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ABSTRACT: The first preparation of the individual 3,y-CHF-
ATP stereoisomers 12a and 12b is reported. Configurationally
differing solely by the orientation of the C—F fluorine, 12a and
12b have discrete *'P (202 MHz, pH 10.9, Ay, 6 Hz, Abp; 4
Hz) and "F NMR (470 MHz, pH 9.8, Ay 25 Hz) spectral
signatures and exhibit a 6-fold difference in ICy, values for c-
Src kinase, attributed to a unique interaction of the (S)-
fluorine of bound 12b with R388 in the active site.

TP is ubiquitous in biological systems where it plays a
central role in energy storage, transduction, and
utilization. Modification of the triphosphate moiety by
replacing the oxygen between the - and y-phosphate with a
methylene (CH,)' creates nonhydrolyzable inhibitors for
enzymes that cleave the y-phosphate, such as ATPases and
protein kinases.”* It was proposed many years ago that a-
fluorination of the bridging methylene affords pCHFp
analogues (CXY, X, Y = HF) that are more isoacidic with
ATP than the corresponding pCH,p analogues.* ® Besides
adjusting the electronegativity of the bridging carbon to more
closely resemble that of the bridging oxygen atom with minimal
steric perturbation, the general absence of the fluorine atom
from natural biological systems allows it to function as a
bioorthogonal and readily detectable probe for *F NMR
studies. At the same time, replacement of the pOp oxygen by
CHF introduces a new chiral center into the nucleotide,
resulting in two diastereomeric forms of B,y-CHF-ATP that
offer the potential advantage of comparing biochemical
properties of two enzyme inhibitors essentially identical in
structure except with respect to the orientation of the C—F
fluorine within a protein binding site. By switching a defined
fluorine orientation in an otherwise similarly bound ATP
analogue, a unique platform for investigating weak F bonding
interactions’ "' with proteins is thus made available.
Beginning in the late 1990s, reports began to appear'”
suggesting that the CHF stereochemistry of a-fluorinated

monophosphonates can affect their binding to enzyme;,wa_nlcé

—15

interest in this phenomenon has continued to grow.
However, the preparation of the individual diastereomers of
Byy-CHE-ATP itself has remained an unmet challenge,
preventing this unique set of enzyme probes from realizing
their original potential. Standard approaches to the synthesis of
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Byy-CXY ATPs such as conjugation of the appropriate
methylenebis(phosphonic acid) salt with a 5’-activated
AMP" (Figure 1) result in a mixture of both diastereomers
when X # Y.
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Figure 1. Standard synthesis of f,y-CXY-ATPs.

By-CXY and a,-CXY desoxyNTP analogues have recently
demonstrated their utility as probes of the §r0und and
transition states of DNA polymerase f (pol ). >* As part
of these studies, the individual synthesis of all four 3,y-CHF and
PB,y-CHCI dGTP diastereomers was achieved, with the absolute
configurations assigned by X-ray crystallography of their ternary
complex with DNA and pol 3.*> These analogues were found to
exhibit significantly different Ky and k, values with the
enzyme, modulated only by the fosition of the halogen atom
substituent at the CXY carbon.”* Furthermore, the °’F NMR
spectra of these CHF diastereomers were found to be
resolvable and useful to monitor their stereoselective turnover
catalyzed by the enzyme.”®** Early work on synthetic f,y-CHF-
ATP mixtures®® and a recent paper on f,y-CHF-UTPs'®
reported inability to distinguish the ribosylnucleotide CHE-
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stereoisomers by 'F NMR, although the former observation
was not confirmed when the fluorinated ATP derivative was
prepared by an alternate method.””

These results prompted us to attempt the long-awaited
synthesis of the individual f,y-CHF-ATPs. Our strategy was
based on the key chiral bisphosphonate synthons 9a and 9b
(separable by preparative HPLC) prepared in eight steps from
tetraisopropyl methylenebis(phosphonate) 1;*° however, the
synthesis of 9a and 9b was modified at several steps, improving
the yield significantly (Scheme 1). In the first modification,

Scheme 1. Modified Synthesis of (S)-Mandelic Acid
Morpholinamide (R)/(S)-Monoesters 9a and 9b
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monodemethzlation of 4 (previously prepared with NaI**) with
triethylamine®®*’ under reflux raised the isolated yield of § to
90% with a substantial reduction in reaction time to 10—20
min.

Compound $§ was then transformed into the stereoisomer
ester mixture 6a/6b, purified on a silica gel column replacing
the original preparative TLC procedure for convenient
scalability.® In the second important modification, after
conversion of 6a/6b to the acids 8a/8b,> the latter were
derivatized to the chiral dimorpholidates 9a/9b using a
nonaqueous solvent system, shortening the reaction time
from several hours to <1 h after addition of DCC and also
modestly increasing the yield from 87% to 96%, additionally
aided by a more performant reversed-phase HPLC column.

Prior to separation and purification of the individual isomers,
reaction mixture 9a/9b taken up in D,O showed discrete, but
overlapping, multiplets in the '°F (470 or 564 MHz, pH 8.8—
9.3, Figures S7C,D and S11, Supporting Information) and 3lp
NMR spectra (202 MHz, pH 8.8—8.9, Figures S9 and S13,
Supporting Information). Interestingly, the same sample
dissolved in CD;OD gave a clean separation between the
isomer multiplets in ""F NMR (470 or 564 MHz, Figures
S7AB and S10, Supporting Information), but the relative
position of the two resonances was inverted, which was
confirmed at higher spectrometer frequency (564 MHz) and by
spiking with 9a (Figure S10—11, Supporting Information).

The separated individual isomers in acid form (10a, 10b)*
were coupled conventionally with AMP-morpholidate'® (AMP
5’-M, 14) and then treated to remove the protecting groups as
described previously” (Scheme 2). Gratifyingly, coupling of 14
to the individual synthons did not require additional protection
of the 2/,3'-hydroxyl groups of the ribose sugar. The (R)/(S)-
CHEF chirality of the separated and purified dimorpholidated
chiral synthons (9a and 9b) was assigned by HPLC and NMR
analysis in comparison with the literature values.”> 3'P NMR
spectral splitting patterns in D,O (Figures S20 and $24,
Supporting Information), where 9a exhibits second order
splitting, additionally distinguish the two isomers. (The original
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Scheme 2. Synthesis of 12a and 12b from 9a and 9b,
Respectively
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assignments of the absolute configurations of 9a and 9b were
established retrosynthetically from the X-ray structure of (R)-
B,y-CHF-dGTP complexed to DNA pol.*®)

Byy-Methylene (CH,)-, mixed f,y-CHF-, and f,y-difluoro-
methylene (CF,)-ATPs were synthesized by conjugating 14
with the appropriate bisphosphonate (Figure 1).%" A discrete
'F and *'P NMR spectrum for each diastereomer 12a/12b in a
synthetic mixture (12) was observed (Figures S44 and $4S,
Supporting Information), contrary to early observations®® but
consistent with prior observations for f,y-CHF-dGTP****?
and -UTP analogues.’® The discrepancy may be attributed to
the crucial role of the sample pH”' (>10) and, possibly, the
nature of the countercation (e.g, NH," gives broadened line
widths).>>** A 3:1 mixture of the separated diastereomers was
made, and its '’F and 3'P NMR spectra were measured to
confirm (Figures SSS and S56, Supporting Information) that
12a (the (S)-CHF-isomer) resonates more downfield in the °F
NMR and has P, and P more downfield and upfield,
respectively, in the 3P NMR> To further validate the
assignment of each pairwise resonance” to a specific
diastereomer, the 'F NMR spectra were simulated® and
compared to that of the experimental mixture of isomers
(Figure S57, Supporting Information).””** The ability to
discern each diastereomer by '"F and *'P NMR provides a
convenient method for determinin§ selective substrate
consumption by a selective enzyme.'®?

In search of an enzyme interaction that might be stereo-
specific for 12a vs 12b, we examined a protein kinase. Protein
kinases catalyze the transfer of a phosphoryl group from ATP
to substrate proteins. As a major mode of post-translational
modification, the phosphorylation event catalyzed by protein
kinases regulates fundamental cellular processes such as cell
proliferation, differentiation and motility. Aberrant expression
or activation of these enzymes can often lead to a variety of
human diseases.’*>* For example, overexpression of Src
tyrosine kinases is frequently found in cancerous tu-
mors.”>***~*! Understanding the catalytic mechanism of Src
and its role in oncogenesis is critical for design of therapeutic

agents to target the diseases associated with its disregula-
2 3,37-40
tion.™
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We tested the f,y-CXY-ATP analogues 12, 15, and 16,
(Figure 1) as inhibitors against the kinase domain of Src (c-Src,
E.C. 2.7.10.2) and determined their ICy, values using the
radioactive disk assay.*” The data from the inhibition assays
show that fluorination at the f,y-position increases inhibitor
potency (Table 1). 8,y-CH,-ATP (15) was already shown to be

Table 1. Effect of Fluorination of ff,y-CH,-ATP on Inhibition
of c-Src Kinase

X, Y=H, 1S X,Y=HF12 X Y=F 16
ICy (uM) (uM) (uM)
mean + SE (n)? 145 + 25 (3) 47 £ 7 (6) 46 +7 (3)

“SE = standard error; n = number of replicates; variance test revealed
no significant deviation prior to running an ANOVA. Differences
(ANOVA, F (2, 6) = 12, p = 0.008 < 0.05) are statistically significant.

a competitive inhibitor of c-Src kinase with respect to ATP and
a noncompetitive inhibitor versus the peptide substrate.” The
K., for ATP and c-Src kinase is reported at around 80 uM.*
The Src kinase inhibition assay ICg, data (Table 2) indicate a
6-fold selectivity for the (S)-CHF-ATP diastereomer 12a. The

Table 2. Inhibition of c-Src Kinase by f,y-CHF-ATP
Diastereomers

X, Y=H,F12a X, Y=F H12b mixture (~1:1) 12

ICyo (M) (M) (uM)
mEaglui SE 23 + 4 (6) 150 + 8 (S) 47 + 7 (6)

“SE = standard error; n = number of replicates; variance test revealed
no significant deviation prior to ANOVA. Differences (ANOVA, F (2,
12) = 10S, p < 0.001) are statistically significant.

relative potency of 16 appears to exclude a steric origin for the
selectivity exhibited by the enzyme. We hypothesize that the
specific orientation of the CHF-fluorine in 12a makes possible a
specific dipolar interaction, adding additional stabilization
energy to the complex, which is reflected in the IC;, difference.
To examine this possibility, in silico molecular docking
simulations using AutoDock Vina 1.1.2** were performed to
explore potential protein—ligand interactions (Figure 2).
Although our kinase assays were performed using chicken Src
kinase, we chose a published X-ray crystal structure of human
Src (2SRC) for molecular docking calculations due to the
higher resolution available (1.8 A vs 2.3 A for chicken Src

Figure 2. Superimposition for (A) 16 and (B) 12a and 12b docked
into the active site of human Src kinase using AutoDock Vina 1.1.2 and
X-ray crystallographic data for the apoprotein (2SRC) including Mg
(shown as green sphere). The (S)-fluorine in both compounds is
oriented toward Arg388. The (R)-fluorine is oriented toward the
pocket entrance, with no protein atoms closer than 3.8 A. The figures
were generated using Accelerys Discovery Studio.®
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roteins share 99%
%) and are identical

(3DQX)). The human and chicken Src
sequence identity (using BLASTP 2.2.30+
within the active site.*’

The calculations suggested interactions of both the (S)-
fluorine of 16 and the y-phosphate with the active site Arg388
(the latter observation is consistent with the crystal structure of
c-Src kinase*’): the (S)-fluorine atom of 16 is located 3.0 A
from a guanidinium N of Arg388 (Figure 2A). Additionally,
Lys295 stabilizes two phosphates, and Asp404 interacts with a
structural water and Mg**. In contrast, interactions of the (R)-
fluorine with residues in the active site were not identified: the
nearest group was the amido NH of Cys277 at 3.6 A, too
distant from the (R)-fluorine to have a significant interaction
(Figure 2A). The (R)-fluorine was found to be 3.8 A from the
carbonyl carbon of Gly276 and 4.6 A from the nearer N of
Arg388.

Fluorine atoms proximal to Arg side chain nitrogens have
been frequently documented in the literature,"*** and it has
been proposed that the guanidinium moiety of Arg is
fluorophilic.*”~>' We previously observed an apparent inter-
action of the CHF-fluorine of f,y-CHF-dGTP with Argl83
(PDB entry 4DO9) in the nucleotide-binding site of pol
¥ The 1Cy, ratio of 6:1 observed for 12b vs 12a
corresponds to a bonding interaction on the order of 1.1 kcal/
mol, which is consistent with literature values for weak
noncovalent fluorine bonds.*”*>

In summary, for the first time, the individual diastereomers of
B,y-CHF-ATP have been obtained using an improved method
for preparing the separable (S)-mandelic acid morpholinamide
(R)/(S)-monoesters 9a and 9b as synthons. The two
diastereomers have discrete '°F and *'P NMR spectra in D,0
and CD;OD and show significantly different inhibition
constants for c-Src protein kinase, associated with the presence
or absence of a noncovalent bonding interaction of C—F with
R388 in the active site.
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Detailed information on the synthesis of 4—12 and 14—17
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