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INTRODUCTION 

Thecatalyticsubunitofadenosine3’5’,-monophosphatedepen&ntproteinkina(ATP:proteinphosphotransferase, 
EC 2.7.1.37) phosphorylates a variety of different proteins in viva, in response to elevations in the levels of CAMP. thus 
modulating their activity. Thii enzyme is most frequently assayed using peptides in place of the protein substrate. Of 
thepeptidesubstratesused,Leu-Arg-Arg-Ala-Ser-Leu-Gly(SP)isthemosteffective*. Anumberofinhibitorshavebeen 
analyzed based on the above sequence, but few have been developed that mimic the phosphorylated form of the peptide. 
Recently, Qamar et al.3 have substituted Arg, Glu or a-aminobutyrate for Ser in the above sequence, and although these 
compete with the phosphopeptick (PSP), they do not have high affinity with Ki values in dam mM range. Thus, a 
nonhydrolyzable phosphonopeptide [Leu-Arg-Arg-Ala-(2-amino4phosphonobutyrate)-L.eu-Gly] was synthesized 
using commercially available DL2-amino4phosphonobutyr-k acid as astarting material. Before solid phase synthesis 
of the peptide could be attempted using this amino acid, the amino and phosphono moieties were protected using groups 
that can be selectively removed at the end of the synthesis but remain intact during the synthesis. This procedure for 
synthesizing the phosphonopeptide yields a convenient tool that can be used to prepare a variety of d&rent 
phosphonopeptides as potential inhibitors of protein kinases. The resolved diastereomeric pair of phosphonopeptides 
synthesized has been tested as inhibitors of the catalytic subunit. 

MATERIALS AND METHODS 

Chemicals. a-D-Glucose, G6PDH. HK and benzatriazolyl-N-oxy-his (dimethylamino) phosphoniumhexatluoro 
phosphate (BOP) were obtained from Sigma. DL2-Amino4phosphonobutyric acid was purchased from Sigma or 
prepared from a literature procedure4. CDCl3, D20, acetone-d, DMSad, 1-hydroxybenzoltriazine (HOBt), N- 
methylmorpholine(NMM),piperidine(PID),trime~ylsilyliodi~~S~,eimethylsilylbromi~~SBr),carbobenzaxy 
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chloride (CBo-Cl), and 9-fluorenylmethyl chloride (Fmoc-Cl) were from Aldrich. All Fmoc-amino acids, Fmoc-amino 
acid pentafluorophenyl esters and Fmoc-L-leucine-KA resin were from MilliGen. Dimethylformamide (DMF) was 
from J. T. Baker. 

SynthesbofDL2-N-carboberuogwmino-4-phosphonobutyricacid(la). Asuspensionof 183 mg(1 mmo1)ofDL 
2-amino4phosphonobutytic acid in 10 ml of water was titrated dropwise with saturated sodium carbonate to pH 9.5. 
The solution, stirred vigorously by sonic oscillation at O-5 Oc, was treated with carbobenxoxy chloride, 255 mg (1.5 
mmol). over a period of 5 10 min. Stirring by sonic oscillation at O-5 Oc was continued for 1 hr. and a pH of 9.@ 9.5 was 
maintained by additions of saturated sodium carbonate. The reaction mixture was then stined an additional 6 hr at 25oC. 
Following ether extraction, the aqueous phase was tmated with 10 mL H20, 5 mL cont. HCl and 15 g of crushed ice, 
and then extracted with ethyl acetate. After drying over magnesium sulfate, the solvent was evaporated. The resulting 
oil was recrystallized from ethyl acetate/hexane to yield 237 mg (75%) of white crystals which gave a single spot (Rt 
= 0.52) on silica gel thin layer chromatography (TX). The solvent used was ethanolacetic acid (1:l). IR: 1735.1740 
(C=G), 1250 0). ‘H-NMR (acetone-de): 1.75 - 2.15 (4H, m. -CpH2QH2-). 4.35 (lH, m, CaH), 5.05 (2H, s, 
PhC&), 5.75 (lH, d, NH), 7.25 (5H, s. Ph-), 9.70 (3H, s, CGOH and P(Otl)z). 

Synthesis of DL2-N-carbobenwxyamino4-phosphonobu~ric acid triethyl ester (2a). Employing the general 
procedure of Schroder and Lubkes, triethylorthofonnate treatment of 316 mg of la yielded 320 mg (80%) of 2a; the 
product was a colorless oil and gave a single spot (Rf = 0.52) on silica gel TLC in ethyl acetatehexane (1:3). IR: 1730, 
1738 (C=G). 12500). *H-NMR (CDCl3): 1.15 (9H, m, GC&CH~ for both esters), 1.70 - 2.20 (4H, m, 
C~~CyHZ-),4.05(6H,m,OCfI~CH~forbothesters),4.40(1H,m,CaH),5.08(2H,s,PhC~~-).5.80(1H,d,NH), 
7.40 (5H, s, Ph-). 

Synthesis of DL2-amino4diethylphosphonobutyric acid (4a). Selective saponification of the carboxyl ethyl ester 
wasaccomplished bytheslowadditionofanequimolaramountofNaOH (1N) toanethanolicsolutionof2aatOoC. After 
1 hr at room temperature, the ethanol was removed at reduced pressure, the remaining aqueous phase was acidified with 
6N HCl at OcC and extracted 3 times with ethyl acetate. After evaporation of the dried solvent over magnesium sulfate, 
a crystahine product (3a) was obtained which weighed 320 mg and was not purified further. 

To 373 mg (1 mmol) of 3a in 10 mL of methanol, 1 mL of water, and 4 drops of acetic acid, was added 180 mg 
of lO%Pd/Cpowder. ThemixturewasthenstinedunderH~gasfor4 hatroom temperature. Aftertihrationandtemoval 
of solvent at reduced pressure, a viscous oil product, 4a (200 mg, 63% overall yield), was obtained. Paper 
chromatogmphy (butanol: acetic acid: water, 2: 1: 1) gave a single spot, Rt - - 0.62. that was UV negative and ninhydrin 
positive. IR: 1730 (C=G), 1270 (p-0). tH-NMR (CDCl$: 1.21(6H.m. P(GCH&H&), 1.65 - 2.20 (4H, m, 
CpH2QH~-), 4.04 (4H, m, P(GC&CH~)2). 4.35 (1H. m, CcrH), 5.08 (2H, s, -NH$, 9.25 (IH, br s., CGGH). 

Synthesis of DL-2-N_(9-~~renylmerhoxycarbonyl)-4-~ethylphospho~bu~~c acid (Sa). The N-Fmoc derivative 
of 4a was synthesized by established procedures 6. From 239 mg of 4a was obtained, after recrystallixation, 300 mg 
of pure crystalline 5a (60%). M.p. 141- 142’. JR: 1735,177O (C=G), 1274 (P=O). ‘H-NMR (CDCl$: 1.30 (6H. 

m, WCH$H&, 1.60 - 2.45 (4H, m, -C~H$.?&-), 3.90 - 4.55 (8H, m, P(GCH2CH3)2 overlapped with C&-I 
and XH-C& of Fmoc group), 5.78 (lH, d, NH), 6.68 (lH, br s, CGGH), 7.20 - 7.82 (8H, m, Ar of Fmoc group). 

SynthesisofL-Leu-L-Arg-L-Arg-L-Ala-DL-(2-amino-4-diethylphosphonobu~yricacid)-LLeu- 
L-Gly. Fmoc-Gly-KA resin, 1.0 g, was packaged into the reaction vessel and washed according to the manufacturer’s 
directions. Successive peptide bond formations, initially to the glycine residue bound to the resin, were accomplished 
byuseofFmoc-aminoacidpentafluorophenylestersand/orbyinsituactivationusingBop/HOBtandFmoc-aminoacids. 
The latter method generally gave the better yields and is herein described. A 1.0 g (0.09 mmol) quantity of Fmoc-L 
glycine-RA resin was washed, deblocked, and packaged into the reaction vessel according to the instrument 
manufacturer’s instructions. The appropriate Fmoc-amino acid for each cycle.O.36 mmol, was mixed with 159mg (0.’ 
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mmol) of Bop and 49 mg (0.36 mmol) of HOBt. This mixture was then dissolved in a solution of 0.2 M NMM in DMF. 
After 5 min the solution was injected into the reaction vessel, and after the appropriate reaction time for coupling. the 
manufacturer’s deblocking and washing pmcedutes were followed, which pmpared the resin-bound peptide for the 
subsequent coupling pmcess. 

Cleavage of the resin-bound heptapeptide was accomplished as follows. The resin was maintained in 10 mL of 
a solution of 5% phenol in TFA for 2 h. The suspension was then filtered and the resin was washed extensively with 
a solution of 5% phenol in TFA and then with TFA. The filtrate solution was evaporated in WCZJO giving a brown oil. 
The oil was treated with ether, and the precipitated solid was removed by centtifugation. ‘lhe solid was washed with 
ether and dried in a flow of argon gas. The peptide weighed 61 mg, and was analyzed by HPLC using a C-18 reverse 
phase column. The peptides were eluted by 0.1% TPA in Hz0 and 0.1% TFA in acetonitrile employing a linear gradient. 

Two peaks (peak A and peak B) of approximately equal area and retention time were obtained, Fig. 1. 

Time 
Fig. 1. HPLC separation of the diasteteometic diethylphosphonopeptide mixture according to chromatographic 

conditions given in the Methods section. ‘Ibe peptides were identified as A and B based on their elution position. 

Separation of the rliethylphosphonopeptide diastereokomers. The diastcmoisomers separated by HPLC as 
described above werecollected, dried, hydrolyzed and analyvxl for amino acid composition. The resultant data foreach 
product were consistent with the anticipated amino acid compositions. 31P NMR analyses were conducted on the 
peptide mixture. Peptide A gives a 8 of 34.2 ppm, while peptide B has a 8 of 34.5 ppm using HOD as the locking signal. 
The resonances cotmsponding to each of the individual peptides was determined fmm the isolated peptide. 
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A 

Removal of the protective ethyl ester groups from the phosphonopeptiaks. The ester protecting gtoups were 
successfullymmovedbyuseof42%HBringlacialaceticacid(AcOI-I). lhetimem@redforcompletediiterhydrolysis 
was determined in trial runs by following the disappearance of ‘H NMR peaks associated with the heptapeptide diethyl 
substituents. Diethylpeptides A and B (20 mg of each) were dissolved in 0.5 mL HEWacetic acid and maintained at 25 
Oc with stirring for 20 h. After solvent removal in vacua, two mLof benzene was added, tbe mixture was stined rapidly, 
and the benzene was removed in vucrw. The latter process was repeated several times. ‘Ihe final depmtected 
phosphonopeptides wem then pmified on HPLC using a TSK SP-5PW cation exchange column (7.5 x 57 mm) with 
isocratic elution (1 mL/min) using 5% acetonitrile in 1OmM triethylamine formate, pH 2.8. ‘Ihe effluent was monitomd 
at 210 nm. Diethylphosphonopeptides treated as described above gave one major peak in the chromatogram. Peak 
fractions were combined after removing the solvent in vucuo and yielded 15 mg of each of the &protected 
phosphonopeptides termed A and B. The resulting phosphonopeptides, showing no ethyl peaks in the lH NMR spectra, 
were analyzed by 3lP NMR, a single peak was observed for each deprotected phosphonopeptide. 

E3 

I,~,““,““,““,““l”“~““I~‘~‘(TTTTF~I~~~~~~~~~I~~~~~~~~~l~~~”””l”’~ 
8 7 6 5 4 3 2 1 PFM 

Fig. 2. lH NMR spectm of the isolated phosphonopeptides (A and B). ‘Ihe resonance centered at 3.44 ppm in the A 
spectrum is from a small amount of water in the sample. In tbe B spectrum, tbe resonance is shifted to 4.96 ppm 

because of tbe presence of trifluoroacetic acid. In both spectra, the resonance at 2.5 ppm reflects DMSO-d5. 
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NMRspectroscopy. For the ‘H NMR, Pig. 2, and spectra of the various phosphonoamino acid derivatives, a Vatian 
Gemini-200 Spectrometer operating at 200MI-l~ was employed; samples were dissolved in chloroform-d, or acetone- 
de. Chemical shifts are expressed in ppm downfield from a tetmmethylsilane internal standard. The 1H NMR spectral 
parameters were as follows: sweep width, 3.000.3 Hz; data points, 11,968 zero-filled to 16 K; acquisition time, 1.994 
s; acquisition delay, 0 s. For the 31P NMR spectra, a Varian VXR-300 Spectrometer operating at 12 1.4 MHz was used. 
Samples were dissolved in deuterium oxide, and 85% H3PQ4 was the external standard. The 31P NMR spectral 
parameters were as follows: sweep width, 50,000 Hz; data points, 30,016 zero tilled to 32 K; acquisition time, 0.3 s; 
acquisition delay, 0 s. A Varian XL-300 NMR Spectrometer operating at 299.9 MHz for *H and 75.4 MHz for *3C was 
used tc acquire spectral data for the final phosphonopeptide products. Samples were prepared as dilute solutions in 
DMSO-de. Proton spectra were referenced to the center line of residual DMSQ-dS at 2.49 ppm (S), and 13C spectra were 
referenced to the center line of the CD3 group of DMSO-de at 39.5 ppm (8). Proton NMR spectral parameters were as 
follows: sweep width, 2810.6 Hz; data points, 10,500 zero-filled to 16 K, acquisition time, 1.87 s; acquisition delay, 2 
s; acquisitions, 32. Carbon NMR spectral parameters were as follows: sweep width, 17,094 Hz; data points, 32 K, 
acquisition time, 0.96 s; acquisition delay, 2 s; acquisitions, 18,000 in double precision mode. 

Carbon spectral lines. The l3C NMR spectrum of heptapeptide A exhibited the following resonances: 8 172.1, 
172.0,170.9,170.8,170.7,170.2,168.8,156.8,61.1,61.0,52.5,52.2, 52.1,50.7.50.6,48.0,29.1,29.0.25.1,25.0,24.9, 
24.8, 24.0, 23.4,22.9, 22.5, 21.8,21.5, 19.9, 17.8. 16.2, and 16.1 ppm. The 13C NMR spectrum of heptapeptide B 
exhibitedthefollowingabsorptions: 8 172.4.172.2,171.1,170.8,170.3,168.9,156.9,156.8,61.2, 61.1,52.4.52.3,52.1, 
50.7,50.6,48.3,29.3,29.0,25.9,25.0,24.2,23.5,23.2,22.6,21.9, 21.1,20.1, 18.5, 16.3, and 16.2 ppm. 

Enzymeassayandinhibitionstudies. InitialvelccitiesmeasumdforthecatalyticsubunitofcAMP-dependentprotein 
kinase made use of the assay described by Qamar et a1.q ‘Ihe production of MgATP is coupled to the hexokinase and 
glucose-&phosphate dehydrogenase reactions and the appearance of NADPH at 340 nm is continuously monitored. A 
background rate was obtained in the absence of the catalytic subunit and was subtracted from the rate obtained upon the 
addition of the catalytic subunit to obtain the corrected initial velocity. All data were collected using a Gilford 260 
spectrophotometer connected to a strip chart recorder. The inhibition constants for both the phosphonopeptides, A and 
B,weteobtainedfromDixonplotsofinitialvelocityvs. inhibitior’in whichMgADPwasmaintainedsaturatingandPSP 
was maintained equal to its K, 

RESULTS AND DISCUSSION 

Ihe2-aminodphosphonobutytic acid(phosphonoaminoacid), which wasused tosynthesizethe phosphonopeptides 
is an isosteric phosphonic acid analog of phosphosetine, contained in the PSP product of the reaction of the catalytic 
subunit_ Thecarbon-phosphorusbondofthephosphonopeptideisincapableofbeinghydmlyzedbythecatalyticsubunit, 
thus yielding a dead-end inhibitor of the enzyme. 

It was decided at the outset that commercially available, racemic 4-phosphono-2-aminobutytic acid, appropriately 
protected, would be employed in the synthesis of the heptapeptide inhibitor. The reasoning was that the separation of 
the two diasteriomeric forms of the final heptapeptide could be effected without difficulty. The latter proved to be the 
case. However, the assignment of the D and L forms for the substituent phosphonoamino acid residue proved to be 
diflicult Therefore. the assignment was made on the basis of the assumption that the all Lfonn of the heptapeptide 
should exhibit the higher inhibitory activity towards the catalytic subunit of CAMP-dependent protein kinase. 

Several synthetic schemes were attempted for protection of the amino and phosphonate groups of the phosphono- 
amino acid. The method described in this paper proved to be the best of those attempted (Pig. 3). 
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Fig. 3. Scheme for the synthesis of protected DL2-amino-4-phosphonobutyric acid. 

The N-carbobenzoxy derivative of the phosphonoamino acid (la) was prepared as a first step in order to increase the 
solubiity of the starting material such that the triethylation reaction would occur. Several attempts to synthesize the 
triester (2a) from the underivatized phosphonoamino acid were unsuccessful, due to the very limited solubiity of the 
compound in triethylorthoformate. The N-Fmoc protecting group was not synthesized initially, since subsequent 

reactions requited the hydrolysis of theethyl ester of the carboxyl group of compound 2a under alkaline conditions; the 
lability of the N-Fmoc group to such conditions would have negated its initial usage. Saponification of the labile ethyl 

ester of the carboxyl group pmceeded smoothly in 1 N NaOH to yield 3a. After hydmgenolytic removal of the 
carbobenzoxy group from 3a, the resulting product was treated with Fmoc-Cl to give the appropriately protected product, 

5a, which was used in the synthesis of the heptapeptide. 
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Selective removal of the ethyl ester protecting gmups from the phosphonoamino acid residue of the heptapeptide 

proved somewhat difficult. in addition to acidolysis with I-IB~/AcOH*-~~, trimethykilyl iodide deblockingll, and 

phosphodiesterase hydrolysis12 were studied. Trimethylsilyl iodide caused peptide bond cleavage after only 15 min in 
the presence of the diethylated peptide. Phosphodiestemse gave only slight hydrolysis after long incubation periods. 
Successful removal of the ethyl groups with virtually no detectable peptide bond hydrolysis (HPLC analysis), was 
achieved by 20 h exposure to 42% I-IRr in glacial acetic acid. Shorter exposures (e.g., 16 h) gave significant quantities 
of the monoethylphosphonate product, while longer exposures (e.g., >22 h) produced some peptide bond hydrolysis. 

NMR chamcterkation ofprotectedheptapeptides A und B. Although it was not possible to fully analyze and assign 

NMRmsonanccs,each heptapeptideexhibited spectralcharacteristics consistent with structures dictated by thesynthetic 

methodology (Fig. 2). Isomer A (Fig. 2A) showed high field proton NMR absorptions for 39 hydrogens in the region 
of 0.75 - 1.85 ppm. These included a 1Zproton multiplet centered at 0.85 ppm for four methyl groups on the two Leu 

units, a 9-proton absorption centered at 1.20 ppm for the two methyl groups of the ester and the methyl group of the Ala 
unit, and a complex 18-pmton absorption between 1.4 and 1.8 ppm containing overlapping methylene and methine 

protons from two Leu units (6H, p and 7). two Arg units (8H, p and $, and the phosphonobutyrate unit (4H, p and 7). 

The high field proton region of isomer B was virtually identical (Pig. 2B). With the exception of the ester methyl group 
absorption, these portions of both spectra in Fig. 2 ate strikingly similar to the published 1H NMR spectrum of SP.13 

Thecentral region of the proton NMR spectrum from 3.0 to 4.4 ppm for isomer A contained all eight a-hydmgens 

(3H, 3.60 - 3.85 ppm and 5H, 4.15 - 4.40 ppm). a 4-proton multiplet centered at 3.95 ppm for two methylene gmups of 
the ester, and a bmad triplet at 3.08 ppm for four protons for the two 6CH2 groups of the Arg units. The corresponding 

hydmgens in the pmton spectrum of isomer B appeared as similar but slightly better resolved absorptions in the region 
of 2.95 to 4.45 ppm. In both spectra, the five a-hydmgens of the internal residues were unresolved in the region 4.15- 
4.50 ppm. At higher field (3.60-3.85 ppm), the a-proton resonances of the two terminal residues appeared in excellent 
agreement with previous NMR studies of SP13 and related peptides.t4 

All N-H absorptions occurred between 6.8 and 8.8 ppm in both isomers. The bmad signals (6.8-7.6 ppm) are from 

theC(&)-[N(2)H2]20ftheArgmoieties. Onlythreeotherpeaks,allttiplets,couldbeassigneddetinitively: Gly-NH(8.33 
ppminisomerA;8.38ppmini~merB),andArg-C(G)NH(7.70and7.81 ppmforisomerA,7.65and7.75ppmforisomer 

B). 
The l3C spectra for these isomers which were complicated by overlaps and couplings of carbon with phosphorus, 

provided salient diagnostic absorptions in each case. As expected, the 13C NMR spectrum of isomer A contained seven 

carbonylcarbonlines at 172.1,172.0,170.9,170.8,170.7.170.2, and 168.8 ppm. The two guanidinocarbons of the Arg 

units overlapped at 156.8 ppm. For isomer B, the carbonyl absorptions occurred at 172.4, 172.2, 171.1, 170.8 (2 

carbons), 170.3, and 168.9 ppm while the two guanidino carbons of the Arg units appeared at 156.9 and 156.8 ppm. 
Attempts to characterize further these two heptapeptides using 2diiensional NMR techniques were not successful 

due tc liiitcd sample size (the 1-D C-13 spectrum required 18,000 acquisitions), signal overlaps, and other 

complications. It is of interest to note, however, that the phase-sensitive NOESY spectra of the two isomers were virtually 
identical, indicating that the solution structures of the two compounds are liiely very similar. 

Inhibition studies. The concentrations of the peptides were obtained by chromatographing both peptides on a C-18 

reverse phase column against a standard of a known concentration of SP, and comparing the peak areas of the unknown 
phosphonopeptide to that of a known SP concentration. 

The inhibition constants for both phosphonopeptides A and B, competitive vs. phospho-SP. were obtained from 

Dixon plots obtained using the enzyme assay for the catalytic subunit described above, and corrected for the presence 
of the two substrates as described above. Peptide A has B Ki of nhout 9 uM, while peptide B has a Ki of about 90 pM. 
Peptide A is about lo-fold better ;ts an inhihitor of the catalytic suhunit of CAMP-dependent protein kinase as compared 

topeptideB andislikelytheLdia.stercomer. Peptide Aisalsoagoodinhihitorwhencompared tootherdead-endanalogs. 
The substmte PSP has a K, of 2 mM. When the setine of SP is replaced hy a-aminohutyrate, Gluand Asp, the Kt values 
of 1.3.2, and 3 mM are obtained. Thus, the pmscnce of the diionic phosphate is important for optimum binding. In 
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addition. the difference in C-C-P and C-GP bond angles likely also contributes to the mom effective binding of the 
phosphonopeptide. 
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