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Protein kinases catalyze the transfer of thphosphoryl group

of ATP to serine, threonine, and tyrosine residues in proteins, a A Mn'-;}v: _ﬂ Seames
process essential for cell signaling. Although there may be as many TN . : Lys168
as 2000 kinases in the human genome, the organization of the h ’_—,‘"‘*2-"'"\_ _,"Iz.o?[z.:wn :"z.am.é}I
residues in the active sites of these enzymes is essentially the same ' @Eﬁ;gﬁfi}? B

(conserved}.Even after many structural and kinetic measurements,
there is still considerable controversy regarding the role of these
residues in the enzyme mechanism. The highly conserved aspartate

(Aspl166, Figure 1) has received particularly strong interest. While o 8 Q i
the essential presence of this residue has been established by e
mutational studie3jts function is still unclear. The X-ray structdre J:‘j’z 209238,

for cAPK kinase shows that Asp166 is located within hydrogen ‘ )

bonding distance of the Ser substrate OH, suggesting its role as a IC
general base catalyst. However, the early proton transfer implied o
by conventional base catalysis is not supported by experimental
data. The rate of phosphoryl transfer in cAPK, measured using pre-
steady-state kinetics, is neither subject to a solvent deuterium isotope
effect nor pH dependeftAlso, phosphoryl transfer in the tyrosine
kinase, Csk, is insensitive to thégs of fluorinated substrates,
indicating that the substrate nucleophile is largely neutral in the
transition state (TS). The exact function of Asp166 is still debated,
but the current hypothesis drawn from experimental déta that

it could play a role in either substrate orientation or late deproto-
nation in the reaction process.

Recent theoretical calculations have added to the controversy,
yielding results apparently inconsistent with experimental findings.
Semiempirical calculations (AM1, PMB3jdid not assign any major
role to Aspl66, suggesting a mechanism with an early substrate
proton transfer to the-phosphoryl group. While there are argu-
ment$ that kinetic measurements alone do not rigorously exclude
such a mechanism, it seems highly unlikely in the light of recent
experimental work on a Csk mutéhtn addition, this is incon-
sistent with pH dat&> The fact that Asp166 does not appear to
significantly alter the free energy landscape as reported in one of
these calculatiofslso contradicts experimental data from mutation
studies? ) o—of
In this Communication, we address this important divergence ™ e’ Y
between theory and experiment by presenting a theoretical study -
of phosphoryl transfer in protein kinases using quantum mechanical Fgure 1. Optimized structures of the reactant (A), product (B), and
calculations based on density-functional theory (DFT). This ap- transition (C) states. Experimental numbers are shown in brackets.
proach is significantly more accurate than prior semiempitfcal
approaches. Our model is based upon the X-ray structure of EAPK
and includes all of the essential conserved resi@wgsich have a
role in the phosphoryl transfer reaction. This leads to a much larger
calculation than has previously been attempfe@onsistent with
experimental observatiods®1! we find a dissociative transition

state (TS) and establish that Asp166 plays an essential role in the
phosphoryl transfer reaction as a “proton trap” late in the reaction
process.

We have used both local and plane wave basis implementations
of DFT .2 Local basis methods were used for structural calculations,
and first-principles molecular dynamics simulations were performed

T Department of Chemistry and Biochemistry, University of Califorr&an using a plane wave methdd.

Diego. ; ; : : .

* Department of Pharmacology, University of Califorri@an Diego. Our model of the ac_tlve site, F'.gur? 1 '“C'”F’es the triphosphate
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3 . . . process, we started a simulation from the TS structure, Figure 1C,
' 1 by assigning small initial velocity to the metaphosphate fragment
toward ADP. The system evolved to a reactant-like state, returned,
and crossed over the TS into the product state. The short turnaround
7 distance in reactant configuration (2.65 A, Figure 2) is caused by
SerOH rotation early in the reaction process. The bond length
7 variations between Ser-O and thg Bf ATP (R;) and between
i Asp166-0 and Ser-HR,) are shown as a function of time in Figure
2. Phosphate bond formation is almost compl&eshorter) before
the proton transfers to Asp16&shorter).
In summary, both structural and dynamical calculations provide
compelling evidence for a largely dissociative reaction mechanism
in which Asp166 accepts the substrate proton during the reaction

sentations of the Ser substrate, and Gly52/Ser53, Lys72, ASp166,process. However, this occurs at a point in the reaction coordinate

Aspl84, and Asnl71 active site residues. The functional groups where bond cleavage at the PQ bridgi.ng position is a}ready well
were truncated using hydrogen atoms, which together with the advanced. Therefore, Asp166 is crucial to the reaction process

carbon atom were tethered according to the X-ray structure of serving as a “proton trap” that locks the transferred phosphoryl

CAPK.! The structural parameters of the active site after the initial group fo the substrate. These findings are supported by the existing
optimization (see Figure 1A) are in good agreement with the experimental data®1.1°2%and resolve prior inconsistencies between

8 i
inhibitor complex structure of cAPKThe Qispiss—Oserbond length theory® and experiment.

Bond Length (A)
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Figure 2. Time dependence of the bond distances between Ser-O and the

Py of ATP (Ry) and between Asp166-O and Ser-Rb).
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