolecular ion pairs (Fig. 4). Apart from Arg 40 in p19INK4d (Ser
in p16INK4a and Gly in p18INK4c), appropriate positively or negatively
charged groups are conserved between Cdk4 and Cdk6, but only
Arg 31 is conserved between Cdk4/6 and Cdk2. In Cdk2, positions
14, 18 and 111 are Gln, Lys and Ala (Fig. 3c), which suggests that
specificity of the INK4 proteins for Cdk4 and Cdk6 results in part
from their inability to form complementary electrostatic surfaces
with other CDKs. The unusual ankyrin II (refs 19–21) forms a
network of intermolecular hydrogen bonds to the Cdk6 Lys 29–
Asp 102 ion pair that is buried by the interaction (Figs 1 and 4).
These interactions should also be conserved in Cdk4, but not in
Cdk2, where His 100–Asp 102 is replaced by Phe 82–His 84 (Fig.
3c); replacement of residues 100–102 with those from Cdk2
abolishes the ability of p16INK4a to inhibit the kinase (M.S., unpub-
lished results).

His 119, the most C-terminal residue of p19INK4d that interacts
with Cdk6, packs to one side of loop L11 (Fig. 4a). This indicates
that the shorter INK4 proteins (for example, p15INK4b) will all make
very similar interactions with Cdk4/Cdk6; the existence of active
p16INK4a mutants with C-terminal deletions supports this
conclusion23.

Two other structures of ankyrin repeat-domain complexes are
known. 53BP2 interacts with p53 through the convex face of its L-
shaped structure, on the other side of the b-turns to p19INK4d/Cdk6
(ref. 24). The interaction between the a- and b-subunits in the
GABA (g-aminobutyric acid) a/b-DNA complex is more similar to
that of p19INK4d/Cdk6. The b-ankyrin repeat domain interacts with
the a-subunit through its concave face, but this involves mainly the
tips of the four b-turns in a more hydrophobic interface25.
Analysis of mutations to p16INK4a. The structure allows us to
identify p16INK4a mutations that affect interactions with Cdk4 and
Cdk6, as opposed to destabilizing its structure19–21,26. For example,
four mutations found in p16INK4a associated with inherited mela-
nomas are equivalent to residues in p19INK4d involved in the
interaction with Cdk6: Gln 47 to Arg, Met 50 to Ile, Arg 83 to Pro
and Asp 104 to Asn (p19 numbering; Figs 3a, b). Of these, Met 50
and Arg 83 become completely buried on complex formation (Fig.
3a); Met 50 packs alongside loop L7 and the beginning of helix a2 in
Cdk6, whereas Arg 83 tucks into a pocket near the top of Cdk6
strand b3, making many interactions (Fig. 4a). The structure allows
a complete analysis of all known mutations to p16INK4a.
Analysis of mutations to Cdk4. Both of the known cancer-associated
mutations in Cdk4 are to charged residues in the interface that are
directly involved in p19INK4d/Cdk6 interactions (see above and
Fig. 3a, c). Mutation of Arg 24 in Cdk4 (Arg 31 in Cdk6) affects
the ability of p16INK4a to inhibit the kinase27,28 and is strongly linked
to sporadic and hereditary melanomas27,29–31. Mutation of Lys 22 to
Ala in Cdk4 (Lys 29 in Cdk6) also affects the ability of p16INK4a to
inhibit the kinase28 (M.S., unpublished results) and its mutation
to Glu is linked to formation of sporadic melanomas30.

Conformational changes in p19INK4d and Cdk6
Conformational changes in p19INK4d. The structure of p19INK4d in
solution and in the complex with Cdk6 can be superimposed with a
root-mean-square (r.m.s.) deviation of 1.7 Å (over the Ca carbons
of residues 10–165). The difference is mainly due to a small long-
range bending of the molecule and a small angular distortion in the
packing of helices a4 and a6. The largest changes occur in the b-
turns between ankyrins I/II, II/III and III/IV, which have few
structural restraints in solution19, although they are not flexible
(F.Y. Luh, S.J.A., P.J.D. and E.D.L., unpublished results).
Structure of Cdk6. In Fig. 3, the secondary structures, determined
by crystallography, of Cdk2 (ref. 15) and Cdk6 in the p19INK4d

complex are compared; they are very similar, but Cdk6 (and Cdk4)
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Figure 1 Electrondensity at the p19INK4d/Cdk6 interface contoured at 1.2j. p19INK4d

and Cdk6 are coloured yellow and blue, respectively. Lys29 and Asp 102, which

form an ion pair in Cdk6, and residues in p19INK4d involved in intermolecular

hydrogen bonding, are labelled. Hydrogen bonds, in blue/red, are formed

between: the carbonyl groups of Val 48 and Met 49 (p19INK4d) and the side chain of

Lys29 (Cdk6); the carbonyl of Met 49 and amide of Phe51 (p19INK4d) with the side

chain of Asp 102 (Cdk6); the amide of Gly 52 (p19INK4d) with the carbonyl of Asp 102

(Cdk6); and the carbonyl of Gly 52 (p19INK4d) with the side chain of Lys111 (Cdk6).

The (2jFOj 2 jFCj)-simulated annealing omit map, in grey, was calculated at 1.9 Å

using phases from a model in which all atoms from residues 98 to 104 in Cdk6

were omitted together with all those within the surrounding 5 Å. The model was

subjected to refinement by slow cooling from 2,500K using X-PLOR43. Figures 1

and 5c were produced using the computer program O46.
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have two significant insertions (residues 70–72 and 86–90 in Cdk6).
The X-ray analysis shows that the first binds a calcium ion, which is
coordinated octahedrally by the carboxylates of Glu 69 and Glu 72
and four water molecules. This insertion extends the helix by one
turn, which may link it more firmly to loop L5, which anchors the
two domains of Cdk6 together (see below). The second insertion in
Cdk6 extends loop L6 and the b-sheet, involving Cdk6 strands b3,
b4 and b5. This insertion allows more extensive hydrogen bonding
with loop L4, which ties the N terminus of the PLSTIRE helix more
firmly to its tip than is possible in Cdk2 (Figs 2 and 5). The mitogen-
activated protein kinase Erk2 also has a five-residue insertion
between strands b4 and b5 (ref. 32). In Erk2, there is no interaction
between the equivalent two loops, which indicates that this inter-
action in Cdk6 might be the result of p19INK4d binding.
Conformational changes in Cdk6. Protein kinases have a ‘closed’
and an ‘open’ conformation. In the latter, the N-terminal b-sheet
moves away from the active site33. Comparison with cAMP-dependent
protein kinase A34 shows that in this structure, Cdk6, like those of
Cdk2 (refs 15–17), has a ‘closed’ conformation.

The C-terminal domain of Cdk6 can be superimposed on the
inactive Cdk2 (ref. 15), or Cdk2 in its active cyclin A complexes16,17,
with an r.m.s. deviation of ,0.5 Å (over the 70 a-helical Ca atoms).

The N-terminal b-sheets can also be superimposed with an r.m.s.
deviation of ,0.4 Å (over the 18 b-sheet Ca atoms). Thus we expect
that Cdk2 and Cdk6 by themselves will have very similar structures.
A comparison of Cdk6/p19INK4d with Cdk2 (ref. 15) indicates that
the N-terminal domain of Cdk6 undergoes extensive movement on
binding p19INK4d. Loop L5 connects the C terminus of the PLSTIRE
helix a1 to Cdk6 strand b4 (Fig. 4c). In all of the CDK structures,
this loop, together with the linker (loop L7), anchors the N-terminal
domain to the C terminus, thus providing a frame of reference for
discussion (Fig. 5a).

Compared with isolated Cdk2, the N-terminal domain in
p19INK4d/Cdk6 is rotated approximately in the plane of the b-
sheet about these fixed points, so that the different strands of the
b-sheet now lie in positions similar to those seen in the Cdk2/cyclin
A complex. In Cdk6, the whole b-sheet is also translated by about
5 Å (Fig. 5b). In the absence of a structure of Cdk6 by itself, we
cannot be sure that this movement of the N-terminal domain in
Cdk6 is due to p19INK4d binding; for example, p19 could stabilize an
inactive conformation (see below) that is already present in the
isolated Cdk6.

The N-terminal b-sheet moves as a whole, but this movement is
not concerted with the movement of the N terminus of the PLSTIRE
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Figure 2 Three-dimensional structure of the p19INK4d/Cdk6 complex. a, Stereo

view of the Ca trace of the p19INK4d/Cdk6 structure. Every tenth Ca atom is

indicated by a solid ball. b, Schematic drawing of the same complex after rotation

by 908 about the x axis. c, P19INK4d and p27Kip1 prevent each other binding to the

CDK subunit in cyclin D/Cdk6. The structure in c is rotated 208 about the z axis

compared to b. Ina andb p19INK4d is coloured yellow, apart from helix a3 (residues

46–50), which is red. The C-terminal domain of Cdk6 is coloured light blue,

whereas the N-terminal domain, which undergoes extensive movement, is dark

blue. In c, p19INK4d is coloured yellow, Cdk6 is light/dark blue, p27Kip1 is red and

cyclin A is green. p27Kip1 and cyclin A from the p27Kip1/cyclin A/Cdk2 structure40

were superimposed, as described in Fig. 5a, on p19INK4d/Cdk6 (r.m.s. deviation

was 0.46 Å over 70 residues). Figures 2 and 5a, b were produced using the

programs MOLSCRIPT47 and RASTER3D48.
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helix a1, which is tethered by interactions between loops L4 and L6
(see above). Compared with the Cdk2 protein, the N terminus of the
PLSTIRE helix a1 is pulled away by ,2.0 Å from the rest of the
protein and it rotates about its axis by ,308 in a clockwise direction
(viewed from the N terminus). This movement is in the opposite
direction to that seen when cyclin A binds to Cdk2 (Fig. 5b), but the

rotation is in the same sense (this helix rotates ,908 in going from
Cdk2 to Cdk2/cyclin A16).

Implications for catalysis
Cyclin-induced activation. Glu 61, in the PLSTIRE helix a1, is one
of a triad of conserved catalytic residues (Lys 43, Glu 61 and Asp 163
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Figure 3 Sequence comparisons, secondary structure and residues buried in

complex formation. a, Differences in solvent accessibility, calculated using the

program NACCESS49, for the isolated p19INK4d and Cdk6 subunits compared with

the complex. Buried backbone and side chains are shown in blue and red,

respectively. The interface contains around 17 charged and 14 large hydrophobic

residues whose solvent accessibility is substantially reduced on complex

formation. b, Sequence of the mouse p19INK4d protein showing the homology

between the different ankyrin repeats and between the different members of the

INK4 family. Positions in p16INK4a that are mutated in familial melanomas are

indicated by an asterisk50; positions known to effect p16INK4a binding or inhibition

of Cdk4 are indicated by a circumflex symbol ( ˆ ). c, Sequences of Cdk6, Cdk4 and

Cdk2. In addition to those discussed in the text, there is an insertion at residue 33

and deletions at residues 175,194 and 251–252 compared to Cdk2. Positions 22

and 24 in Cdk4, where mutations inhibit binding of p16INK4a (ref. 28; M.S.,

unpublished results) and which are implicated in the formation of

melanomas27,30,31 are indicated byan asterisk. In both b and c, conserved residues

involved in the interactionare coloured yellow (hydrophobic), orange (asparagine,

glutamine, serine and threonine), green (glycine), red (acidic), magenta (histidine)

and blue (basic); arrows (grey) and rectangles (white) indicate the positions

of b-strands and a-helices, respectively.
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in Cdk6) that are required for the correct orientation of ATP and
coordination of magnesium in the active site of all eukaryotic
kinases33. In Cdk2, helix a1 and this glutamate move into the
active site only on interaction with cyclin A16,17. If p19INK4d binding
prevented this movement it would inhibit the enzyme. In Cdk2 and
Cdk6/p19INK4d, the active-site Glu residues are in a similar position,
whereas it is over 10 Å away from the position seen in the active
Cdk2/cyclin A structures, where it should interact with Lys 43 and
coordinate the magnesium ion. Could cyclin binding move the
PLSTIRE helix a1 and Glu 61 to their correct positions?

The similarity between the D-type cyclins and cyclin A suggests
they will contact their respective CDKs in similar ways. For helix a1
to take up its active position, it must move in towards the C-
terminal domain and loops L4 and L6 of Cdk6 must move out of the
way of helices a5 and a3 in the cyclin16, respectively (Figs 2c and 5b).
The interaction between loops L4 and L6 in p19INK4d/Cdk6 might
therefore inhibit the necessary movement of helix a1. In Cdk4,
however, several glycine residues are inserted in loop L4 that are not
present in Cdk6 or Cdk2 (Fig. 3c). This sequence may therefore be
unstructured in Cdk4, which would not favour a close interaction
between loops L4 and L6. However, even if the interaction between
L4 and L6 in Cdk6 did break down on cyclin binding, helix a1 might
still be prevented from moving to its active position by a clash with
the tip of loop L2 (Fig. 5b). In conclusion, the structure suggests that
p19INK4d binding might prevent the cyclin-induced conformational
change needed to activate the kinase. This conclusion is consistent
with indications that p16INK4a binding might weaken the affinity of
cyclin D for Cdk4 and Cdk6 in vivo35 and in vitro36.
Conformation of the T-loop. In Cdk2, the T-loop interacts with
strand b1 and obstructs the ATP-and substrate-binding sites, as well
as the threonine side chain, which must be phosphorylated by
CAK15. The conformation of the T-loop in Cdk6 (residues 164–183)
is similar to that in Cdk2. As with Cdk2, however, there is no reason
why the T-loop in Cdk6 could not move out of the way to the
position seen in the Cdk2/cyclin A structures16,17 (Fig. 5). In fact,
residues 173–179 have poor electron density, indicating conforma-

tional flexibility in this loop. The conformation of this loop is very
different to that seen in a second structure of p19INK4d/Cdk6, which
may be due to different crystallization conditions or different crystal
packing37. The two structures thus provide different views of the
accessible conformations of this loop.
Implications for ATP binding. In Cdk2, ATP is bound by residues
in the N-terminal domain (loop L2, strand b3 including Lys 43, and
Val 77 in strand b5) by residues in the linker (loop L7), and by
residues in the C-terminal domain (loop L10, strand b7, and
Ala 162/Asp 163)17,33,34 (all Cdk6 numbering; Fig. 3c). Residues in
the linker L7 and in the C-terminal domain are in similar positions
in p19INK4d/Cdk6 and in all of the Cdk2 structures, whereas residues
in the N-terminal domain are in different positions (Fig. 5c).

P19INK4d does not block ATP binding directly, although the side
chain of Arg 18 has an alternative conformation where ATP must
bind. When p19INK4d interacts with Lys 29 and Asp 102 of Cdk6, the
side chain of His 100 in Cdk6 moves into the adenine pocket of the
ATP-binding site, and is held in this position by hydrogen bonding
between the imidazole NE2 nitrogen and the carboxylate of Asp 102
(Figs 1 and 5c). This positioning of His 100 provides one possible
mechanism by which ATP binding might be altered.

In the N-terminal domain, hydrogen bonding between the
amides in the phosphate-binding loop L2 (residues Ala 23, Tyr 24
and Gly 25) and the b-phosphate of ATP is required to position the
phosphates during catalysis. The side chain of Val 27 should also
interact with the ribose and adenine rings17,34. Modelling of ATP into
the p19INK4d/Cdk6 structure suggests that the movement of Cdk6
loop L2, relative to the other regions of the ATP-binding site, would
prevent this hydrogen bonding and therefore prevent productive
interaction with ATP (Fig. 5c).

Competition between CDKIs
The Cip/Kip and INK4 families of CDKIs compete for binding to D-
type cyclin/CDKs22,38,39. In the p27Kip1/Cdk2/cyclin A complex, a b-
hairpin in p27Kip1 interacts with the N-terminal b-sheet of Cdk2 and
a b-strand in p27Kip1 displaces strand b1 of Cdk2. In addition, a
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Figure 4 Surface representation of the p19INK4d/Cdk6 interface. The electrostatic

potential at either the p19INK4d or Cdk6 protein surface is contoured and colour

coded at −5.0 kT (red) and +5.0 kT (blue). The interacting regions of both p19INK4d

and Cdk6 are yellow (otherwise green (p19INK4d) and grey (Cdk6)); labels for the

interacting protein are in white, whereas those for the contoured protein are in

black. Side chains of residues involved in electrostatic interactions are red

(negative) and blue (positive). Electrostatic interactions are formed between:

Arg 40 (p19INK4d) and Glu 18 (Cdk6); Lys43 (p19INK4d) and Glu 14 (Cdk6); Asp 80

(p19INK4d) and Arg 31 (Cdk6); Asp 88 (p19(INK4d) and Lys111 (Cdk6). Hydrophobic

aromatic interactions are formed between Phe41 (p19INK4d) and Phe28 (Cdk6),

and between Phe51 (p19INK4d) and Phe39 (Cdk6). Other p19INK4d/Cdk6 interac-

tions not mentioned in the text, or in Fig.1, involve hydrogen bonds between the

sidechains of Arg 31 (Cdk6) and Asp 71 (p19INK4d) and between the side chain of

Ser 155 (Cdk6) and the carbonyl groups of Thr 84 and Gly 85 (p19INK4d). Two views

of the structure are shown. a, Surface representation of Cdk6, in approximately

the same orientation as in Fig. 2a, showing the interactions with p19INK4d. b,

Surface representationof p19INK4d, after rotating the structureby1808, showing the

interactions with Cdk6. This figure was produced using Insight II (MSI) and

significant portions of the structure were clipped for clarity.
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p27Kip1 310 helix binds in the catalytic cleft40. As with Cdk2/cyclin
A40, p27Kip1 interacts with both the CDK and the cyclin components
of Cdk4/cyclin D and Cdk6/cyclin D41. Comparison of the p19INK4d/
Cdk6 and p27Kip1/Cdk2/cyclin A structures shows that, although the
interaction of the p27 b-hairpin might still be possible, the other
p27 interactions would be inhibited by an INK4 protein. In other
words, binding of one class of inhibitor should preclude the binding
of the other (Fig. 2c). This is supported by experiments that show
that either p15INK4b (ref. 22), p16INK4a or p19INK4d (D.B., S.W., X.X.,
L.B. and E.D.L., unpublished results) prevent binding of p27Kip1 to
the kinase subunit in cyclin D/CDKs and vice versa.

Conclusions
The structure of the p19INK4d/Cdk6 complex allows us to under-
stand CDK regulation by the INK4 family of CDKIs. Close inter-
actions between p19INK4d and loop L7 of Cdk6 are likely to be key
determinants of specificity. The structure indicates that the inter-
action results in extensive movement of the N-terminal domain of

the kinase, relative to the C terminus, inhibiting productive binding
with ATP and movement of the PLSTIRE helix to its active
conformation. It is possible that conformational rearrangements
could allow movement of this helix to its active conformation on
cyclin binding, but productive ATP binding would be unlikely. The
structure shows how the Cip/Kip and INK4 families of CDKI
prevent each other from binding to the CDK, allowing us to
understand how they coordinate regulation of the cell cycle. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Protein expression and purification. Mouse p19INK4d was expressed in
Escherichia coli and purified as described19. Human Cdk6 was expressed in SF9
insect cells infected with a glutathione S-transferase (GST)–Cdk6 baculovirus.
After infection, the cells were collected after 70 h. Excess p19INK4d protein was
added before sonication and removal of cell debris by ultracentrifugation. The
complex was purified on glutathione–sepharose resin (Pharmacia) and, after
elution with 25 mM glutathione, cleaved from GST by overnight digestion with
thrombin. After treatment with antithrombin III resin, the GST was removed
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Figure 5 Comparison of ATP-binding sites in different kinases. a, Comparison of

the structure of p19INK4d/Cdk6 with those of Cdk2 (ref.15) and Cdk2 from the cyclin

A complex16,17. Cdk6 was superimposed on Cdk2 (r.m.s. deviation was 0.56 Å over

70 residues) and Cdk2 from the cyclin A complex (r.m.s. deviation was 0.49 Å over

70 residues) by aligning the Ca atoms in the a-helices in the C-terminal domain of

both proteins. Loop L5 and the linker (loop L7) (Fig. 3c), which anchor the N- and

C-terminal domains together, are labelled. b, The same structures, showing only

the N-terminal domain, illustrating the changes in position of the N-terminal b-

sheet and helix a1. In both a and b, the N-terminal domains and T-loop are

coloured red (Cdk2), yellow (Cdk2 from the cyclin A complex) and blue (Cdk6);

other regions of all three proteins are coloured grey. In b, helices a3 and a5 of

cyclin A, which interact with PSTAIRE helix a1 in cyclin A/Cdk2 (refs 16, 17), are

green. c, The ATP-binding site in Cdk6. Lys29, His 100 and Asp 102, which

together might inhibit ATP binding, are labelled, as are key active-site residues

and the phosphate-binding loop L2. ATP, from the active Cdk2/cyclin A complex17,

is superimposed on the structure with the N1 and N6 adenine nitrogens making

conserved hydrogen bonds with the carbonyl of Glu 99 and amide of Val 101,

respectively17,34. The structures of Cdk6 and ATP are yellow and green, respect-

ively. Carbon, nitrogen, oxygen and phosphorus atoms are yellow, blue, red and

yellow, respectively. The structure of Cdk2 from the cyclin A/Cdk2 complex17 is

blue.
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with glutathione-Sepharose resin and the complex was further purified on
Mono-Q and Sephadex S-200 columns (Pharmacia). The protein (.95% pure)
was concentrated to ,25 mg ml−1 in 10 mM Tris, pH 7.5, 350 mM NaCl, 10 mM
DTT and 10% glycerol. Electrospray mass spectrometry confirmed the identity
and molecular mass of both proteins.
Crystallization and data collection. Crystals were grown at 4 8C by the
hanging-drop vapour-diffusion method, after mixing the complex with an
equal volume of buffer containing 6% PEG 8000, 0.1 M MES, pH 6.5, and 0.1 M
calcium acetate. The crystals form in space group P212121 with a ¼ 74:21,
b ¼ 76:41 and c ¼ 93:80 Å and contain one molecule of the complex in the
asymmetric unit. Diffraction data were collected at synchrotron sources at
room temperature using either a large MAR image-plate detector at beamline
Px 9.5 (Daresbury Laboratory) or a CCD detector at beamline ID14 EH3 (ESRF
Laboratory).
Molecular replacement. The structure was determined by molecular
replacement (MR). The positions of the Cdk6 and p19INK4d were determined
by MR with the program AMORE42, using the structures of Cdk2 and p19 (PDB
codes, 1hck and lap7, respectively). The rotation and translation functions for
Cdk6 were determined first and then fixed, before determining the translation
function for p19INK4d. The correlation coefficient was 40.9 for 10–4 Å data. The
MR solution was consistent with results of site-directed mutagenesis of both
p19INK4d and Cdk4, which showed that mutation of Phe 86 in p19 abolished
binding to Cdk6 (data not shown) and that mutation to positions 22, 24 and
95–97 in Cdk4 abolished binding of p16INK4a (M.S., unpublished results). In
addition, it was consistent with two-dimensional 1H–15N HSQC NMR spectra
that show that the amides of residues His 29, Arg 40, Gly 42, Thr 44, Ala 45,
Ser 66 and Ser 76 in p19INK4d have large changes in chemical shift, whereas those
of Asp 10, Ser 13, Arg 18, Gly 19, Met 50, Phe 51, Gly 52 and Gly 85 have smaller
shifts, on complex formation. The structure was refined using torsion-angle
dynamics in X-PLOR43, followed by maximum-likelihood refinement using
REFMAC44. After successive rounds of rebuilding into SIGMAA-weighted
maps45 using O (ref. 46), the final model consists of residues 5–309 of Cdk6,
residues 6–165 of p19INK4d, one calcium ion and 286 water molecules.
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ERK2 at 2.3 Å resolution. Nature 367, 704–710 (1994).

33. Taylor, S. S. & Radzio-Andzelm, E. Three protein kinase structures define a common motif. Structure
2, 345–355 (1994).

34. Zheng, J. H. et al. Crystal structure of the catalytic subunit of cAMP-dependent protein kinase
complexed with MgATP and peptide inhibitor. Biochemistry 32, 2154–2161 (1993).

35. Parry, D., Bates, S., Mann, D. J. & Peters, G. Lack of cyclin D-Cdk complexes in Rb-negative cells
correlates with high levels of p16INK4/4MTS1 tumour suppressor gene product. EMBO J. 14, 503–511
(1995).

36. DellaRagione, F. et al. Biochemical characterisation of p16INK4- and p18-containing complexes in
human cell lines. J. Biol. Chem. 271, 15942–15949 (1996).

37. Russo, A. A., Tong, L., Lee, J.-O., Jeffrey, P. D. & Pavletich, N. P. Structural basis for inhibition of the
cyclin-dependent kinase Cdk6 by the tumour suppressor p16INK4a. Nature 395, 237–244 (1998).

38. Reynisdottir, I., Polyak, A., Iavarone, A. & Massagué, J. Kip/Cip and INK4D CDK inhibitor cooperate
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eyecup allowed to dark-adapt for at least 1 h. Glass microelectrodes filled with
3 M K-acetate and 200 mM KCl (150–200 MQ) were used for intracellular
recording from horizontal cells. Voltage responses to light flashes were
amplified with a WPI M707 Microprobe system and analysed using Basic-
Fastlab software. Solutions at 21–23 8C were continuously superperfused at
1 ml min−1. Control saline contained (in mM): 95 NaCl, 2.5 KCl, 3 CaCl2, 1.5
MgCl2, 30 NaHCO3 and 1 mg ml−1 glucose, and was bubbled continuously with
95% O2/5% CO2 to maintain a pH of 7.6. Each recording was obtained from
individual horizontal retinal cells exposed for 1 h to control saline, saline
containing NG-nitro-L-arginine (L-NNA; Calbiochem). L-arginine (Sigma) or
1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ; Tocris).
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Cyclic AMP is an important signalling molecule in prokaryotes
and eukaryotes1, but its significance in higher plants has been
generally doubted2 because they have low adenylyl cyclase activity
and barely detectable amounts of cAMP3. Here we used activation
T-DNA tagging to create tobacco cell lines that can proliferate in
the absence of the phytohormone auxin in the culture media4,5.
The sequence tagged in one line, axi 141, was used to isolate a
complementary DNA encoding adenylyl cyclase, the first from a
higher plant. Sequence analysis reveals that the tobacco adenylyl
cyclase is probably soluble, contains characteristic leucine-rich
repeats, and bears similarity with adenylyl cyclase from the yeast
Schizosaccharomyces pombe. Expression of the cDNA in
Escherichia coli results in an increase in endogenous cAMP
levels, and in yeast its expression functionally complements the
cry1 mutation. Tobacco protoplasts treated with cAMP, or the
adenylyl cyclase activator forskolin, no longer require auxin to
divide. This finding, together with the observation that the
adenylyl cyclase inhibitor dideoxyadenosine inhibits cell prolif-
eration in the presence of auxin, suggests that cAMP is involved in
auxin-triggered cell division in higher plants.

The molecular basis of auxin action in plants is little understood,
and to address this we have developed the technique of activation T-
DNA tagging4,5. This involves transforming tobacco cells with a gene
tag containing multiple transcriptional enhancers so that, once the
tag has been inserted into the genome, expression of flanking plant
DNA becomes deregulated, producing a dominant mutation. This
allows direct selection for a defined phenotype, and we have selected
for cells that proliferate in culture in the absence of exogenously
applied auxin, with the idea that tagged genes are likely to play a role
in auxin signal transduction. Genetic segregation (data not shown)
and Southern analysis revealed that the auxin-independent tobacco
cell line axi 141 contains a single non-rearranged T-DNA insert (Fig.
1a, b). Plasmid rescue using EcoRI-digested axi 141 genomic DNA
resulted in the recovery of pAI411 containing the T-DNA flanked by
approximately 3.0 kilobases (kb) and 7.5 kb of plant DNA at the
right and left T-DNA borders, respectively (Fig. 1a). Transfecting
tobacco protoplasts with deletion derivatives of pAI411 followed by
screening for auxin-independent growth indicated that the respon-
sible sequence was located near the left T-DNA border (Fig. 1a). The
ApaI–ClaI fragment of pAI411 was used to screen a cDNA library
from dividing tobacco protoplasts, and resulted in pB149 contain-
ing an insert of 1,600 base pairs (bp) (GenBank accession number:
AF026389). Southern analysis using pB149 indicates that the
sequence is present in low copy number in the tobacco genome,
and revealed a restriction fragment length polymorphism between
untransformed tobacco and axi 141, indicating that the T-DNA had
inserted into an 11-kb EcoRI fragment of tobacco genomic DNA
(Fig. 1b). Northern analysis using RNA isolated from protoplasts
from untransformed and axi 141 plants cultured in the presence or
absence of auxin revealed a band of approximately 1.5 kb (Fig. 1c).

* Present address: Department of Applied Biology and Chemistry, University of Tokyo, 1-1-1 Yayoi,
Bunkyo-ku, Tokyo 113, Japan.
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Quantification of hybridization intensities by comparison with an
actin probe revealed that axi 141 mRNA accumulates in protoplasts
from untransformed plants cultivated both in the presence and the
absence of auxin. The axi 141 protoplasts accumulate highest levels
of transcript in the absence of auxin, suggesting that in the mutant
line there is a feedback transcriptional regulation in the presence of
auxin, as seen previously in another auxin-independent mutant axi
1 (ref. 6).

Plants regenerated from axi 141 cells display no obvious mor-
phological differences compared with untransformed tobacco.
However, axi 141 protoplasts proliferate in culture not only in the
absence of exogenously applied auxin but also at levels of auxin that
normally inhibit division (Fig. 2a). When the cDNA insert of pB149
is cloned between the promoter and polyadenylation signals of the
CaMV 35S RNA to produce pRAI14-9 and used in protoplast
transformation, transfected protoplasts were able to grow in the
absence of exogenously applied auxin (Fig. 2b). Sequencing pB149
revealed a long open reading frame (ORF) potentially encoding a
406-amino-acid peptide, a 105-bp 59 leader sequence containing
seven translational stop sites, a 160-bp 39 untranslated region, and a
poly(A) tail. We have called the gene encoded by pB149 axi 141 (for
auxin independent). Analysis of the predicted protein encoded by
axi 141 shows that it contains blocks of leucine-rich repeats, and
sequence comparison reveals that the carboxy terminus of the gene
contains low-level similarity to the C terminus of adenylyl cyclase of
S. pombe7, arrayed in regions of sequence identity ranging from 23%
to 71% (Fig. 2c).

To confirm the identity of axi 141, the coding region of pB149 was
cloned into an E. coli expression vector, pRSET8, transformed into
E. coli, and the resulting cAMP levels in cell extracts were measured.
Bacteria containing the plasmid expressing axi 141, checked by
western analysis (data not shown), consistently accumulated 50%
more cAMP than bacteria transformed with the expression vector
lacking an insert (Fig. 3a). In yeast, the CYR1 locus encodes the
structural gene for adenylyl cyclase9. In the absence of cAMP, growth
of cyr1 mutants is arrested at the G1 phase of the cell cycle9. Thus,
axi 141 was cloned into a yeast expression vector and transformed

into the cyr1 is mutant T50-3A10. The results indicate that axi 141
functionally complements the cry1 mutation in a manner similar to
the cry1 gene (Fig. 3b). Taken together, sequence similarities, raised
levels of cAMP in bacteria expressing axi 141, and the functional
complementation of the cry1 mutation by axi 141, indicate that axi
141 probably encodes a tobacco adenylyl cyclase.

Figure 1 T-DNA organization and axi 141 expression. a, T-DNA comprises a

hygromycin gene (stippled box); pIC (open box); and 35S RNA enhancers

(hatched boxes)4. Restriction sites: E, EcoRI; A, ApaI; EV, EcoRV; C, ClaI; and K,

KpnI. The ApaI–EcoRI fragment confers auxin-independent protoplast growth,

but the ClaI–EcoRI fragment does not. b, EcoRI-cut genomic DNA from tobacco

(WT) and axi 141 probed with the enhancer or pB149. c, Northern analysis. Total

protoplast RNA from untransformed plants (WT), or axi 141 (axi 141) cultured for 3

days with (+) or without (−) auxin probed with RNA from pB149.
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Figure 2 Functional and sequence characterizationof axi 141. a, Protoplasts from

untransformed (open circles) and axi 141 plants (filled circles) cultivated under

differing concentrations of auxin in the presence of cytokinin. b, Axi 141 triggers

auxin-independent growth. Top row, protoplasts cultured in auxin, bottom row,

protoplasts cultured without auxin. Left to right, untransfected protoplasts,

protoplasts transfected with the cloning vector alone, and protoplasts transfected

with pRAI14-9. c, Predicted sequence of the protein encoded by pB149. Repeats

containing leucine are underlined, and the region containing greatest similarity to

S. pombe adenylyl cyclase is boxed.
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The finding that deregulated expression of axi 141 results in
auxin-independent growth in isolated protoplasts led us to test
whether cAMP might be involved in this. Tobacco protoplasts under
defined culture conditions require both auxin and cytokinin to
achieve optimal frequencies of cell division11,12. Protoplasts incu-
bated with cytokinin in the presence of the membrane-permeable
dibutyryl-cAMP divide at maximal (,50%) frequency at 10 mM
dibutyryl-cAMP (Fig. 4a). The axi 141 protoplasts divide in the
absence of auxin and are slightly more tolerant of dibutyryl-cAMP
than are protoplasts from untransformed plants. In contrast, in
control experiments no response was seen when protoplasts were
cultured with differing levels of AMP in the presence of cytokinin.
There could be two ways in which cAMP replaces auxin in triggering
tobacco protoplast division: cAMP is part of either the auxin signal-
transduction pathway, or a separate pathway. We adopted a phar-
macological approach to differentiate between these two possibi-
lities. Auxin-induced cell division can be inhibited by pretreating
protoplasts with the anti-auxin 2-NAA13; adenylyl cyclase activity
can either be inhibited by dideoxyadenosine (ddA) or stimulated by
the diterpene forskolin14,15. Application of 400 mM forskolin stimu-
lated maximal protoplast division in protoplasts from untrans-
formed plants in the absence of auxin (Fig. 4b). Stimulation of cell
division by either dibutyryl-cAMP or forskolin was unaffected by
pretreatment of the protoplasts with 2-NAA. However, application
of ddA inhibited protoplast division in the presence of auxin. This
inhibition was overcome by the addition of dibutyryl-cAMP (Fig.
4b). These observations confirm the idea that cAMP can replace
auxin in triggering cell division in tobacco protoplasts, and that this

is a result of adenylyl cyclase activity. That ddA inhibits auxin-
triggered cell division, but the inhibition is overcome by cAMP,
suggests that cAMP is part of the auxin signal-transduction path-
way.

Adenylyl cyclases in general are characterized by membrane-
spanning regions, leucine-rich repeats, and the conservation of
sequence at the active site located towards the C terminus of the
gene16. Although the structure of axi 141 is similar to that of known
adenylyl cyclases, it lacks a membrane-spanning region. Size simi-
larity of the cDNA to the signal detected on northern analysis and an
inability to detect a longer transcript by 59 RACE (data not shown)
lead us to suspect that pB149 is not a partial cDNA. This notion is
further strengthened by the finding of a 1.4-kb Arabidopsis cDNA

Figure 3 Functional testing of axi 141. a, Expression in E. coli. cAMP in extracts of

bacteria transformed with pRSET containing no insert (pRSET), or pRSET

containing the axi 141 coding region (pRSET þ 149). Error bars indicate standard

deviation of six independent E. coli transformants. Difference significant at

P ¼ 0:01. b, Functional complementation of the yeast CRY1 mutant. Yeast cul-

tured at 35 8C in the absence or presence of cAMP. Left to right, T50-3A

transformed with pYX112, T50-3A transformed with pYEP24 þ cyr1, and T50-3A

transformed with pYX112 þ 149. Top, with cAMP; bottom, without cAMP.
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Figure 4 Effect of cAMP on protoplast division. a, Leaf protoplasts from

untransformed plants (hatched columns) and from axi 141 (stippled columns)

and cultured in the presence of cytokinin (0.9 mM kinetin) in increasingamounts of

butyl-cAMP and AMP. Protoplast division was scored microscopically after 5

days. b, Protoplasts from untransformed tobacco plants cultivated in auxin

(5.5 mM NAA), cytokinin (0.9 mM kinetin), cAMP (10 mM), forskolin (400 mM) and

dideoxyadenosine (100 mM). Protoplast division was scored microscopically after

5 days.
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with 57% identity to axi 141 (data not shown), encoded in part by
an ORF located on chromosome IVof Arabidopsis (PID: g2244920),
which is probably an axi 141 homologue. This ORF also lacks
membrane-spanning regions, and scanning the sequence up to
15 kb 59 of the ORF does not uncover an ORF containing obvious
membrane-spanning regions. Thus it seems that the adenylyl cyclase
is soluble. An adenylyl cyclase isolated from the plant symbiont
Rhizobium is also a soluble enzyme17.

Although little is understood of the auxin signal-transduction
pathway, current models hold that auxin, detected at the plasma
membrane, triggers changes in ion transport as well as gene
expression18. The finding that cAMP may be involved in this is
significant because, by analogy with other experimental systems, it
may provide an intermediary signal capable of activating both
processes. In mammals, cAMP causes changes in ion transport19

as well as in gene expression20. Indeed, cAMP has been found to
stimulate K+ channel activity in beans21, and several genes encoding
proteins with similarities to mammalian cAMP response element-
binding protein/activating transcription factors (CREB/ATF) have
been found in plants22. Generally, cAMP activates protein kinase A
(PKA), which in turn initiates a phosphorylation cascade1. So far,
although genes with similarities to PKA and PKC have been isolated
from plants3, no plant PKA has been identified definitively. With the
idea that cAMP is involved in triggering an auxin response,
identification of the PKA responsible is clearly a future challenge.
But our finding that a plant adenylyl cyclase is involved leads to the
speculation that cAMP levels may be controlled by guanine nucleo-
tide-binding proteins (G proteins)1. Several of these have already
been identified in plants, although their exact role is yet to be
established23. The observations that higher plants have an adenylyl
cyclase and that cAMP can act in auxin signalling not only provides
information about auxin action, but also provides the tools and
suggests strategies to isolate other components of the signal-trans-
duction pathway leading to auxin-induced cell division. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Plant tissue culture. Activation tagging was carried out in tobacco (SR1) using
pPCVICEN4HPT4. Protoplasts from leaf tissue12 were cultured in auxin
(5.5 mM NAA; Sigma) and cytokinin (0.9 mM kinetin; Sigma), or in cytokinin
alone plus cAMP (Sigma), dibutyryl-cAMP (Sigma), forskolin (Sigma) and
dideoxyadenosine (Calbiochem) at the concentrations indicated. The propor-
tion of protoplasts undergoing division 5 days after isolation was judged
microscopically using a Neubauer cell counting chamber (Fastnach) at least
three times. Variation between each sample was less than 10%.
Recombinant DNA techniques. Routine cloning was carried out in E. coli
DH5 a, and plasmid rescue was performed24 using E. coli DH10B (Electromax,
Gibco/BRL) by electroporation as recommended by the manufacturer. A lgt
11D (Pharmacia) cDNA library was constructed using poly(A)+ RNA from
tobacco protoplasts 2, 3 and 5 days old cultivated in NAA (K. Fritze and
H. Harling, unpublished). Positive clones were subcloned in pBluescript II SK
(+) (Stratagene). Southern analysis was performed using genomic DNA from
leaf tissue24. RNA was isolated from protoplasts with RNeasy (Qiagen). RNA
probes were transcribed from pB149 (digested with XhoI) by T3 polymerase
using a Riboprobe transcription kit (Promega). Expression in protoplasts was
carried out using the expression vector pRT106 (ref. 25).
Measuring cAMP levels in E. coli. The EcoRI–SacI fragment of pB149,
lacking 28 amino acids of the N terminus of axi 141, was cloned as a
translational fusion with a six-histidine tag in pRSET A (Invitrogen). This was
transformed into E. coli BL21(DE3)pLysS (Stratagene). Expression was induced
by treatment with IPTG26. After 90 min, cAMP was recovered using an Amprep

SAX column (Amersham) and measured by a BIOTRAK EIA kit (Amersham).
Simultaneously, bacterial extracts were tested for the presence of the recombi-
nant protein by western analysis using an anti-six-histidine-tag antibody
(Qiagen).
Yeast complementation. The EcoRI–SacI fragment of pB149 was cloned into
pYX112 (Ingenius) and pYX112-149 was transformed into the Saccharomyces
cerevisiae CYR1 ts sensitive mutant T50-3A10 at the non-permissive tempera-
ture of 35 8C. Surviving clones were tested for cosegregation of the recombinant
plasmid and growth under non-permissive conditions. As a control, T50-3A
was transformed with either the yeast CYR1 gene10 cloned in pYEP24 (ref. 27)
or pYX112 and grown at either 35 or 25 8C.
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