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Phosphoryl transfer reactions underpin multiple roles of
phosphate esters and anhydrides in life.[1] Extensive studies on
phosphoryl group (PO3

�) transfer by a wide range of enzymes
have made good use of aluminum fluoride complexes as
mimics of the transferring PO3

� ion in transition-state-analog
(TSA) structures. The majority are octahedral complexes with
square-planar tetrafluoroaluminate ligands.[2] However, they
are nonisosteric with the generally accepted trigonal-bipyr-
amidal transition state (TS) for in-line phosphoryl group
transfer.[2a,b, 3] More recently, TSA complexes with this
geometry, centered around a trifluoromagnesate ligand,
have been crystallized for several enzymes, including b-
phosphoglucomutase (bPGM),[2c,g] phosphoserine phospha-
tase (PSP),[2d] phosphoglycerate kinase (PGK),[2h] RhoA/
RhoGAP,[4] and a DNA helicase.[5] These MgF3

� complexes
are much closer to being isosteric with the true TS for
phosphoryl transfer. Both MgF3

� and AlF4
� ligands have the

same monoanionic charge as that on the transferring PO3
�

group. In this charge state, the number of positive and
negative charges on moieties contributing to the active site is
effectively balanced. This is thought to help overcome the
inherent repulsion of attack by a nucleophile on the dianionic
phosphate residue, described as the anionic shield.[2a]

By contrast, the trigonal aluminum trifluoride moiety
(AlF3

0) has been assigned as the central ligand in over forty
trigonal-bipyramidal (tbp) complexes of phosphoryl transfer
enzymes. These ligands would be phosphoryl group mimics of
net zero charge.[6] However, we established[2d] by 19F NMR
spectroscopy that the reported AlF3

0 ligand in PSP is in reality
a MgF3

� ion, whereas in a charge-depleted variant of PGK we
found that, although an AlF3

0 moiety was present, it was

square-planar with water as the fourth ligand.[2h] Thus,
identifying tbp metal fluoride moieties is nontrivial. They
normally cannot be resolved by protein crystallography alone
because there is no difference in electron count between
AlF3

0 and MgF3
� . Moreover, in structures at lower resolution

(� 2.8 �), ligands assigned by convention to be AlF3
0 cannot

be resolved unambiguously from AlF4
� , as recognized

previously.[7] On the other hand, since millimolar fluoride
readily leaches aluminum from glass, ligands assigned as
MgF3

� can in reality be AlF3
0. It is thus imperative that the

identity of the metal fluoride moieties should not be trusted
unless independently verified by an orthogonal method.[2,4]

Critically, knowledge of the exact identity of these metal
fluoride complexes is pressing because of the centrality of
charge density in mechanistic analysis of enzymes where
highly charged nucleotides are substrates.[8]

Where metal fluoride moieties have been unambiguously
identified in wild-type phosphoryl transfer enzymes by
19F NMR spectroscopy, they are monoanionic (MgF3

� or
AlF4

�); that is, charge is prioritized over geometry.[2d,h] These
observations have led to a charge balance hypothesis (CBH),
which proposes that local charge balance dominates the
stabilization of the TS for phosphoryl transfer enzymes.[2a,h]

The CBH has been useful as a guiding principle that can
identify apparent inconsistencies in interpretation of analyt-
ical data and mechanistic analysis for phosphoryl transfer
meriting a more thorough analysis. However, all of the data
underpinning the CBH are from phosphoryl transfer enzymes
that use a single catalytic magnesium ion. The behavior of
such enzymes that employ a different number of catalytic
magnesium or other ions has not been similarly established.

Protein kinases (PKs)[9] typically use two catalytic mag-
nesium ions[10a] and transfer the g-phosphate of adenosine
triphosphate (ATP) to a hydroxyl group of serine, threonine,
or tyrosine residues in target proteins, forming phosphopro-
tein and adenosine diphosphate (ADP). Hitherto, no protein
kinase has been adequately analyzed to define unambigu-
ously its metal fluoride TSA complex, while existing partial
information[2i, 10] is contradictory. Cyclic adenosine mono-
phosphate (AMP) dependent protein kinase (cAPK) is the
archetypal example of some 2000 eukaryotic PKs.[9] Its
solution dynamics have been studied extensively[11] but no
TSA complex has been fully characterized. We now show that
in solution cAPK forms an AlF4

� (rather than an AlF3
0) TSA

complex with substrate peptides and two catalytic magnesium
ions. It thus conforms to the CBH. cAPK also forms an MgF3

�

TSA complex that is fully CBH compatible, and both of these
monoanionic metal fluoride species are present in the
crystalline state. This selection of unit charge also extends
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to a ground state analog (GSA), as cAPK additionally forms
a BeF3

� complex in solution.
cAPK readily forms a cAPK-ADP-AlF4

�-SP20 TSA
complex from its constituent components (see the Supporting
Information) where SP20 is a peptide analog of a substrate
protein containing the target serine residue at position 17.
Four peaks are observed in the 19F NMR spectrum with
a 1:1:1:1 ratio of integrals, characteristic of an AlF4

� TSA
species (Figure 1c and Table 1). Chemical shifts for two
resonances, FC and FD, are at significantly higher field than

those for enzyme complexes having a single catalytic MgII ion
and their linewidths are narrower than those of FA and FB.
These data accord with the coordination of FC and FD by two
catalytic MgII ions within the TSA complex and with
a corresponding reduction in hydrogen-bonding partners.[10a]

Such sensitivity of 19F chemical shift to coordination and to
hydrogen bonding is well-established.[2g] The AlF4

� TSA
complex does not exchange with free fluoride during a 1 s
timeframe (see the Supporting Information).

Following rigorous sequestration of aluminum by defer-
oxamine, a cAPK-ADP-MgF3

�-SP20 TSA complex assembles
in the presence of MgII, fluoride, ADP, and the synthetic
substrate peptide SP20. Its 19F NMR spectrum shows two
well-resolved resonances of equal intensity (FB and FC,
Table 1, Figure 1a and Figure S1a in the Supporting Informa-
tion). A third resonance, FA =�157 ppm, is partially obscured

by the broad peak of free MgF+, but is revealed in a spectrum
derived by summation of a standard spectrum and one in
which the MgF+ resonance is inverted, using a selective 1808
pulse applied to the free F� signal at �119 ppm. This also
inverts the MgF+ resonance through fast exchange (Figure 1a
and Figure S1 b,c in the Supporting Information).

cAPK also forms a MgF3
� TSA complex under similar

conditions with Kemptide, a synthetic heptapeptide sub-
strate.[12] The 19F chemical shifts of the cAPK-ADP-MgF3

�-
Kemptide and the cAPK-ADP-MgF3

�-SP20 TSA complexes
are indistinguishable, indicating that the active-site architec-
ture places the fluorine atoms of the trigonal ligand in closely
equivalent electronic environments, despite embracing two
significantly different peptide substrates (see Figure S2 a,b).

All of the metal fluoride TSA solution complexes of
cAPK formed with ADP and substrate peptide have mono-
anionic ligands at their core. There is no evidence for the
formation of an AlF3

0 TSA complex, and thus the behavior of
this archetypal PK, with two catalytic MgII ions,[10a] mirrors
that of phosphoryl transfer enzymes using a single catalytic
MgII ion. On increasing the pH above neutrality, the AlF4

�

complex is progressively displaced by the MgF3
� complex,

with the AlF4
� and MgF3

� TSA complexes visibly co-existing
in the pH range 7.5 to 8.5 (Figure S3). Such a switch from
aluminum to magnesium fluoride has been characterized
previously for PSP and bPGM,[2d] and arises from the well-
established precipitation of aluminum hydroxide in mildly
alkaline solutions.[2d,h, 13] In the absence of aluminum, the 19F
resonances of the MgF3

� complex remain constant in
chemical shift and intensity across the pH range 6.0 to 9.0.
This shows that none of the charged groups closely associated
with the active site change their protonation state across this
pH range in the TSA complex.

In previous studies, such MgF3
� solution complexes have

been correlated with solid-state complexes having tbp geom-
etry, as shown by high-resolution protein crystallography for
bPGM,[2g] PGK,[2h] and PSP.[2d] A tbp metal trifluoride TSA
complex has been reported for cAPK (protein data bank
PDB: 1L3R),[10a] which accords structurally with the MgF3

�

complex observed in solution but was assigned chemically as
an AlF3

0 complex. As the cAPK complex crystals were
processed at pH 8.0,[10a] the clear conclusion is that the
diffraction data were obtained from a crystal dominated by
a trifluoromagnesate complex. That analysis is endorsed by
the length of the axial bonds in the tbp crystal complex. Our
unrestrained de novo refinement of the cAPK metal fluoride
TSA crystal structure against the deposited structure factors
(1L3R) shows full agreement with the longer metal–oxygen
axial bond lengths associated with MgF3

� complexes.[2b,c,g,h]

The data refine to M–Oax of 2.27 and 2.31 � (see the
Experimental Methods in the Supporting Information),
compared to typical values of 2.1 to 2.2 � in other MgF3

�

complexes and of 1.9 to 2.05 � in AlF4
� complexes.[2g]

Furthermore, inspection of the electron density difference
map (Fo�Fc) reveals additional positive density (peak heights
4.5 s) in two loci contiguous to the core of the tbp moiety. This
density (Figure S4) is fully consistent with dual occupancy of
the TSA by a major tbp moiety (Figure 2a) and a minor
octahedral moiety (Figure 2b). Analysis of atomic B-factor

Figure 1. 19F NMR spectra of cAPK-ADP-SP20 metal-fluoride TSA com-
plexes at pH 7.5 and 298 K: a) cAPK-ADP-MgF3

�-SP20 TSA complex,
b) after addition of 1.8 mm AlCl3 to the cAPK-ADP-MgF3

�-SP20 TSA
complex, and c) after addition of 3.4 mm AlCl3 showing complete
conversion into the cAPK-ADP-AlF4

�-SP20 TSA complex.

Table 1: 19F NMR chemical shifts (ppm) of the cAPK-ADP-MgF3
�-SP20

TSA, cAPK-ADP-AlF4
�-SP20 TSA, and cAPK-ADP-BeF3

�-SP20 GSA com-
plexes. The corresponding data for the MEK6-ADP-AlF4

�-p38a TSA
complex are provided for comparison.[2i]

Complex FA FB FC FD

cAPK-ADP-MgF3
�-SP20 �157[a] �185 �191 –

cAPK-ADP-AlF4
�-SP20 �146 �148 �161 �168

MEK6-ADP-AlF4
�-p38a �142 �148 �154 �167

cAPK-ADP-BeF3
�-SP20 �166 �182 �187 –

[a] Signals for MgF+ (MgF(H2O)5
+) and FA coincide but are resolved by

1808 inversion of the free F� signal.
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values is consistent with an active-site occupancy ratio of
about 3:1 tbp MgF3

� to octahedral AlF4
� .

Solvent-induced isotope shift (SIIS) values are sensitive
probes of the coordination environment of fluorine atoms,
reporting how well nuclei are coordinated by solvent-
exchangeable hydrogen atoms.[14] In conjunction with the
TSA complex structures, they enable assignment of the
19F NMR resonances (Table 2 and Figure 2). For the MgF3

�

TSA complex, the SIIS value is largest for FA (1.4 ppm)
showing a high local proton density,[2d] consistent with its
downfield chemical shift[2g,h] (Tables 1 and 2). Values for FB

(0.3 ppm) and FC (0.2 ppm) and their upfield chemical shifts
identify their coordination by the catalytic MgII ions. Hence,
FA corresponds to the fluorine coordinating the amides of
Ser53 in cAPK and Ser17 in SP20 (S53 and S17 in Figure 2). A
long hydrogen bond (3.1 �) to the side chain of Asn171 is
a likely source of the slightly enhanced SIIS and more
downfield chemical shift of FB relative to FC (Table 2 and
Figure 2a). Similarly, for the AlF4

� complex, the two upfield
resonances correspond to fluorines that coordinate the MgII

ions: FD with the smaller SIIS is assigned as coordinating to
Mg1, with FC coordinating to Mg2 and the sidechain of
Asn171 (Figure 2b). Of two downfield resonances, FA has the
larger SIIS (Table 2) and is assigned as coordinating to Ser53
while FB coordinates Lys168.

Analysis of charge in the vicinity of the
active site of these TSA complexes fully
endorses the adherence of cAPK to the CBH
in its TS. For the MgF3

� complex, the net
charge oscillates around the zero charge axis,
while for an AlF3

0 complex net charge is
significantly positive out to about 13 � from
the transferring phosphorus atom (Figure 3,
black and red curves, respectively). This
charge balance is achieved as a result of
four cationic residues in the SP20 substrate
peptide. The charges of arginines 11, 14, and
15 and histidine 19 are within 12 � of the
transferring phosphorus while the three car-
boxylate groups are beyond 13.5 �.

We also observed that cAPK forms
a beryllium fluoride cAPK-ADP-BeF3

�-
SP20 GSA complex in the presence of BeII,
fluoride, ADP, and SP20. Its 19F NMR spec-
trum shows two well-resolved resonances of
equal intensity, FB and FC. A third resonance,
FA =�166 ppm, is distinguished from those

of free BeFx by its dependence on beryllium concentration
(see Figure S5 in the Supporting Information). Its downfield
chemical shift identifies it as the fluorine not ligated to either
catalytic MgII ion, and is endorsed by an SIIS (0.8 ppm)
consistent with hydrogen-bonding interactions to the amides
of Ser17 in SP20 and Ser53 in cAPK. Chemical shift and SIIS
values for FB (0.2 ppm) and FC (0.1 ppm) identify coordina-
tion to the two catalytic MgII ions, as in the MgF3

� TSA
complex (Tables 1 and 2). No fluoroberyllate complex is
observed in the absence of the SP20 peptide, showing that
hydrogen bonding to FA from Ser17 in SP20 is important for
complex stabilization and that the complete enzyme–sub-
strate active site is needed to deliver full charge balance for
formation of the fluoroberyllate complex (Figure 3, blue
curve).

The behavior of two further PKs for which metal fluoride
TSA complexes have been reported can now be rationalized.
A crystal structure of a tbp TSA complex has been analyzed
for CDK2, a serine-threonine PK related to cAPK. It has the
enzyme, a substrate peptide, ADP, and a trigonal metal
trifluoride, assigned as MgF3

� , though AlIII ions were not

Figure 2. Structure of tbp cAPK-ADP-MgF3
�-SP20 and octahedral cAPK-ADP-AlF4

�-SP20
TSA complexes derived from unrestrained refinement of the deposited diffraction data
(protein data base PDB: 1L3R).[10a] a) The AlF3

0 moiety re-assigned as MgF3
� with atom

numbering F1, F2, and F3 in 1L3R correlating to FB, FC, and FA, respectively, in the
19F NMR spectrum of the MgF3

� TSA complex. b) The AlF4
� moiety assigned on the basis

of additional positive density in the active site (in 1L3R). Fluorine atoms are identified by
19F NMR chemical shifts and SIIS data.

Table 2: Solvent-induced isotope shifts (SIIS, ppm) for the 19F signals of
the cAPK-ADP-MgF3

�-SP20 TSA, cAPK-ADP-AlF4
�-SP20 TSA, and cAPK-

ADP-BeF3
�-SP20 GSA complexes.

Complex SIIS[a] FA FB FC FD

cAPK-ADP-MgF3
�-SP20 1.4 0.3 0.2 –

cAPK-ADP-AlF4
�-SP20 0.8 0.6 0.4 0.1

cAPK-ADP-BeF3
�-SP20 0.8 0.2 0.1 –

[a] SIIS = d19F(H2O buffer)�d19F(D2O buffer).

Figure 3. Charge balance calculation for PO3
� transfer: cAPK with AlF3

0

(red), CDK2 with MgF3
� (green), cAPK with MgF3

� (black), and cAPK
with BeF3

� (blue). The charge is summed over all atoms within
a sphere of increasing radius r, the center of which is the transferring
g-phosphorus or its magnesium or aluminum surrogate (see the
Experimental Methods in the Supporting Information).[2a,h]
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rigorously excluded in the formation of the complex,[10b,15]

thus a potential AlF3
0 could not be ruled out. The net charge

curve for this complex oscillates around the zero axis and
satisfies the CBH (Figure 3, green curve). MEK6 is a PK[2i,16]

having a preference for phosphorylation of tyrosine over
threonine residues. It forms an AlF4

� TSA solution complex
with ADP and its substrate protein (p38a), shown by
19F NMR spectroscopy, but formation of the equivalent
MgF3

� TSA complex was not observed.[2i] This result means
that current TS analysis of these PKs is now unified and the
behavior of these classes of enzymes using two catalytic
magnesium ions is clearly linked by charge balance to that of
the family of single-magnesium phosphoryl transfer enzymes.

A striking novel feature of metal-fluoride TSA complexes
for cAPK is the co-existence of AlF4

� and MgF3
� complexes

in solution, even when the AlIII concentration exceeds that of
cAPK. This is not observed for phosphoryl transfer enzymes
such as bPGM, PGK, PSP, or MEK6. Indeed, in the case of
bPGM, the MgF3

� TSA complex is far less stable than the
AlF4

� complex even when AlIII is stoichiometric with protein
and MgII is in 500-fold molar excess.[2d] Only AlF4

� complexes
have been observed for MEK6/p38a even with MgII in a 50-
fold excess over AlIII.[2i] By contrast, cAPK (600 mm), MgII

(20 mm), and AlIII (1.8 mm) gives an equal population of
MgF3

� and AlF4
� TSA solution complexes at pH 7.5, showing

an apparent binding constant for the MgF3
� complex only

some 10-fold weaker than for the AlF4
� equivalent (Fig-

ure 1b). It is essential to note that MgF3
� has a low availability

in solution and thus the intrinsic binding of these enzymes for
MgF3

� must be strong.[2c]

cAPK is thus unique in showing substantially elevated
natural affinity for MgF3

� relative to AlF4
� . This must derive

from a proportionately greater priority for the geometry (tbp
versus octahedral) relative to anionic charge for cAPK than is
shown by other phosphoryl transfer enzymes. In part, this can
be attributed to hydrogen-bonding network changes
(Figure 2). In the tbp complex, FA forms regular hydrogen
bonds with amides Ser53 in cAPK and Ser17 in SP20, while in
the octahedral complex, FA is only weakly directed at Ser53
and coordination to Ser17 is lost. In MEK6, its dual specificity
role must accommodate either tyrosine or serine with
comparable facility in TS complexes,[2i] so the equivalent
organization of hydrogen bonds involving the substrate
backbone may play a lesser role.

Notwithstanding this significant shift in prioritization of
charge relative to geometry, cAPK fully adheres to the
general pattern of magnesium-catalyzed kinases in obeying
the CBH for an in-line transition state for transfer of the g-
phosphoryl group of ATP. The co-existence of an octahedral
tetrafluoroaluminate and a tbp trifluoromagnesate transition-
state-analog complex for cAPK in solution and in the solid
state provides a quantitative foundation for computational
analysis of the electrostatic and ligand components of
transition-state stabilization in this key protein kinase.
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