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ABSTRACT. Conformational changes are thought to play a key role in the function of active protein kinases,
although little is known about how these changes relate to the mechanism of phosphorylation. Here we
present four high-resolution structures of a single crystal form of Skylp, a constitutively active serine
kinase implicated in yeast RNA processing, each in a different state of nucleotide binding. By comparing
the apoenzyme structure to the ADP- and ATP-bound Sky1lp structures, we have revealed conformational
changes caused by ATP binding or conversion from nucleotide reactant to product. Rotation of the small
lobe of the kinase closes the cleft upon binding, allowing the nucleotide to interact with residues from
both lobes of the kinase, although some interactions thought to be important for phosphotransfer are
missing in the ATP-containing structure. In the apoenzyme, a kinase-conserved phosphate-anchoring loop
is in a twisted conformation that is incompatible with ADP and ATP binding, providing a potential
mechanism for facilitating ADP release in Skylp. The nonhydrolyzable ATP analogue-/#&MP binds

in a unigue mode that fails to induce lobe closure. This observation, along with comparisons between the
two independent molecules in the asymmetric unit of each structure, has provided new molecular details
about how the nucleotide binds and induces closure. Finally, we have used mutational analysis to establish
the importance of a glycine within the linker that connects the two lobes of Skylp.

The SR protein kinases (SRPKsjyre serine-specific The previously reported structure of the apoenzyme form
kinases that phosphorylate SR proteins, a class of essentiabf an active, truncated Skylp revealed how thaccharo-
splicing factors 1, 2). Phosphorylation of SR proteins affects myces cergsiae SRPK remains active without requiring
multiple aspects of RNA processing, including constitutive activation loop phosphorylatiori?). The two lobes of the
and alternative splicing and mRNA expoB~7). SRPKs Skylp structure are in an intermediate conformation relative
phosphorylate SR proteins on multiple serines within their to open and closed conformations seen in other protein kinase
RS domains, proteinprotein interaction modules character- catalytic domain structures. The collection of kinase struc-
ized by stretches of consecutive alternating serine andtures, in fact, shows that the kinase core can adopt many
arginine residues8( 9). SRPKs also phosphorylate RS different conformations because of flexibility in both the
repeat-containing proteins with no direct links to RNA orientation of the two lobes and in loops emanating from
processing, including the lamin B receptor, phosphoprota- each lobe 18). Opening and closing of the lobes in protein
mine 1, and the hepatitis B virus core proteit0{12). kinases was first observed in the comparison of a ternary
Indeed, the involvement of SRPKs in diverse processes is(enzyme/ATP/inhibitor peptide) and binary (enzymel/iodi-
becoming clear. Chromatin condensation, chromosome segnated inhibitor peptide) crystal structure of the catalytic
regation, ion homeostasis in yeast, and sensitivity to tumor subunit of cAMP-dependent protein kinase (PKAPY It
drugs involve SRPKs, although in most cases it is not clear was postulated that these conformational changes accom-
if the involvement is direct or caused by effects on RNA modate nucleotide binding and may be a necessary part of
processing 13—16). the catalytic cycle. This suggested that active kinases must
be able to adopt a number of conformations in solution, any
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indicating that slow structural changes may be a generalNaCl, 10% glycerin, 0.5 mM of phenylmethylsulfonyl
feature of the catalytic pathway in this enzyme famg,( fluoride, and 0.5 mL of protease inhibitor cocktail (Sigma)
23). Establishing the connection between these kinetic and lysed by sonication. The crude lysate was spun at 5000
findings and structural data is important for understanding for 30 min. The soluble fraction was loaded onto a—Ni
kinase function on a molecular level. Deuterium-exchange NTA column, washed with lysis buffer containing 40 mM
methods have demonstrated differences in solvent accesof imidazole, and eluted with the same buffer containing 250
sibility in different states of nucleotide binding in PKA and mM of imidazole. The eluent was diluted to an NacCl
the C-terminal Src kinase (CskR4, 25). Fluorescence concentration of 100 mM, loaded on to a Q-sepharose fast
resonance energy transfer (FRET) experiments on PKA haveflow column, and washed with buffer containing 20 mM of
demonstrated that in solution, the lobes are, on average, mordris-HCI (pH 7.5), 100 mM of NaCl, 1 mM of DTT, 0.5
closed when the nucleotide is bourzb). These solution-  mM of EDTA, and 10% glycerol. The protein eluted from a
based studies indicate that both local and distal structural100-500 mM NaCl gradient at about 250 mM. NaCl was
changes are associated with nucleotide binding. However,added to pooled fractions to bring the salt to 1 M. After
these methods have not yet been able to detect conformaconcentration in a centriprep 30 (Millipore), the protein was
tional changes on the time scale of phosphotransfer. loaded onto a Superdex 200 size-exclusion column (Amer-
Crystallographic data provides a powerful method for sham Biosciences). Pooled fractions were concentrated and

investigating ligand binding. However, it can be difficult to  flash frozen.

define the origins of conformational changes observed in  Kinase AssaysReactions (2@L) were initiated by adding
ligand-bound crystal structures because crystal packing forcesSkylANS or SkyIANS(G250A) to a mix to give a final
can affect conformation. Crystal growth, in fact, can select reaction concentration of 0.06M of kinase, 20uM of
certain conformations of dynamic molecules distributed in NpI3p, 1 mM of ATP, 50 mM of MOPS (pH 7.2), 50 mM
solution. The structure of Csk, for example, includes two of NaCl, 0.01% Brij (polyoxyethyleneglycol dodecyl ether),
very different conformations in the asymmetric ur@f). 5 mM of MgCI2, 50 mM of NaCl, 1mM of DTT, and 100
One is described as active and the other as inactive, althoughtCi/umol y-**P—ATP. The substrate for the reaction, Npl3p,
the molecule probably rapidly interchanges between bothis aS. cereisiae protein with a single C-terminal Sky1p
conformations in solution. phosphorylation site. Phosphorylation was carried out at

Here we report a new apoenzyme structure of an active 22 °C and stopped by adding SDS gel-loading buffer.
fragment of Skylp (the construct SKyANS includes the Reactions were boiled and run on 10% SDS-PAGE gels. Gels

entire kinase domain but lacks 137 amino acids from the N Were dried and exposed to a phosphorimaging screen for
terminus and the spacer region that bifurcates the kinaseduantitation. _ o

domain), along with three nucleotide-containing (ATP, ADP, ~ Sobing the Nucleotide-Containing Structuré'e reported
and AMP-PNP) structures. Because each structure maintainsPréviously that the apoenzyme form of Skylp crystallizes
the same packing arrangement, we can discern changes dul? 1.5 M of ammonium sulfate, 15% ethylene glycol, and
solely to nucleotide binding. This information has provided 10 MM of sodium acetate (pH 4.5)7). Attempts to
insight into the relationship between nucleotide binding and cocrystallize both ATP-Mg?" and ADP-Mg?" with Sky1p
conformation in the SRPK family in particular and the protein ' these conditions yielded no electron density for the ligands.

kinase superfamily in general. Sulfates of crystallization occupy both the substrate-
binding groove and the active-site cleft in the apoenzyme
MATERIALS AND METHODS (IHOW) structure. We reasoned that either the bound sulfates

or nonspecific electrostatic shielding due to the high am-

Cloning Expression, and PurificatiorskylANS (residues  monium sulfate concentration may prevent nucleotide bind-
138-304 and 538742) was expressed, purified, and ing. Hence, we exchanged the ammonium sulfate for 35%
crystallized as previously describel7j. The SkyANS- PEG 400 by dialysis. Crystals could be dialyzed into 35%
(G250A) mutant was generated by one-step PCR amplifica- PEG 400 and either 15% ethylene glycol or 100 mM of
tion using SkyANS in pET15b as a template and the primers  sodium acetate without cracking. Dialyzed crystals were then
5-AgCCAgTAAGTTCTCggCTAgCACTTC AAATACCAT-  soaked for 24 h in stabilization buffer containing 10 mM of
AAC-3" and 3-gTTATggTATTTgAAgTgCTAgCCgAgAA- nucleotide plus 10 mM of MgGl
CTTACTg gCT-3. After digestion with Dpnl (NEB), the The crystals exchanged into 35% PEG 400 and 15%
nicked product was transformed into DidEscherichia coli ethylene glycol had the same space group as the ammonium
Plasmids isolated from transformants were analyzed by sulfate-containing apo-form Sky1p structure (IHOW) previ-
restriction analysis and sequencing to verify the presence Ofously reported €222). However, when the crystals were
the mutation. SkyANS(G250A) was expressed and purified  dialyzed into 35% PEG 400 and 100 mM sodium acetate,
using the same procedure as for the wild type. Protein they indexed a$2,2;2; with the same (approximate) unit
concentrations was determined by the von Hippel method cell lengths as th€222; crystals. Because we were able to

(28). determine the structure of the apoenzyme and each nucle-
Npl3p in pET15b was transformed into BL21(DE3) plays otide-bound (ADP, ATP, and AMPPMP) form of Skylp

(Invitrogen) E. coli cells. Cells were grownni 2 L of LB in theP2,;2,2; space group, but not in thHe222, space group,

broth containing 20Q:g/mL of ampicillin to an ORqo of the P2,2,2, structures will be the focus of this paper.

0.8. Protein expression was induced with 0.2 mM of  The P2;2,2; crystals contain two molecules per asym-

isopropylthiogalactoside and carried out at°22for 12 h. metric unit, whereas th€222, crystals contain only one.

Cells were resuspended in 100 mL of buffer containing 20 To generate a starting model for the solution of B2:2,2;
mM of Tris-HCI (pH 7.5), 5 mM of imidazole, 500 mM of  structures, we used the previously reported Skyl1p structure;
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Table 1: Crystallographic Data and Refinement Statistics

APO ATP ADP AMP-PNP
Data Collectiof

space group P2,212; P2:212; P2,2,2; P2:2:2;
unit cell dimensions

a(A) 72.99 71.82 71.58 72.41

b (A) 88.70 88.69 88.65 88.95

c(R) 135.6 1335 133.8 134.8
resolution max (&) 2.35 2.30 2.05 2.10
total observations 198 041 178 325 298 198 280 589
unique observations 34172 33170 50 520 49 644
completeness (%) 91.6/85.6 86.0/83.3 98.1 96.5
Reym(%6)° 6.7/63.6 8.1/54.4 6.8/41.1 8.5/46.7
IIs 10.3/2.39 8.8/4.2 21.1/3.2 14.9/2.3

Model Refinement

reflections 28 641 29 551 37 868 41 455
Reryst 22.1 20.39 21.02 22.01
Rirecd 25.9 25.63 24.46 26.01
bond angle rmsd (deg) 1.33 1.27 1.26 1.27
bond length rmsd (A) 0.007 0.007 0.006 0.007
avg B factor (&)

main chain 36.2 32.9 25.1 28.9

side chain 38.0 35.0 27.5 315

nucelotide (molA) - 50.1 29.5 34.6

nucelotide (molB9 - 74.9 46.9 38.6

a All data collected at SBC 19ID at the Advanced Photon Souce and processed using HKL2000 (Otwinowski, Z., and Minor, WWi€i88%)
Enzymol. 276307—336).> Rym= 3 || — DY I. © Reryst= ||Fobd — |Feaid|/|Fobd- ¢ Rree = ||Fobd — |Feaid|/|Fond for the 5% of the data not used
in the refinement® Because of poor density, only the adenine ring was modeled into the active site of molecule B of the ATP-soaked crystals, and
adenosine was modeled into the active site of molecule B in the ADP-soaked crystals.

Maolecule A

Molecule B

by translating the origin of the unit cell and rotating the
coordinates about the twofold symmetry axis that distin-
guishes th&222; space group from the2;,2,2; space group,

we generated the second molecule in the asymmetric unit.

The models were refined using CN29}. The two lobes
of the kinase were allowed to move independently in the
first round of rigid body refinement. Subsequent Powell
minimization yielded models with initiaR factors below
34% for each of thé®2,2,2, structureskF, — F. difference
electron-density maps generated with phases from these
models showed strong density for the nucleotide in the active
site of molecule A of each structure. The active site of
molecule B in the ADP and ATP structures showed weaker Figure 1: Simulated annealing omit map showing electron density
and incomplete density; only during later stages of refinement of nucleotides. Nucleotides were omitted from the phase calculations
were adenine and adenosine added, respectively. The result%1 tzhea/r?(?g-'reA;—ZEti?/Z? )Agngr\épéﬁgrxgiwgge i&t’ﬁ%ﬁié{g‘f{;ed
of iterative rOL!ndS of rebuilding followed by mlnlmlzatlon 1.00 2F, — ’Fc or?wit mapyelectron density. Density is consistently
are tabulated in Table 1. AF2 — F electron-density map  stronger for nucleotides in molecule A. In molecule B, only AMP
with nucleotides omitted from the phase calculation was PNP showed complete density for the entire nucleotide. This figure
generated for each nucleotide-containing structure (Figurewas made with Xtalview and Raster3s2( 53.
1).

In the second position (molecule B of each structure), the
small lobe rotates in the opposite direction about the hinge,
and the active-site cleft opens, becoming shallower and

Overall ConformationTheo carbons from the large lobe  wider. The magnitude of this movement is inversely cor-
of crystallographically equivalent molecules were overlaid related to how much molecule A closes. For example,
to examine nucleotide-induced conformational changes. A molecule A is most closed in the ADP-containing structure,
comparison of each molecule in the first position, hereafter but molecule B in the same structure is more open than
referred to as molecule A, revealed that the small lobe of molecule B in any of the other structures (Figure 2). This
both the ADP and ATP structures rotates 7.0 and’,5.1 suggests that to maintain crystal contacts, closure of molecule
respectively, relative to the new apoenzyme structure. A must be accompanied by the opening of molecule B. In
Rotation occurs about an axis that runs diagonally through addition, while molecule A is free to close, crystal packing
the back of the active-site cleft, moving strang¥ to 55 forces prevent molecule B from closing. The mechanistic
and the N-terminal end of theC helix forward on thez implications of these observations will be discussed later.
axis and down on th& axis so that the active-site cleft For each structure, the electron density for molecule A is
becomes deeper and narrower (Figure 2). discontinuous in thexF/aG loop and within the MAPK

RESULTS AND DISCUSSION
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(@) (b)

FiGure 2: Large lobe overlay. (a) Binding of nucleotide induces conformational changes in Skylp, including a rotation and translation of
a portion of the small lobe about a screw axis that runs diagonally through the back of the active site (long white arrow). The large lobes
of molecule A from each of the four structures and molecule B from the ADP-soaked crystal were overlaid using the progfm O (
Regions used for the superposition are colored light gray. The portion of the small lobe which undergoes rigid body movement is colored
as follows: Molecule A: apoenzmye, yellow; AMAPNP, green; ATP, magenta; ADP, cyan. Molecule B: ADP, blue (note that part of

the glycine-rich loop is not modeled because of missing electron density). Residue8I&F/oG loop) and 643649 (MAPK insert)

are colored blue and were disordered in molecule A, but ordered in molecule B of each structure. The C-terminal end.Gfdredithe

oC' helix (orange) superpose well, even though they were not explicitly overlaid and are functionally part of the large lobe. Movement of
the lobes was characterized using the program Dyndi&n Residues that serve as hinges for the movement are colored red. An approximately
90° rotation about the axis in (a) produces the view in panel (b). This figure was made with Molscript and Ras&§)3d (

insert. In molecule B of each structure, E/aG loop has in the hydrophobic lining at the bottom of the pocket (Figure
high B factors but is ordered, forming a short flap that 3).
contacts a symmetry-related molecule. This loop, an integral In both the ADP and ATP structures, the width of the cleft
part of the substrate-binding groove, is variable in length decreases by more thal A relative to the apoenzyme,
and sequence among protein kinases and is often disorderedreating a tighter pocket. In the ADP structure, greater
or has high B factors in X-ray crystal structure3d{32). rotation of the small lobe and an independent downward
In protein kinase A, theaF/oG loop interacts with the  movement of the glycine-rich loop further closes the cleft
N-terminal region of the PKI inhibitor peptide, which confers relative to the ATP structure. These differences are amplified
high-affinity binding 83). The aF/aG loop of Skylp may in regions further from the axis of rotation. Consequently,
play a similar role in interacting with protein substrates by although the back of the ring (atoms N1, C2, C3, and C6)
becoming more rigid upon binding. A short portion of the fits snugly in both structures, the distance between Vall172
MAPK insert that is disordered in molecule A is also ordered CG2 at the top and front of the hydrophobic pocket and
in molecule B of each structure (Figure 1). Leu301 CD2 on the bottom is 0.45 A greater in the ATP-
Clear density was observed for the nucleotides in molecule containing structure.
A. In contrast, we were only able to model adenine and Ribose In both the ADP and the ATP-containing struc-
adenosine into the weak nucleotide density observed intures, the ribose ring exhibits &8ndo pucker. The'2and
molecule B in the ADP- and ATP-containing structures, 3'-hydroxyl oxygens of ADP hydrogen bond to the side chain
respectively. Therefore, the next section will focus on specific of Asn252, a residue immediately C-terminal to the linker
differences between molecule A of the apoenzyme, ADP-, polypeptide that connects the two lobes (Figure 3). The 3
and ATP-containing structures. OH of ADP is also hydrogen-bonded to the backbone
ADP vs ATP Binding in Molecule A. Adenine Rinbhe carbonyl oxygen of a S/T kinase-conserved residue from the
back of the ATP-binding cleft forms a hydrophobic pocket catalytic loop, Glu298. The ribose moiety from ATP occupies
for the adenine ring. In the nucleotide-containing protein a slightly more open cleft compared to ADP and is further
kinase structures solved to date, three highly conservedfrom the bottom of the cleft. Hence, only one hydrogen bond,
residues form the primary set of van der Waals interactions between the '3OH and Asn252, anchors the ATP ribose to
with the ring. In Skylp, these residues are Vall72, Alal85, the large lobe.
and Leu301. Val172 and Alal84 frofi2 and/33 in the small Although the hydrogen-bonding potential of the residue
lobe, respectively, form the top of the pocket, and Leu301, equivalent to Asn252 is conserved in most protein kinases,
from 57 in the large lobe, occupies the most central position its exact role in catalysis is still uncertai4). Dissection
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Ficure 3: Stereoview of nucleotide binding in molecule A. Coordinates from the large lobe overlays of molecule A from the apoenzyme
(red), ATP (blue), and ADP-containing (violet) structures were used to make this figure. The cleft is most open in the apoenzyme structure
and is most closed in when ADP is bound (purple). The ATP-filled cleft is slightly more open than the ADP-containing cleft and makes
fewer contacts to the nucleotide. Two magnesium ions position the phosphates of ATP. Only one magnesium (Mg2) is visible in the ADP
structure, suggesting that Mgl dissociates immediately after phosphotransfer. The glycine-rich loop of the apoenzyme structure adopts a
twisted conformation which will be described in a separate section.

of its function is complicated by its critical location; in crystal ~ structures, the loop has B actors about Z0higher than

structures of PKA and phosphorylase kinase, it contacts boththe average for each structure.

the ribose and the substrate pepti@, (33). In PKA this The hydrogen bond between the backbone amide of

residue (Glul27) is sensitive to mutation because of its role \4is168 and they phosphate is the only hydrogen bond

'r';‘ contacting the P-3 arglmnel in the subitra‘?é)( The . Detween the glycine-rich loop and the phosphates in the ATP-
ydrogen bonding between Glul27 and the furanose hy- bound structure (Figure 3). This interaction occurs in other

groxylf gbbservecti ;.n the_tEKAt c[)ys,l'FarI]_structurtt_a q cat?ng't be protein kinase structures and is thought to be the most critical
ISrupted by mutation without abolishing peptide binding. positioning they phosphate. A kinase-conserved glycine

However, in the structure of active cyclin-dependent kinase :
2 with bound substrate, the peptide does not contact the(Gly167) allows the backbone of His168 to adopt the proper
geometry to hydrogen bond to the phosphate. In PKA,

residue equivalent to Asn252 in Skyl36f. Because . . . . .

modeling studies have indicated that Skylp is likely to have hmlg?t'onn%f t:de %Ié/cr:ne eq\;Jl\r/aIIt(aigt ;0 Gl)r/]167 dl:lr?upts this

a peptide-binding mode similar to that of CDK2, we predict ydrogen bond a as Severe Kinetic conseque p43).
However, it is not clear if hydrogen bonding between the

hat Asn252 in Sky1 I le in bindi i : .
that Asn252 in SkyLp does not play a role in binding peDtIdeEJoop and the phosphates is a general requirement for

tei bstrat d I hor for th :
?"r)gsrg ZI%.SU strates and serves only as an anchor for phosphotransfer. In both phosphorylase kinase and CDK2,

for example, the glycine-rich loop is turned inward slightly,
although both structures represent active forms of the kinase
with ATP analogue and substrate peptide bou8®]44). In
these structures, the phosphates are not nested directly
underneath the bottom of the loop but sit beneath the edge
of the loop, which provides no hydrogen bond donors. In
CDK2, interactions with the loop are absent even in the

It is uncertain whether the ribose-anchoring function of
Asn252 increases the affinity for ATP or if hydrogen bonding
to the ribose promotes lobe closure. The apparent plasticity
of the hydrogen bonds to the ribose hydroxyls in our
structures suggests that the latter may be more important. In
support of this, the crystal structure of the insulin-like growth
factor receptor provides another example of an active protein . I hich id h
kinase with bound ATP in which the ribose is not anchored tansition-state analogue structure, which provides a snapshot
because of incomplete closure of the loli&4.(In the crystal of the kinase during phosphotransi@g).
structures of PKA or CDK2 with bound transition-state  In the ADP-containing structure, we observed greater lobe
mimics, which represent a snapshot of these enzymes duringotation and a downward movement of the entire glycine-
phosphotransfer, the ribose is anchored by the Asn252rich loop, which creates a tighter fit for the product nucleotide
equivalent 88, 39). This suggests that furanose anchoring and more hydrogen bonding between the phosphates and the
may be a characteristic of the stabilized transition state. We kinase (Figure 3). This may explain the lower average B
propose that hydrogen bonding to the ribose is a conservedfactor for ADP (29.5 &) compared to ATP (50.1 % in the
feature that may increase the affinity for ATP and favors two structrures. Thgg phosphate of ADP is repositioned
closing of the lobes, but the furanose hydroxyls are not relative to the ATP structure and makes hydrogen bonds to
anchored in each of the conformations adopted by an activethe backbone amides of both Phe169 and Ser170 from the
kinase. tip of the glycine-rich loop. Lys187, a kinase-conserved

PhosphatesThe glycine-rich loop of protein kinases plays residue fromg33, is thought to bind and position theand
a role in binding the nucleotide and positioning the phos- / phosphates. This residue makes 3.19 and 3.30 A hydrogen
phates for phosphoryl transfet(, 41). Multiple conforma- bonds to thea. and B phosphate oxygens in the ADP-
tions of the loop have been observed in protein kinase crystalcontaining structure, respectively. In the ATP-containing
structures, and B factors of the loop are generally higher structure, Lys187 is within hydrogen-bonding distance of the
than those in the rest of the molecule. This observation holdso and § phosphates, but the phosphate oxygens are posi-
true for Skylp: in both the apoenzyme and nucleotide-bound tioned too high in the active-site cleft to accept the hydrogen.
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MagnesiumTwo magnesium ions are bound in the active ation site in Npl3p into the peptide-binding groove of the
site of the ATP-containing structure. One magnesium (Mgl) Skylp (7). When this modeled peptide is superposed onto
is chelated by both side-chain oxygens of Asp550, and the ATP-containing Skylp structure, the distance between
another (Mg2) is chelated by Asp550 from the ¥tpinding the P-site hydroxyl and thg phosphorus atom is 4.07 A,
loop and Asn299 from the catalytic loop (Figure 3). Steady- longer than expected to facilitate nucleophilic attack by the
state kinetic analysis of Skylp has shown that binding of hydroxyl group. In the phosphorylase kinase and cyclin-
one magnesium is essential and binding of a second furtherdependent kinase structures containing ATP and substrate

enhances catalysig%). Although order-of-addition experi-
ments have not yet been performed, the lower B factor of
Mg2 (44.4 &) compared to Mgl (58.2 A suggests that it
may bind more tightly and, thus, could precede the binding
of Mg1.

In the ATP structure, Mg1 is 2.09 A away from tRe-y-

peptide, this distance is 3.6 and 3.7 A, respectivaB/ 86).
In the PKA and CDK2 structures with transition-state
analogues bound, the distance (measured to the atom
mimicking they phosphorus) shortens consideraldg, 39).

Also affected by incomplete closure is the interaction
between ther phosphate and the side-chain amino group of

bridging oxygen. Because of the position and torsion of the Lys296, which are 5.92 A apart in the Skylp ATP-containing
phosphates, Mgl does not contact the nonbridging oxygensstructure. This lysine, a residue from the catalytic loop which
of the 5 andy phosphates, as it does in many other protein is conserved among S/T kinases, interacts with the
kinase structures. Mg2, in contrast, contacts nonbridging phosphate in some nucleotide-containing complexes. This
oxygens on thex andy phosphates; these interactions are interaction has been hypothesized to help stabilize the
typical for protein kinases with ATP or ATP analogues transition state and may also help pull the equilibrium in
bound. favor of the closed state89, 49). Mutation of this residue

In the ADP structure, density is visible for Mg2 only. This in PKA leads to a 300-fold decrease in specific activB)(
magnesium remains bound to thephosphate, and the lost  As in Skylp, the equivalent lysine is not within hydrogen-
interaction with they phosphate is replaced with a contact bonding distance of thg phosphate in CDK2 structures
to the repositione@ phosphate. containing ATP 86). However, in the crystal structure of

In PKA, Mgl binds tightly and is essential for catalysis CDK2 complexed with ADP and nitrate, the nitrate, which
(46). In comparison, Mg2 binds with lower affinity and mimics they phosphate at the transition state, hydrogen
decreases substrate turnover by stabilizing ADP, subse-bonds to the catalytic-loop lysine in only one of the two
quently preventing release of this product. Interestingly, the crystallographically related molecule38]. These observa-
structure of PKA with bound ADP and substrate peptide tions suggest that transient contact may occur during catalysis
contains no magnesium, and tigohosphate exhibits poor  but that the interaction is not always captured in crystal
electron density, suggesting that it is flexib%r). Finally, structures. Alternatively, if the effect of the lysine is largely
many active protein kinases with bound ATP or ATP electrostatic, direct contact may not be necessary. In either
analogues bind only one magnesium in the active §@ (  case, it is likely that in Skylp, the phosphate would have
38, 48). In these kinases, the magnesium occupies the Mg2to be closer than 5.92 A for the lysine to have a significant
site, suggesting that the affinity at this site may be higher stabilizing effect on the negatively charged transition state.
than for the Mgl site, as in Skylp. Taken together, these Considering that closing of the cleft allows the phosphates
results suggest that protein kinases exhibit different relative to contact these catalytic residues from the large lobe, it
affinities at their magnesium-binding sites and that the exact seems somewhat unintuitive that the ATP structure is more
role of the magnesium in individual steps of catalysis may open than the ADP structure. We propose two explanations
vary depending on the kinase. for this: (1) full closure might also be induced by peptide-

Mechanistic ImplicationsThe intermediate conformation  binding or (2) a fully closed ATP-bound state is not a low-
of the cleft and relatively few kinasenucleotide interactions  energy conformation, and it eludes crystallographic capture.
in the ATP structure offer a molecular basis for the high Both of these possibilities highlight the fact that there is not
Katp Observed for Skylp (20M) (45). It is unclear, one active conformation of a protein kinase but that a range
however, how the differences between the ATP- and ADP- of conformations are adopted during the catalysis.
containing structures play into the mechanism of catalysis. AMP—PNP Binds without Inducing Conformational
Although there is little data on conformational differences Changes Although Skylp\ANS crystals were soaked with
between ADP- and ATP-bound forms of protein kinases, the non-hydrolyzable ATP analogue AMIPNP in the
FRET experiments on PKA indicated that the average presence of 10 mM of magnesium chloride, no density for
distance between probes on the large and small lobesMg?" was observed. The nitrogen bridging tfieand y
decreased significantly upon nucleotide binding and that the phosphate in the AMPPMP molecule is close to the binding
ADP-bound form had the shortest average distan2€s (  site for Mgl and hydrogen bonds to the side-chain carboxyl
This is despite the fact that the lobe orientations in ADP- of Asp550 (Figure 4A). ATP cannot make this interaction
bound versus those in ATP-bound crystal structures of PKA because the bridging oxygen lacks a donor hydrogen.
are nearly identical. It is therefore possible that in PKA, both  The phosphates of AMPPNP are positioned under the
nucleotides favor complete closing, but in solution, a fully loop in an orientation similar to that in ATP. However, the
closed state is more often occupied when ADP is bound. direct contact to Asp550 allows the AMAPNP to bind

To more closely examine the mechanistic implications of further toward the back of the catalytic cleft (toward the
the less complete closure in the Skylp ATP-containing Mg?"-binding loop and helixxC) so that the conformational
structure, we analyzed the positions of residues involved in changes which pull the small lobe out and down to make
catalysis. In the previously reported apoenzyme structure,the cleft narrower and deeper, as seen in the ADP and ATP
we modeled a peptide derived from the Skylp phosphoryl- structures, are not required for AMPNP binding (Figure
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(b) Small Lobe

Glycine-rich
Loop

Small Lobe
Glycine-rich

D550

Large Lobe

Large Lobe

Ficure 4: Mechanism of AMP-PNP binding. (a) Stereoview of AMPPNP and ATP-containing active sites. AMPNP binds to the top

of the open cleft in both molecule A (cyan) and molecule B (blue). Compared to molecule A of the ATP-containing structure (red), the
AMP—PNP phosphates bind deeper in the pocket, making a direct contact with Asp550, a kinase-conserved residue which chelates both
magnesiums in the ATP-containing structure. In contrast, no magnesium is observed in the active site wheRNAMPB bound. (b)
AMP—PNP binds to the open conformation. The phosphates of ARIRP contact Asp550 directly instead of through a magnesium, as

in ATP. Therefore, closing of the lobe to create a deeper cleft is not necessary for the phosphates to interact with Asp550 while simultaneously
interacting with the bottom of the glycine-rich loop. The left panel illustrates how positioning the phosphates of ATP underneath the loop
requires a deeper (closed) cleft because of the interaction with magnesium. The bridging oxygens are colored green. The right panel illustrates
how the hydrogen bond between the imido group of AMENP and the side-chain carboxyl of Asp550 allows AMPNP to bind to a

wide and shallow active-site cleft. The imido nitrogen, which bridgestlamdy phosphates, is colored cyan. Distances are in A.

4B). Indeed, when we overlaid the large lobes of molecule dual set of interactions, the kinase domain must assume a
A of the apoenzyme and AMPPNP structure, we found closed conformation.
that AMP—PNP did not induce lobe closure (Figure 1). The adenine ring in molecule B of the ADP- and ATP-
Molecule B and the Mechanism of Nucleotide Binding soaked crystals makes van der Waals contacts to the aliphatic
As previously noted, the electron density for the nucleotides residues from the small lobe, which line the top of the
in molecule B of the ATP and ADP structures is weak and hydrophobic pocket. However, the ring does not contact the
incomplete, and we were only able to model adenosine andhydrophobic residues from the bottom of the pocket. This
adenine into the active sites, respectively. We attribute this phenomenon of “sticking to the roof” was also observed in
to the fact that molecule B cannot close on the nucleotide the ATP-bound form of the insulin-like growth factor 1
without losing intermolecular contacts that are important for receptor kinase and may be indicative of a common mode
crystal packing. In support of this, we have observed that for nucleotide binding to the open catalytic cle3j. In the
the C222 apoenzyme crystals, which contain one kinase case of Skylp, the lack of electron density for the phosphates
molecule (in an open conformation) per asymmetric unit, (and ribose) in molecule B suggests that the adenine ring
stabilized in PEG 400 and ethylene glycol (instead of sodium binds first by wedging tightly against the linker at the back
acetate) crack when soaked with ADP. However, we of the pocket and sticking to the roof. This interaction results
observed strong electron density for the entire AMINP in conformational changes that make the cleft deeper and
molecule in B, even though the cleft is open (Figures 1 and tighter so that hydrophobic residues from both lobes tightly
4). These observations suggest that for the ribose andsandwich the adenine. The movement also positions the
phosphates of MgADP and Mg-ATP to become ordered  glycine-rich loop so that the phosphates can hydrogen bond
in the active site of Skylp, they must hydrogen bond to the to the bottom of the loop while thg and y phosphates
underside of the glycine-rich loop and simultaneously contact simultaneously bind to Asp550 in the Kigbinding loop
Asp550 through the bridging magnesium. To maintain this through the Mgl. We speculate that release of the nucleotide
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(a) E247

E247 V248 L249
< b o b d <P b d
APO -747 1515 -766 138.0 -1484 969
ADP -79.1 159.2 -785 1296 -1346 844
ATP -92.2 1511 -71.4 1353 -1246 -4.4
AMP-PNP -78.2 155.3 -846 1246 -1146 160.6
G250 E251 N252
i) hd P hd @D h
APO 370 -1529 -1219 1625 -74.0 165.7
ADP 326 -1422 -1134 1704  -828 168.6
ATP 101.4 1465 -96.4 1576 -83.8 167.6

AMP-PNP -65.5 -150.0 -771 1654  -857 1759

(b) ANS ANS(G250A)
o 1 3 5 1 3 5 Time(min)

total Npl3p

Ficure 5: Conformation of the linker. (a) Residues in the linker region adopt different conformations dependent on the state of nucleotide
binding. Thed—W angles of Leu249 and Gly250 change dramatically, indicating that this portion of the linker is flexible. The backbone
conformation of molecule A of the AMPPNP structure (magenta) causes the carbonyl of Leu249 to protrude into the active-site cleft,
pushing the adenine ring higher in the pocket. The other structures (all molecule A) are colored as follows: ADP, green; ATP, blue;
apoenzyme, yellow. In each of the nucleotide-containing structures, the N1 and N6 of the adenine ring hydrogen bond to the linker backbone.
For simplicity, these bonds are only shown for the ADP structure in this figure. (b) Mutation of a glycine in the linker decreases the specific
activity of Sky1pANS. Sky1ANS or SkylpANS(G250A) (0.05«M each) and 1 mM ATP were used to phosphorylatex®0 Npl3p, a

yeast substrate with a single Sklylp phosphorylation site. Reaction times were limited to keep the total amount of product turnover below
10%, as quantitated by phosphorimaging (top row). The bottom row shows a Coomassie stain of each of the time points.

occurs in the opposite manner, with the phosphates and ribosehat causes the large-scale rigid-body motion of the lobes.
being released before the adenine ring. In addition, torsional changes in the linker have a local
Flexibility of the Linker Lobe closure in Skylp occurs influence, both on the shape and chemistry of the ATP-
by a hinge movement that involves bending at three points: binding pocket. Most notable is the changelrof Gly250
the linker between the two lobes, the C-terminal portion of and¥ of Leu249. These rotations change the orientation of
aC, and the loop betweanC' andf4 (Figure 2). The linker ~ the carbonyl of Leu249. In molecule A of the apoenzyme
may be the most critical hinge point because it forms part and ADP structures, the carbonyl is inside the pocket pointing
of the ATP-binding pocket, making backbone-mediated toward the large lobe; in the ATP-bound form, it points out
hydrogen bonds to both N1 and N6 of the adenine ring. ~ of the pocket and down; in the AMFPNP structure, it points
Hinge bending occurs through changesbir W torsions, into the pocket' anq up toward the nucleotide (Figure 5A).
and very small changes can translate to large positional "€ conformation in the AMPPNP structure pushes the
deviations as the distance from the axis increases. Howeveradenine ring further away from the linker than it is in either
three residues in the linker region show dramatic changesth® ATP or ADP structures.
in ®—W torsions in the different structures (Figure 5A). To investigate whether flexibility of the linker is important
These changes may be important for the hinge movementfor the function of Skylp, we mutated Gly250 to Ala. This
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(b)

Ficure 6: Conformation of the glycine-rich loop in the apoenzyme structure. (a) The glycine-rich loop adopts a twisted conformation in
the apoenzyme structure. The face of Phel69 from the glycine-rich loop (gray surface) packs against a hydrophobic pocket formed by
residues from heliaC and Val189 fromB33 (cyan surfaces). In this conformation, the main chain of the tip of the loop twists inward,
preventing backbone amides of the loop from hydrogen bonding to the phosphates of a bound nucleotide. In addition, the twist of the loop
allows His168 to reach across the cleft, blocking the position that would be occupied pytiesphate of ATP. ADP and Mg2 (magenta
sphere) from molecule A of the ADP-soaked crystals are depicted for comparison with (b). Note that Tyr95 is behind Val189 in the figure.
This conformation of the loop may play a role in the release of ADP from the active site after phosphotransfer has occurred. (b) The
glycine-rich loop adopts a flat and open conformation when nucleotide is bound. In the ADP-containing structure, Phe169 fills the hydrophobic
pocket (yellow surfaces) with the face of the ring flat against Val189 f8nClosing of the cleft relative to the apoenzyme structure
causes a downward movement of Vall89 and creates a tighter pocket. Phel69 changes rotomers to fill this tight pocket, and the loop
untwists, making the backbone amides available for hydrogen bonding to the phosphates of a bound nucleotide. His168 exhibited poor
density in this structure and is modeled as alanine.

mutant consistently showed a—3-fold reduced specific His168, which is on the outside tip of the loop, reaches
activity toward Npl3p (Figure 5B). This suggests that across the cleft and comes within hydrogen-bonding distance
conformational flexibility dependent on the free rotation of of Asp294, an essential residue for catalysis thought to be
the backbone of Gly250 is necessary for efficient substrate involved in either activating the nucleophile for phospho-
phosphorylation. In a previous study, we showed that Npl3p transfer or isolating the productive rotamer of the P-site
phosphorylation occurs rapidly in the active site and that residue 46). In contrast to the ADP- and ATP-containing
substrate turnover is limited by net product release or structures, the side chain of His168 shows good electron
associated conformational changes or bd#).(\Whether the density in the apoenzyme structure. Although this position
mutational effect at position 250 is due to changes in the is most often occupied by a serine, alanine, or threonine in
local environment of the ATP-binding pocket or to the other protein kinases, His168 is conserved among the SRPKs.

slowing of lobe movements necessary for catalysis awaits Modeling ATP into the active site of the apoenzyme
further experimentation. structure revealed that the twisted conformation of the
Conformation of the Glycine-Rich Loop in the Apoenzyme glycine-rich loop is incompatible with ATP binding. The
Structure The glycine-rich loop twists inward toward helix —conformation tucks away the backbone amides of the glycine-
aC in both molecules of the Skylp apoenzyme structure, rich loop so that they are unavailable to hydrogen bond to
whereas it lies flat over the phosphates in the nucleotide- the phosphates (Figure 6A). In addition, His168 would
containing structures (Figure 6a and b). The aromatic ring sterically clash with the: phosphate of ATP. The previously
of Phe169, a residue on the inside of the tip of the loop, reported apoenzmye structure of Skylp (IHOW) does not
changes rotamers to lie flat against a hydrophobic surface€xhibit the twisted conformation of the glycine-rich loop.
formed by Tyr195, Ala198, Ala199, and Glu202 from the However, a sulfate of crystallization mimics thghosphate,
C-helix and Val189 fromp3. The rotamer change is binding underneath the tip of the loop and pushing it outward
accompanied by a twisting motion of the loop. In the ATP- (17). An analysis of other active apoenzyme forms of protein
and ADP-Containing structures, movement of the small lobe kinase structures revealed two other kinases, ERK2 and CK1,
pushes Val189 downward, tightening up this hydrophobic that also adopt a twisted glycine-rich loop, suggesting that
pocket. To fill the pocket, Phe169 slides in edgewise, butting this conformation plays a general role in catalysis, possibly
the side of the ring against the C-helix, the face interacting by initiating the release of ADP3(, 51).
with Val189. This interaction untwists the glycine-rich loop, Conformation and Catalysis in the SRPK Family: Order
and may provide a way for lobe closure and loop conforma- of Binding and Processity. Kinetic data on Skylp indicates
tion to be coordinated. Although Phel69 is not conserved that AMP—PNP can bind to Skylp in the absence or presence
within the protein kinase family, the position is most often of Npl3p 45). If opening of the lobes is necessary for binding
occupied by phenylalanine or tyrosirg@). Residues forming  and release of the nucleotide, it follows that Skylp must be
the surface that interacts with this phenylalanine, however, able to open and close while Npl3p is bound. In support of
show a great deal of sequence and structural diversity amonghis, the structures we present here suggest that it is binding
protein kinases. of the nucleotide, rather than the protein substrate, that
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FiGure 7: Schematic showing the effect of nucleotide binding on
the asymmetric unit of the R22; structure. Soaking the C222
structure in PEG 400 and sodium acetate breaks a symmetry axis
creating the P2,2; packing arrangement. This arrangement has
two molecules with slightly different conformations in an asym-
metric unit (represented by the dotted line) that is twice as large as
in the C222 crystals. When the R2,2; crystals are soaked with
either ADP or ATP, the small lobe of molecule A rotates to close
the cleft. This movement is accompanied by a compensating
structural change in molecule B, in which the small lobe rotates in
the opposite direction, opening the catalytic cleft. This compensatory
movement allows the two molecules to make the same crystal
contacts as those made in the apoenzym@,R2structure. Hence,

the size of the asymmetric unit and the size of the unit cell are

nearly identical, and large-scale conformational changes can occur

without destroying the crystals. Electron density for the adenine
ring of ADP and that of ATP were visible in molecule B, even
though molecule B is forced into an open position. Mechanistic
implications of this are discussed in the text. Soaking th@2R22
apoenzyme crystals in AMPPNP causes almost no change in the
relative orientation of the two lobes in either molecule A or
molecule B, yet strong electron density is observed for the
nucleotide in both active sites. This is due to differences in the
chemistry of AMP-PNP versus ADP or ATP binding. These
differences and their implications are discussed in the text.

induces closing and opening. However, the crystal structure
of the Npl3p complexed to Skylp in the presence and

absence of nucleotide, or biophysical methods such as FRET 1,

which can probe the opening and closing of the kinase, are
necessary to fully explore these issues.

CONCLUSIONS

We have presented four high-resolution structures of a
single crystal form of Sky1p in different states of nucleotide
binding. The P2,2; packing arrangement of these crystals
is uniquely tolerant to conformational change, and by
comparing equivalent molecules from the apoenzyme, AMP
PNP-, ADP-, and ATP-bound structures, we were able to
monitor structural changes due solely to nucleotide binding
(Figure 7). Both ADP and ATP binding induced lobe closure
in molecule A of the asymmetric unit, with ADP causing
slightly more closure than did ATP. In molecule B, crystal
packing locks Skylp into the open conformation, and only
the adenine ring of ADP or ATP is ordered, suggesting that
the first step in nucleotide binding involves adenine sticking
to the roof at the back of the open cleft. A comparison of
the contacts to the kinase made by the inhibitor AMENP

with those made by the reactant and product nucleotides has

Nolen et al.

allowed us to determine which interactions are necessary for
subsequent steps in closure. We also observed conformational
changes in the glycine-rich loop that may provide a molecular
basis for the ejection of ADP from the active site, which
prepares Skylp for the next round of catalysis. Finally, we
have shown that a glycine in the linker between the lobes
provides flexibility necessary for full kinase activity, either
in shaping the back of the pocket or in facilitating lobe
closure. These structures provide the basis for further
biochemical experiments that will allow us to elucidate the
role of conformational changes in the function of protein
kinases.
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