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DL-2-Amino-4-phosphonobutyric acid, an isostere of

phosphoserine, was incorporated into the heptapeptide sequence,

Leu-Arg-Arg-Ala-(DL-2-amino-4-phosphonobutyric acid)-Leu-Gly,

for kinetic mechanistic studies of the cAMP-dependent protein

kinase. To block the phosphono hydroxyl groups, methyl, ethyl and 4-

nitrobenzyl esters were studied as possible protecting groups. The

phosphono diethyl ester of the N-Fmoc-protected amino acid was

utilized in the synthesis of the heptapeptide. Two configurational

forms of the protected peptide were obtained and were separated by

C18-reverse phase HPLC. Characterization of the two isomeric

forms was accomplished by 3 1P NMR, 1H NMR, 13C% NMR and amino

acid analysis. The protecting groups of the isomeric

phsophonopeptides were removed by HBr/AcOH and purified by cation

exchange HPLC. Both phosphonopeptides were found to be inhibitors

of the cAMP-dependent protein kinase, having Ki values of 0.6 mM

(peptide A) and 1.9 mM (peptide B).
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CHAPTER I

INTRODUCTION

Many hormones achieve their biological effects in a given target

tissue by regulating the intracellular level of adenosine 3',5'-

monophosphate (cyclic AMP). The major receptor for cAMP in

eukaryotic cells is the regulatory subunit of cAMP-dependent protein

kinase, a multisubunit enzyme that normally exists as an inactive

heterotetramer in the absence of cAMP. The inactive holoenzyme is a

tetramer consisting of two regulatory (R) and two catalytic (C)

subunits 1, 2, 3. Binding of cAMP to the regulatory subunits alters

their affinity for the catalytic subunit by four order of magnitude

and is sufficient to promote dissociation into a dimer of regulatory

subunits and two active monomeric catalytic subunits 4, as shown in

the following equation:

R2 02 + 4 cAMP-=======R 2 cAMP4 + 2C

The dissociated catalytic subunits are fully active as an ATP

phosphotransferase. The kinase catalyzes the transfer of the y-

phosphoryl group of ATP to the hydroxyl functions of Ser ( or Thr )
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residues in appropriate synthetic peptide and protein substrates, as

shown in the following equation:

MgATP + Protein ======== Phosphoprotein + MgADP

From an examination of the reactivity of a number of peptides and

proteins, it appears that the optimal amino acid sequence in the

substrate for phosphorylation catalyzed by cAMP-dependent protein

kinase is -Arg-Arg-X-Ser-Y- 5, 6. The X residues in good substrates

includes Ala 7, Pro 8, and Tyr 9, whereas a typical Y residue is Leu.

Based on the sequence of rat liver pyruvate kinase , which is

phosphorylated by the protein kinase, a peptide substrate, Leu-Arg-

Arg-Ala-Ser-Leu-Gly (Ser-peptide) was developed 7.

Feramisco and Krebs 10 were among the first to demonstrate

that the Kd for Ser-peptide is nearly two orders of magnitude

greater than the Km, leading them to postulate an ordered

mechanism of binding. A preferred ordered pathway also was

predicted by Bolen et al. 11 and is consistent with the early studies

of Pomerantz and colleagues 1 2. A steady state ordered Bi-Bi

catalytic mechanism has been suggested by Whitehouse 13 and co-

workers; they confirmed that the C-subunit followed a preferred

sequential pathway, with MgATP binding first. The binding of MgATP

then provides a higher affinity binding site for the peptide substrate

based on studies of the ATP dependency of the interaction between

the C-subunit and the heat-stable protein kinase inhibitor. In

contrast to the preferred ordered pathway , Cook et al.14 proposed a

steady-state random kinetic mechanism based on initial velocity
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studies carried out in the presence and absence of MgADP and dead-

end inhibitors. They suggested that the mechanism involves random

addition of Ser-peptide and MgATP with an apparent ordered release

of phosphorylated peptide and MgADP, and that this mechanism does

not depend on the concentration of Mg2 + that is uncomplexed to ATP.

It has also been shown that both E:(Mg-r- 3 2 P-ATP) and E:( 3H-N-

acetyl Ser-peptide) are trapped under single turnover conditions,

confirming a steady-state random mechanism1 5 .

Although the mechanism of cAMP-dependent protein kinase is

known in the direction of peptide phosphorylation, the order of

addition of products is based on evidence obtained in the direction of

peptide dephosphorylation. Data obtained in the direction of MgADP

phosphorylation strongly suggest that the kinetic mechanism in this

reaction is rapid equilibrium random. This hypothesis will be

considered for the remaining initial velocity studies in this reaction

direction.

Yoon and Cook 16 have developed the assay for the cAMP-

dependent protein kinase in the direction of phosphorylation of

MgADP. In the direction of MgADP phosphorylation, the substrate

phosphopeptide is made by enzymatic phosphorylation of Ser-

peptide1 5 which is prepared by solid phase peptide synthesis. In

order to study initial velocity, two dead-end analogs of the

phosphopeptide will be used, alapeptide as a simple peptide analog

and Leu-Arg-Arg-Ala-(2-amino-4- phosphonobutyrate)-Leu-Gly, a
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nonhydrolyzable analog of the phosphopeptide. Thus, information may

be obtained on the peptide site in the E:MgADP complex as well as

the phosphate site of the phosphopeptide. It is significant for study

of a variety of protein kinase mechanisms to develop a convenient

and efficient general procedure of synthesizing phosphonopeptide

because the phosphonopeptide can be used as an inhibitor not only in

protein-serine and -threonine kinases, but also for protein-tyrosine

kinases. To our knowledge, there are no literature references for the

synthesis of phosphonopeptides. The desired phosphonopeptide was

synthesized from commercially available DL-2-amino-4-

phosphonobutyric acid. The synthesis problems associated with the

incorporation of this amino acid into peptide involves protection of

both the amino and phosphono moieties with groups that can be

selectively removed when desired. The protecting group for the

phosphono moiety must remain attached until solid phase synthesis

of the phosphonopeptide has been completed.

A new era of peptide synthesis began with the development of the

solid phase method 17. Its speed and ease of operation resulted in

the synthesis of large varieties of biologically active peptides and

analogs 18, and solid phase synthesis is the method of choice in

most biochemistry laboratories today. The 9-

fluorenylmethyloxycarbonyl (Fmoc) group is now most widely used

19 for amino group protection. It has many favorable properties, e.g.,

the ready preparation of crystalline Fmoc- amino acids from 9-

fluorenylmethyl chloroformate 20, the rapid quantitative cleavage
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under mild conditions, (e.g. by piperidine in aprotic solvent), and its

strong u.v. absorption. The N-Fmoc phosphono amino acid was first

synthesized utilizing methyl, ethyl and nitrobenzyl esters as

possible protecting groups. The synthetic procedures of protecting

and deprotecting have been compared in order to develop a best

approach to the synthesis of the phosphonpeptides. Hydrogenolysis

for deprotecting the dibenzyl ester has shown several advantages,

e.g. high yield and no damage to the peptide bonds 20. The

deprotection of dimethyl and diethyl esters was studied using the

reagents iodotrimethylsilane, HBr/HAc and by enzymatic hydrolysis

methods. Described herein are the synthesis of a specific

phosphonopeptide and initial velocity studies of cAMP-dependent

protein kinase catalytic subunit employing the phosphonopeptide as

a dead-end inhibitor.
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CHAPTER1I

EXPERIMENTS

Materials: DL-2-amino-4-phosphonobutyric acid was purchased from

Sigma or prepared by a literature procedure 21. CDC 3 , D2 0,

acetone-d6 and DMSO-d 6 were from Aldrich Chemical Co. HPLC

solvents including dichloromethane (DCM), acetonitrile, water were

from Malinckrodt, while dimethyl formamide (DMF) was from J. T.

Baker. Trifluroacetic acid (TFA) was obtained from Pierce. 1-

Hydroxybenzoltriazine (HOBt), N-methylmorpholine (NMM), piperidine

(PID), trimethylsilyl iodide (TMSI), trimethylsilyl bromide (TMSBr),

carbobenzoxy chloride (Cbo-Cl) and 9-fluorenylmethyl chloride

(Fmoc-Cl) were purchased from Aldrich Chemical Co.

Benzatriazolyl-N-oxy-tris (dimethylamino) phosphoniumhexafluoro

phosphate (BOP) and phosphdiesterase-l came from Sigma. All

Fmoc-amino acids, Fmoc-amino acid pentafluorophenyl esters and

Fmoc-L-Leucine-KA resin came from MilliGen.

Metbods: 1H NMR and 13C NMR spectra were recorded on a Varian

Gemini-200 spectrometer with deuterated chloroform, deuterium

oxide or deuterated acetone as the locking solvent. Chemical shifts

are expressed in ppm downfield from a tetramethylsilane internal
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standard. 31 P NMR spectra were obtained on a Varian VXR-300

spectrometer with deuterium oxide as the locking solvent and 85%

H 3 PO4 as a external standard. Infrared spectra were obtained with a

Perkin-Elmer Model 1330 infrared spectrophotometer. Thin-layer

chromatography (TLC) was performed on Kodak 1381 precoated silica

gel plates with the following solvent systems; A: ethyl acetate/

hexane (1:3), B: ethyl acetate/acetic acid (9:1), C: ethanol/acetic

acid (1:1), Products were visualized with a UV light or with iodine

vapor. Paper chromatography was carried out in the following

developing solvent: butanol/acetic acid/water (2:1:1). Spots were

visualized with ninhydrin (5% in ethanol). Flash column

chromatography was carried out employing Baker 60-200 mesh

silica gel as the stationary phase. The eluants were ethyl acetate/

hexane.

Synthesis of all peptides was carried out with a MilliGen 9050

PepSynthesizer. Fmoc-L-Gly-PepSyn-KA resin (0.090 mmol/g) was

washed six times with DMF then packaged into the reaction vessel.

The HPLC studies used an LKB HPLC system with a sample loop

providing an injection volume from 10 gI to 2 ml. The peptides were

detected by UV absorbtion at a wavelength of 210 nm. The

concentration of deblocked phosphonopeptides was measured using

2,4,6-trinitrobenzensulfonic acid (TNBS) by a method previously

described by Plapp, et al 22.

Synthesis of DL-2-N-carbobenzoxyamino-4-phosjphonobutyric acid

(1a) -- A suspension of 183 mg (1 mmol) of DL-2-amino-4-
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phosphonobutyric acid in 10 ml water was treated dropwise with

saturated sodium carbonate solution until the pH was 9.5. The

mixture was stirred vigorously by sonic oscillation at 0 - 5 OC, and

255 mg (1.5 mmol) of carbobenzoxy chloride (Cbo-CI) was added

slowly over a period 5-10 min. The pH was maintained at 9.0-9.5

during the reaction by periodic addition of saturated sodium

carbonate solution. The stirring by sonic oscillation was continued

for 1 hr. at 0 OC. The reaction mixture was then stirred using a

magnetic stirrer, at 25 "C for an additional six hrs. The reaction

mixture was then extracted two times with 10 mlt of ether, and the

ether phase was discarded. The aqueous phase was added to a

mixture of 10 ml of water, 5 ml of concentrated hydrochloric acid,

and 15 g of crushed ice. The solution was then extracted with ethyl

acetate. The extract was dried over anhydrous magnesium sulfate,

and evaporated to yield a crude oil. The crude oil was recrystallized

from ethyl acetate/hexane to yield 237 mg (75% of the theoretical

yield) of white crystals. Rf = 0.52 (solvent C), IR: 1735, 1740 (C=O),

1250 (P=O), 1 H-NMR (Acetone-d6 ): 1.75-2.15 (m, 4H), 4.35 (m, 1H),

5.05 (s, 2H), 5.75 (d, 1H), 7.25 (s, 5H), 9.70 (s, 3H).

Synthesis of DL-2-N-carbobenzoxyamino-4-phosphonobutyric acid

triethyl ester (2a) -- A suspension of 316 mg (1 minmol) of la in 4 ml

of triethylorthoformate was slowly heated to 800 . The ethanol and

ethyl formate were continually removed by a Dean-Stark apparatus.

When all of the solid had dissolved, the temperature was increased
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from 800 C to 1450C. The solution was refluxed for 20. minutes and

then cooled. The reaction mixture was then taken to dryness in

vacuo, and the crude product was obtained as a viscous oil. The oil

was purified by silica gel column chromatography, eluted by

hexane/ethyl acetate, and 320 mg (80% of the theoretical yield) of a

colorless oil was obtained. Rf = 0.52, (solvent A), IR: 1730, 1738,

(C=O), 1250 (P=O), 1 H-NMR(CDCI 3): 1.15 (m, 9H), 1.70-2.20 (m, 4H),

4.05 (m, 6H), 4.40 (m, 1H), 5.08 (s, 2H), 5.80 (d, 1IH), 7.40 (s, 5H).

Synthesis of DL-2-N-carbobenzoxyamino-4-diethylphosphono butyric

acid (3a --Crude Za. 401 mg (1mmol), was dissolved in 3 ml of

ethanol, and 1.0 ml of aqueous 1 N NaOH was added dropwise to this

solution with vigorous agitation at 0 0C, and the pH was maintained

at approximately 13 during this time. The stirring was continued for

1 hr. at room temperature, after which the ethanol was removed

under reduced pressure at a temperature below 25 0C and the

remaining aqueous solution was acidified with 6 N HCI at 0 0 C and

extracted three times with ethyl acetate. The ethyl acetate solution

was dried with anhydrous magnesium sulfate and taken to dryness in

vacuo. Crude product, 320 mg (80% of the theoretical yield), 3a. was

obtained as white crystals. Rf = 0.21 (solvent C), Rf = 0.46 (solvent

B), IR: 1732, 1742, (C=O), 1700 (P=O), 1 H-NMR(CDCI 3 ): 1.12 (m, 6H),

1.70-2.24 (m, 4H), 3.90-4.15 (m, 4H), 4.20-4.40 (i, 1H), 4.04 (s,2H),

5.70-5.82 (d, 1H), 7.28 (s, 5H), 9.32 (broad s, 1H).

Synthesis of DL-2-amino-4-diethylphosphonobutyric acid (4a) -- To

a 25 ml round-bottom flask was added 373 mg (1 mmol) of 3a in 10
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ml of methanol, 1 ml of water, and 4 drops of acetic acid. To this

was added 180 mg 10% Pd/C powder. The reaction mixture was

stirred under hydrogen gas for 4 hrs. at room temperature. The Pd/C

was filtered and the reaction mixture was then taken to dryness in
vacuo. Product, 200 mg (78% of the theoretical yield) was obtained

as a viscous oil. Paper chromatography gave a single sport Rf = 0.62,

that was UV negative and nihydrin positive. Paper chromatography of

DL-2-amino-4-phosphonobutyric acid gave an Rf = 0.25. IR: 1730,

(C=O), 1270, (P=O), 1H-NMR(CDCI 3): 1.21 (m, 6H), 1.65-2.20 (m, 4H),

4.04 (m, 4H), 4.35 (m, 1 H), 5.08 (s, 2H), 5.78 (d, 2H), 9.25 (broad s,

1H).

Synthesis of DL-2-N-( 9'-fluorenylmethoxycarbonyl )-4-

diethylphosphonobutyric acid (5a) -- To a solution of 239 mg (1

mmol) of 4.a in 15 ml of water and 1 ml of 15% Na2 CO3 was added

slowly, with stirring in an ice bath, a solution of 300 mg (1.2 mmol)

of 9-fluorenylmethyl chloride (Fmoc chloride) in 5 ml of dioxane.

The mixture was stirred in the ice bath for 4 hrs. and then at room

temperature for 20 hrs. After reaction, the mixture was poured into

10 ml of water, and extracted two times with ether. The aqueous

layer was cooled in an ice bath, acidified with concentrated HCI to

pH 2, and extracted with ethyl acetate . The organic layer was dried

with magnesium sulfate and was taken to dryness invacuo.

Recrystallization of the solid from chloroform / hexane gave 300 mg

(60% of the theoretical yield) of white crystals. Rf = 0.54 (ethanol),

m.p. 141.0-142.0 0 C, IR: 1735, 1770, (C=O), 1274 (P=O).
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1HNMR(CDCI 3 ): 1.30 (m, 6H), 1.60-2.45 (m, 4H), 3.90-4.55 (m, 8H),

5.78 (d, 1H), 6.68 (broad s, 1H) 7.20-7.82 (m, 8H).

Synthesis of DL-2-N-carbobenzoxyamino-4-phosphonobutyric acid

trimethyl ester (2b) -- In a test tube, 2 ml of a 60% KOH solution

and 20 ml of ether was added, stirred and cooled in a ice bath. To the

reaction mixture, 445 mg of N-methyl-N'-nitro-N-nitrosoguanidine

(MNNG) was added slowly, and then maintained at 0 OC for 1 hr. The

ether layer was then dried with potassium hydroxide pellets. The

yellow diazomethane ether solution was used without further

purification. To the solution of 316 mg (1 mmol ) of Ia and 4 ml of

methanol, the diazomethane ether solution was added dropwise with

agitation at room temperature until the color persisted for 1 minute.

One or two drops of acetic acid was added and the colorless solution

was dried in vacuo. The residual oil was purified with silica gel

column chromatography with mobile phase of ethyl acetate / hexane,

and ethyl acetate / acetic acid and gave 258 mg (72% of the

theoretical yield) of a colorless oil. Rf = 0.64 (solvent C), Rf = 0.75

(solvent B) IR: 1265, 1268, (C=0), 1 H-NMR: 1.50-2.15 (m, 4H), 3.55

(m, 9H), 4.25 (m, 1H), 5.00 (s, 2H), 5.95 (d, 1H) 7.25 (s, 5H)

Synthesis of DL-2-N-carbobenzoxyamino-4-dimefhylphosphono

butyric acid (3b) -- The crude product 2, 359 mg (1 mmol), was

dissolved in 2 ml of ethanol, and 10 ml of aqueous 0.5 N NaOH was

added dropwise to this solution with vigorous agitation at 0 OC,

while pH was maintained below 12 during the reaction. The stirring
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was continued for 1 hr. at room temperature. The ethanol was

removed under the reduced pressure at a temperature below 25 0C

and the remaining aqueous solution was acidified to pH 2 with 6 N

HCI at 00 C and extracted three times with ethyl acetate. The ethyl

acetate solution was dried with anhydrous magnesium sulfate and

taken to dryness in vacuo. Crude products were purified by silica gel

column chromatography. The white solid weighed 131 mg (38% of the

theoretical yield). Rf = 0.22 (solvent B), Rf = 0.18 (solvent C) 1 H -

NMR(CDCI 3 ): 1.65-2.20 (m, 4H), 3.50-3.75 (d, 6H), 4.30 (s, 1H), 5.05

(s, 2H), 5.90 (d, 1H), 7.30 (s, 5H,), 8.70 (broad s, 1H)

Synthesis of DL-2-amino-4-dimethylphosphonobutyric acid (4b) --

To a 25 ml roundbottom flask was added 345 mg (1 mmol) of 3b. in

10 ml of methanol, 1 ml of water, and 4 drops of acetic acid. Then

180 mg of 10% Pd/C powder was added. The reaction mixture was

stirred under hydrogen gas for 4 hrs. at room temperature. The Pd/C

was filtered and reaction mixture was then taken to dryness in

vacuo. The product, 156 mg (74% of the theoretical yield) was

obtained as a viscous oil. Paper chromatography gave a single sport

Rf = 0.52, that was UV negative and ninhydrin positive, 3 1P-NMR

(D 2 0): 39.8, 1 H-NMR (CDCI 3): 1.90-2.28 (m, 4H), 3.28-3.60 (m, H),

3.78-3.90 (m, 6H), 4.76 (d, 3H).

Synthesis of DL-2-N-carbobenzoxyamino-4-phosphonobutyric acid

tri nitrobenzylester (2C) -- In a 50 ml threeneck flask, 0.83 ml (6

mmol) of triethylamine and 1.3 g ( 6 mmol ) of 4-nitrobenzyl

bromide in 10 ml of ethyl acetate were dropped simultaneously into
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a solution of 316 mg (1 mmol) of ..a in 15 ml of ethyl acetate. The

reaction mixture was refluxed overnight. On cooling, triethylamine

hydrobromide was filtered and the fitrate was washed successively

with 1 M HCI, H2 0, 5% NaHCO3, and saturated sodium chloride. The

solvent was removed and a yellow oil was obtained. Crude oil was

purified using a silica gel column which was washed with hexane,

5% ethyl acetate and 50% ethyl acetate successively. The mono and

diesters were recovered and the triester was crystallized from

ethyl acetate / hexane to give 166 mg (23% of the theoretical yield)

of white crystals.Rf = 0.52 (ethyl acetate), 1 H-NMIR (CDCL 3 ): 1.82-

2.30 (m, 4H), 4.50 (m, 1H), 5.50-5.30 (m, 8H), 5.54 (m, 1H), 7.35 (s,

5H), 7.48 (d,6H), 8.20 (d, 6H)

Synthesis of 9-fluorenylmethoxycarbonyl-L-leucine --To a solution

of 331 mg ( 2.5 mmol ) of L-leucine in 3 ml of water and 4.5 ml of

15% Na2 CO3 was added slowly, with stirring on an ice bath, a

solution of 653 mg ( 2.5 mmol ) of 9-fluorenylmethyl chloride in 8.0

ml of dioxane. The mixture was stirred overnight, 100 ml of water

was added, and mixture was extracted with ether two times. The

aqueous layer was cooled in an ice bath, acidified with concentrated

hydrochloric acid to pH 2, and extracted with ethyl acetate. The

organic layer was dried with magnesium sulfate and taken to

dryness in vacuo. Recrystalization of the solid from ethyl acetate /

hexane gave 410 mg (47% of the theoretical yield) of white crystals.

m.p.; 152.0-154.0 0C, Rf = 0.78 (solvent C).
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Synthesis of 9-fluorenylmethoxycarbonyl-L-leucijne pentafluoro

Phenyl ester-- Fmoc-L-Leu 353 mg (1mmol), and 184 mg (1mmol) of

pentafluorophenol were dissolved in 7 ml of dry ethyl acetate,

(distilled from P2 05 ) and the solution was cooled to 00C. The

solution of 206 mg ( 1mmol ) of dicyclohexylcarbodiimide in 2 ml of

ethyl acetate was added. The reaction mixture was stirred at 00C

and protected by N2 gas. A white solid precipitated immediatly.

After 1 hr the dicyclohexylurea was removed by filtration and the

solvent was removed in vacuq. The product was recrystalized from

chroloform / hexane and gave 380 mg (73% of the theoretical yield)

of white crystals. m.p.: 113-115 0C, Rf = 0.88 (solvent C)

Synthesis of the model peptide: L-Asp-L-Leu-L-Giy

method A: -- Fmoc-Gly-KA resin, 0.5 g, was packaged into the

reaction vessel and washed with DMF. The general procedure

described by manufacture was used for each synthetic procedure and

the each cycle was as follow: 1. DMF; 2. DMF + PID; 3. DMF; 4. DCM; 5.

0.2 mmol Fmoc-amino acid pentafluorophenyl ester in DMF; 6. DMF +

HOBt + NMM; 7. DMF. The Fmoc-gly-KAresin (0.46 g) was obtained

after drying.

cleavagQ: --The resin was maintained in 10 ml of a solution of 5%

phenol in TFA for about 2 hrs. The suspension was filtered and the

resin was washed with a solution of 5% phenol in TFA three times,

then with TFA three times. The solution was dried in vacuo and a

brown oil remained. The oil was precipitated with ether, then

centrifuged to separate a solid. The peptide solid was washed with
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ether six times and dried in a flow of argon gas. About 7.2 mg (72%

of the theoretical yield) of peptide was obtained and HPLC analysis

with a C-18 reverse phase demonstrated only one peak.

method B: --The peptide bond formation to the glycine residue bound

to the resin was accomplished by in.situ activation using Bop and

Fmoc-L-leucine instead of Fmoc-L-leucine pentafluorophenyl ester.

The procedure required that 70.6 mg (0.2 mmol) of Fmoc-L-leucine

and 27 mg (0.2 mmol) of HOBt be mixed with 88.5 mg (0.2 mmol) of

Bop. This mixture was then dissolved in a solution of 22 gi (0.2

mmol) NMM and 1 ml of DMF. After 5 min, the solution was injected

into the reaction vessel containing the Gly-KA resin washed with

DCM as described in method A. The synthetic procedure also followed

that of method A. After drying, about 0.43 g peptide-resin was

obtained.

gleavage:.--The peptide was cleaved from the resin as described in

method A. After workup, 9.1 mg ( 78% of the theoretical amount ) of

peptide was obtained and found to be pure; C-18 reverse phase HPLC

demonstrated only one major peak.

Synthesis of L-Leu-L-Arg-L-Arg-L-Ala-DL-(2-amno-4-dijjthyj

phosphonobutyric acid)-L-Leu-L-Gly--The synthesis of the

heptaphosphonopeptide was carried out as in method B above. The

procedure required the following: 1.0 g (0.09 mmol) of Fmoc-L-

glycine-KA resin was used and 166 mg (0.36 mmol) of DL-2-N-(9'-

fluorenylmethoxycarbonylamino)-4-diethyl phosphonobutyric acid

was mixed with 159 mg (0.36 mmol) of Bop and 49 mg (0.36 mmol)
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of HOBt. This mixture was dissolved in a solution of 0.2 M NMM in

DMF. After 5 min, the solution was injected into the reaction vessel.

leavag&:--The resin was reacted with 10 ml of reagent K (20 ml

TFA solution contain 1g phenol, 1 ml H2 0, 1 ml thioanisole, 0.5 ml

ethanedithiol) for about 2 hrs. The suspension was filtered and the

resin was washed with a solution of 5% phenol in TFA three times,

then with TFA three times. The solution was dried in vacuo and a

brown oil remained. The oil was treated with ether, and the solid

peptide was removed following centrifugation. The peptide was

washed with ether six times and dried in an argon gas flow, giving

61 mg of product The peptides were analyzed by HPLC with a C-18

ODS column. The peptides were eluted by 0.1% TFA in H20 and 0.1%

TFA in acetonitrile employing a linear gradient. Two peaks of

approximately equal area and with similar retention time were

obtained Fig. 1. 3 1 P-NMR (D 2 0): 34.55, 34.21, Fig. 2.

Separation of phosphonopeptide diastereomers

The diastereomeric mixture of phosphonopeptides was separated on

a C-18 reverse phase column with buffer A, 0.1% TFA in H2 0 and

buffer B, 0.1% of buffer A in acetonitrile (Fig. 3.) Elution was

performed with a linear gradient from buffer A to 60% buffer B in 60

min at 2 ml/min monitoring at 210 nm. The two major peaks, peptide

A and peptide B were collected and dried in vacuo. The amino acid

analysis data were consistent with the anticipated sequence (Table

1.). Peptide A: 3 1 P NMR (D 2 0):34.2 ppm, 1H NMR (DMSO): Table 2, 1 3C
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NMR (DMSO): Fig.4. peptide B: 31 P NMR (DMSO): 34.5 ppm, 1H NMR

(DMSO): Fig. 5, 13C NMR (DMSO) Fig.5.

Deprotection of phosphonopeptide

HBr/AcOH--Phosphonopeptide was dissolved in 0.5 ml of 42%

HBr/AcOH at room temperature; stirring was maintained for 20 hrs,

and solvent was removed invacuo. To brown residue, 2 ml of benzene

was added, the mixture was rapidly stirred, and the solvent removed

in vacuo. This procedure was repeated several times. The

phosphonopeptide was purified by HPLC using a TSK sp-5pw (7.5 X

75) cation exchange column with isocratic elution at 1 ml/min with

5% acetonitrile in 10 mM trietylamine formate, at pH 2.8. The eluent

was monitored at 210 nm. The deblocked phosphonopeptide was

analyzed by 3 1 P NMR.

TMSI or TMSBr--One milligram of phosphonopeptide was dissolved in

30 gI of dry DMF at OOC, and trimethylsilyl iodide or trimethylsilyl

bromide was injected via a dry syringe under N 2 protection. A

sample was removed after 5, 10, 20 and 60 min, and the reaction

was terminated by the addition of water. Products were analyzed by

31P NMR and HPLC with a C-18 reverse phase column.

Action of phosphdiesterase Il-- Three milligram of model compound,

2-amino-4-diethyl phosphonoester butyric acid, was dissolved in 0.2

ml 0.11 M Tris-HCI buffer which contained 0.11 M NaCI, 15 mM MgCl,

pH 9. The solution was kept 5 hrs. at 35 0C, then checked with paper

chromatography.

Enzyme inhibition studies --The reaction of the cAMP-dependent
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protein kinase catalytic subunit in the direction of MgATP

phosphorylation was casrried out by coupling the production of

MgATP to the hexokinase/glucose 6-phosphate dehydrogenase

reaction using Phospho-Serpeptide as a substrate and countinuously

monitoring the increase of NADPH at 340 nm. The assay contained

the following in a 0.4 ml volume: 100mM MOPS, pH 7, 100mM KCI, 3

mM a-D-glucose, 0.5 mM ADP, 1 mM NADP, 0.5 mM MgCI2 , 17 units of

hexokinase, 14 units of glucose 6-phosphate dehydrogenase, cAMP-

dependent protein kinse, and variable amounts of the

phosphonopeptide. The reaction was initiated by the addition of

cAMP-dependent protein kinase after determinating the background

rate in the absence of cAMP-dependent protein kinase. The

background rate was substracted from the plus enzem rate to obtain

the initial velocity. Data were collected on a Gilford 260

spectrophotometer equipped with strip chart recorder.
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CHAPTER III

RESULTS AND DISSCUSION

The 2-amino-4-phosphonobutyric acid (phosphonoamino acid),

which was used to synthesize the phosphonopeptide (1), is an

isosteric phosphonic acid analog of phosphoserine (II), the product of

the protein kinase reaction.

0 0

II II
-C-NH-CH - C --

I 0

0-

0 0
11 II

- C-NH-CH-C--

I 0
CH2 -0 - P-o

K_

II

The carbon-phosphorus bond is incapable of being hydrolyzed by

the catalytic subunit of the cAMP-dependent protein kinase when it

replaces with phosphate ester linkage. Physical and chemical

comparisons of phosphoserine and its analogue phosphonoamino acid

must be considered when evaluating the performance of this

I
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fundamental structural substitution. First, the acidity of the

hydroxyl groups of the phosphonate substituent would be decreased

compared to that of phosphate because of the introduction of an

electron-donating alkyl group. This could result in the existence of a

different ionization dissociation state of the phosphonopeptide to

the phosphopeptide at pH 7.
Granot et al 23 measured the pH dependence of the 31 P chemical

shift of the phosphopeptide, and compared it to that of

phosphoserine. The pKa values of phosphopeptide and phosphoserine

are 5.8 and 5.9 respectively. The absence of a significant difference

between the pKa's of the phosphopeptide and phosphoserine was

interpreted as suggesting little or no interaction between phosphate

and other charged groups, for example, the two arginines of the

peptide. However, there is a possibility that in phosphoserine the

phosphate forms a hydrogen bond to the alpha-amino and these would

suggest that a hydrogen bond from phosphate to arginine does form

in the peptide. The compareson should have been made to N-

carbobenzoxy-L-serinephosphate and not phosphoserine. It would be

of intreast to determine if a H-bond is present in phosphoserine and

in the phosphopeptide. In the present study the pKa values of

phosphonopeptide have not been measured because of the limitated

amount of peptide available. The pKa values of the phosphono group

of phosphonoamino acid, however, was obtained by measuring the pH

dependence of the 31 P chemical shift (Fig. 1.). The second pKa value
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is about 6.8, a little higher than phosphoserine, but a little lower

than methylphosphonic acid, which has a pKa of 7.9 24.

Physical properties of the phosphoserine and its analog,

phosphonoamino acid should also be considered, e.g. their size and

shape. Using available crystallographic data 25,26 of related

27

26

E
aL 25-

24

23

22 4
E

~~21

2 4 6 8 10 12 14

pH
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compounds, e.g. 2-aminoethyl phosphate and 2-aminoethyl

phosphonate the following can be stated:

b b'

aC 0 59A aC 1.80A

P d x P d'

I .49A 1.50A
0 o

e e

phosphate phosphonate

The C-0 (a-b) and O-P (d-e) bond length of the phosphate ester are

shorter than the corresponding bond lenghs,and the C-P (b-d) bond of

phosphonate is significantly longer. This translates to a larger C-P-

0 bond angle than with the O-P-0 bond angle, This can be seen in

Table 1. where the distance from 0 to 0 (be) is 0.25 A shorter than C

to 0 (b'e'). The variation is less than 10% overall. The bond angles

and lengths, and other relative position involved in the reaction are

similar enough that the phosphono amino acid may be reasonably

applied as a analog of phosphate ester. But, the phosphonate group is

not a perfect analog of a phosphate; that can also be seen when

comparing data obtained from MgATP and MgAM-PCP for the

catalytic subunit 27. The dissociation constant for MgAMP-PCP is 4-

fold high than MgATP indicating that the enzyme is reactive to small
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changes in bond in degree in lengths and angles.

Table 1. The

phosphonate

phosphate

ad

2.60

be

2.43

ae

2.65

distance and difference calculated for phosphate and

phosphonate difference

a'd'

2.74 0.14

b'e'

2.68 0.25

ate'

2.83 0.18

b
0

a 2.60A
C

d

2.65A 43A
6 5 A 0 l-.3A

phosphate

b'

ac
K 2.74A

C,1

Sd'

2.83A A

-6 2.68A
et

phosphonate

Protection of the Phosphono Group

Alewood & Jones et al 20,28 have prepared 0-phosphoserine. The

protected serine ester reacted with the phosphorylation agent,

variation

5%

10%

7%
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phosphorochloridites (RO)2POCI or (RO) 2PCI, with an oxidative

workup. In the synthetic strategy, the protecting group for the

phosphate was different from that for serine carboxylic acid, so

that the deprotecting of the carboxylic ester could be easily

accomplished while maintaining protection of phosphate. There is no

published procedure for protection of a phosphonoamino acid which

can be incorporated into peptide via solid phase synthesis.

Protection of the phosphono group would be similar to protecting

phosphate by making the corresponding phosphono mono or diester. In

protection of the phosphono group, the carboxylic acid would be

simultaneously blocked when the phosphono diester is prepared. The

pKa of the carboxylic acid group of the amino acid is about 2-3,

while the second pKa of phosphono amino acid is about 6.5. The

triester of the N-carbobenzoxy protected phosphonoamino acid was

synthesized first, then the carboxylic ester was selectively

deprotected, under mild alkaline conditions to obtain phosphono

diester. The triethyl ester of the N-carbobenzoxy-phosphonoamino

acid was synthesized via a using previously described method 39

(Fig. 2.).

Attempts to prepare the trimethyl ester with

trimethylorthoformate failed because the boiling point of

trimethylorthoformate is too low to effect a homogeneous solution

with the phosphonoamino acid. However, Macomber, 30 prepared

dimethyl phosphonate with diazomethane, and this method did prove
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Fig.2. syhthetic scheme for Fmoc-protected phosphono

amino acid via diethyl ester protection

HO-P -CH2CH 2CHCOOH

0

*Cbo--Cl

pH=8.5

NH3 ,

0
11

HO--P--CH 2CH2CHCOOH

I I
OH Cbo--NH

1a

HC(OEt) 3

0
1EH

EtO--P--CH2CH2CHCOOEt

EtO

N NaOH

0 C

Cbo--NH

2a

19 Pd/C II
EtO--P--CH 2CH 2CHCOOH EtO--P--CH 2CH2 CHCOO

II H2 I I
EtO Cbo--NH EtO NH3+

4a
3a

** Fmoc--Cl

Na2CO3

0

EtO--P--CH 2CH2CHCOOH
I I

EtO Fmoc--NH

5a

0

CH4 c--

** Fmoc--:*Cbo--: H20,
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phosphonoamino acid with a high yield (Fig. 3.).

No literature procedure was available for synthesis of the

tribenzyl ester of the phosphonoamino acid, but a number of

investegators have synthesized the benzyl esters of carboxylic acids

by esterification reaction 31 of carboxylate with benzyl bromide 32,

33. The nitrobenzyl triester of the N-protected amino acid was

synthesized with 4-nitrobenzyl bromide in an excess of

triethylamine, (Fig. 4). Several products, including the mono-, di-

and triester were obtained and separated using a flash column. There

was also a significant side reaction under these conditions.

Et3N + Br-CH 2 Q-NO2  - Et3 N CH2 --GN02 Br

-0
+ ol+

Et>NHn --CH2CH2CHCOOCH2 --- N0 2 + Et3NCH 2 -. Q-NO2

Cbo--NH

0
+ O|

EtsNCH20 -C2CH2CHCOOCH & NO2

n I
Cbo--NH

n=1,2

The 4-nitrobenzyl bromide reacts with triethylamine, giving a
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Fig. 3. possible synthetic scheme for Fmoc-protected phosphono

amino acid via dimethyl ester protection

H NO NH2 -
I H 20,ether NH2

O2N--NH--C--N--CH 3 - 02N--NH--C + CH2 =N=N

NaOH
0

O 0
11 CH2=N 2  I I

HO--P--CH 2CH2CHCOOH - CH30--P--CH 2CH 2CHCOOCH 3

CH30H
HO Cbo--NH CH30 Cbo--NH

1a 2b

0.5N NaOH 0
11 Pd/C

CH 30--P--CH 2CH 2CHCOOH

00C H2
CH30 Cbo--NH

3b

0 0
i . Fmoc--CI II

CH30--P--CH 2CH 2CHCOO .CH 30--P--CH 2CH 2CHCOOH

1+ NaHCO3  I
CH30 NH3  CH3O Fmoc--NH

4b 5b
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Fig. 4. possible synthetic scheme of Fmoc-protected

amino acid via dinitrobenzyl ester protection

O 0
11 NEt3 II

HO--P--CH 2CH2CHCOOH .wRO--P--CH2CH 2CHCOOR

I I * R--Br I I
HO Cbo--NH RO Cbo--NH

1a 2c

0
HBr/AcOH 11 NaCH

RO--P--CH 2CH2CHCOOR

II+ - 2+
ROH 3c NH 3Br Cu

O 0
11 Fmoc--Cl 'I

RO--P--CH 2CH2CHCOOH RO--P--CH2CH2CHCOOH

I I1+ Na2C03  I
RO NH3  RO FmocNH

4c 5c

*R--.: NCH -
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quaternary ammonium salt of the phosphonate, which is insoluble.

The mono- and diesters were recovered and further reacted with

triethylamine and 4-nitrobenzyl bromide. The overall yield was still

not good likely because of a large steric effect and because of the

side reaction.

The triethyl ester was selectively deblocked to give the free

carboxylic acid by slowly adding equimolar 1N NaOH at 0 0C and

maintaining the pH at 13 or lower to control the rate of the reaction.

The diethylphosphonate of the N-protected amino acid was obtained

with satisfactory yield. Selectively hydrolysis of the trimethyl

ester of N-protected amino acid was difficult. The mixture of mono-

, and diesters and even some totally hydrolyzed compound were

obtained because the reaction could not be well controlled.

Table 2. Hydrolytic activity of the dimethylphosphonate as a

function of pH.

pH = 8 pH= 8 pH= 9 pH= 12 pH=14

5 hrs. 15 hrs. 2 hrs. 2 hrs. 0.5 hr.

stable stable (-) stable hydrolysis hydrolysis

Dimethyl methylphosphonate was used as a model compound, and

hydrolytic was monitored by TLC. Stable (-): indicates a small

amount of hydrolysisHydrolytic activity of the dimethyl

methylphosphonate in alkaline solution is given table 2. according to
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this laboratory studies.

The dimethylphosphonate was completely hydrolyzed in 2 hrs. at pH

12. If maintained at pH 9, it is more stable, but after a long time,

the reaction did proceed slowly. However, hydrolysis of the

carboxylic methyl ester is also slow at pH 9. The absence of a large

difference in the reaction rate of carboxylate and phosphnate methyl

esters prevented further consideration of the trimetyl ester. The

triethyl ester did have a large difference in the reaction rates for

carboxylate and phosphonate. The possible mechanism for the

hydrolysis reaction as follow:

0 0

HoP
. P 0 R HO ---- P ----- ORHO p OR

RI0 OR [HO

R' 
R R

SPD3 
SID 3d

0
11

RO +%%'OR

OH

if R'= CH3 , R= CH2CH3, S#=-143 J/K mol



31

o 0

HO r C 1 O C

ROR HOH0R
R'

0

C + OR

R' OH

if R'= CH3, R= CH 2CH3 , S#=-88J/lKmol

In the hydrolysis of the phosphono ester, there is likely an Sn2(P)

type transition state. The hybrid orbital of phosphorus is changed

from sp3 to sp3 d, that is, the geometry changes from tetrahedral to

trigonal bipyramidal 34. In the hydrolysis of carboxylic esters, the

carbonyl carbon change from sp2 to sp3 , or from triangular to

tetrahedral 35. Compared with carbonyl carbon, hydrolysis of

phosphono ester involves a more crowded transition state containing

an sp3 d hybrid phosphorus. The energy for this is unfavorable and

this results is a decrease in the reaction rate. In other words, the

rate of hydrolysis of the phosphonate is lower than that of

hydrolysis of carboxylate ester, consistent with the corresponding

entropies of activation, S#. The values of S# for hydrolysis are

negative 36, indicating that the bond order produced in the formation

of activated complex is lost because of the badly crowded transition

state. The methyl group is much smaller than the ethyl group so the

steric hindrance does not generate as large a problem in transition
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state for hydrolysis of the trimetyl ester. As a result, no large

differences in their reaction rates was observed and therefore the

hydrolysis of the trimethyl ester is difficult to control, even at low

pH values.

Protection of the Amino Group

The Fmoc protecting group is a favord one for solid phase peptide

synthesis, because of the ease of deprotecting and the ease of

crystallization 37. Synthesis of the N-Fmoc phosphonoamino acid is

not possible if one prepares the Fmoc-amino acid before protecting

the phosphono group because the Fmoc group is cleaved in the basic

solution when the carboxylate ester is hydrolyzed. Carbobenzoxy

chloride (Cbo-CI) was thus used first to protect the amino group

since it is stable in basic solution. The procedure of Schotten-

Baumann 38, first tested for protecting of leucine, give a high yield,

The method was then used for protecting of the phosphono amino

acid, but the yield was lower (about 40%) because the phosphono

amino acid has more charged groups under basic conditions.

Sonication was used to make an emulsion of the Cbo-CI and amino

acid solution to increase the reaction rate, but there was also a

decomposition of Cbo-CI under these conditions, and as a result the

pH of the solution was rapidly decreased. The reaction mixture was

maintained at 0 0C for about 2 hrs. and then additional some Cbo-CI

was added to make up for the loss of Cbo-Cl; the pH was mantained

at 9. The yield was increased to 75% as a result of these
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Deprotection of the Cbo group made use of both acidolysis and

hydrogenolysis 39. The general procedure for hydrogenolysis made

use of 10% Pd/C and a CH 30H-H 2 0-AcOH solvent system. The

reaction was carried out overnight in some cases. Acidolysis was

used to deblock the Cbo group of the dinitrobenzyl phosphonoamino

acid, because the dinitrobenzyl phosphonate ester was too easily

deblocked by hydrogenolysis. The dinitrobenzyl phosphonate ester

survived the acidolysis reagent (HBr/AcOH) for 1 hr, even though a

phosphate ester would be hydrolyzed under these condition. Tam and

Merrified 40 suggested that deprotection of benzyl carboxylates in

strong acid proceeds via an Sn1 reaction. The mechanism for

deprotection of the phosphonate ester may be same as that of the

carboxylate ester. The expected Sn1 mechanism is as follows:

O0

11 HBr 1 H+
R--P--OCH2-0 X. R--P--OCH2  ( X

I I
OR' OR'

_ _ _19 
+

R--P--OH + CH2 5X

OR'

With the 4-NO 2 substituent, the stability of benzylic cation would
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decrease because of its strong electron-withdrawing effect. Thus,

the rate of deblocking would be very slow since the intermediate

does not have a favorable energy, and the dinitrobenzyl phosphonate

would be stable in the strong acidic reagent (HBr/AcOH). After

deprotecting the Cbo group, Fmoc-CI was used to synthesize the N-

Fmoc protected phosphonoamino acid, as described in Methods.

peptide synthesis

In recent years, the application of the base-labile Fmoc group for

the protection of the amino function has become the standard

method for solid phase peptide synthesis. Pentafluorophenyl esters

of the Fmoc-amino acids have become increasingly popular because

of their commercial availability and good coupling efficiency. As an

alternative, the peptide coupling reagent, Bop, was developed for use

with HOBt without the need for making the pentafluorophenyl ester

41. Two model compounds, Fmoc-Leu and Fmoc-Leu

pentafluorophenyl ester were used in separate reactions for the

synthesis of two identical tripeptides to compare their coupling

yields. A higher yield (74%) was obtained with the Bop/HOBt method.

The Fmoc-amino acid pentafluorophenyl ester were used for peptide

synthesis in most cases, except for the Fmoc-protected

phosphonoamino acid. The latter was coupled using Bop/HOBt, while

two arginines were also coupled using the Bop / HOBt method and

double coupling to increase the coupling efficiency, Fig. 5.

The normal method for deprotection of phosphonate or phosphate

is acidolysis 42, 43, e.g. with HBr/AcOH. Vlerio, et al 44 found that
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Fig. 5. synthetic scheme
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side products were produced in some cases when HBr/AcOH was used

to deblock diethyl phosphate. Thus, a favorable reaction time was

sought to deblock the diethyl phosphonate but with little side

reaction. Reaction times from 8 to 25 hrs were tested and products

analyzed by 31P NMR and C-18 reverse phase HPLC. When the

reaction time was less than 16 hrs, the major product was the

partially deblocked monoethyl ester. When more than 22 hrs, the side

reaction products were increased dramatically.

In 1976, Rudinsks 45,46 reported the dealkylation of dialkyl

phosphonates using trimethylsilyl bromide. Blackburn 47 found that

trimethylsilyl idode was a more effective reagent for deblocking

phosphonates. As a result, trimethylsilyl idode was used to deblock

the diethyl phosphonopeptide, however, it was found that the peptide

bonds were broken in only a 15 min. to the reagentA test peptide,

was studied to test the stability of the of peptide bond in

trimethylsilyl idode. Significant peptide cleavage was observed on

monitoring by HPLC, even though Stammer et al 48 found no cleavage

in the deblocking of N-benzyloxy groups from dipeptides with

trimethylsilyl idode. Trimethylsilyl bromide was also tried with the

diester of the phosphonopeptide, but gave only partial deblocking of

the diethyl ester.

The enzyme phosphodiesterase has been widely utilized as a tool

for structural and sequence studies of nucleic acids since it

successively hydrolyze 5'-mononucleotides from 3'-

hydroxyterminated ribo- and deoxyribooligonucleotides. Since the
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enzyme generally reacts with L-amino acids, it would be

advantageous for separation and purification, if it deblocked only

the L-phosphonate diester. 2-N-Fmoc-amino-4-diethyl

phosphonobutyric acid was hydrogenolyzed to obtain 2-amino-4-

diethyl phosphonobutyric acid. This phosphonate diester was used as

a model compound and incubated with phosphodiesterase. However, a

low yield was seen via paper chromatography. Compared with 2-

amino-4-phosphonobutyric acid, a light spot was found as a product

with a Rf avalue 0.28, another spot with a Rf value 0.65-0.55, which

was a mixture of unreacted diester and partial hydrolyzed

monoester. Razzell 49 suggested that the basic structural element

to which the enzyme binds for hydrolytic activity is probably a

nucleoside 5'-phosphoryl group because some synthetic substrates,

e.g. methyl p-nitrophenyl phosphate, give very low reactivity. A

combination of chemical deblocking procedures with the

phosphodiesterase method to deprotect the phosphonopeptide would

be desirable. A search for a more efficient enzyme or reagent to

deblock the phosphonopeptide would be a challenge.

purification and characterization of protected phsphono peptide

diastergmers

The protected phosphonopeptide prepared is a diasteromeric

mixture because the DL-phosphonoamino acid was used for peptide

synthesis. Actually, two very closely spaced peaks were observed on

C-18 reverse phase HPLC with approximately equal intensity (Fig. 6).



FIG. 6. Analysis and separation of phosphonopeptides A and

bv C18 reverse phase HPLC.
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Fig. 7. 31 P NMR spectrum of phosphonopeptide A and
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7). After separation, the two peptides were characterized by amino

acid analysis, 3 1p, !H, and 1 3 C NMR.

Both peptides have the same amino acid residues in the same

stoichiometry, table 3. The 31P chemical shift of the two peptides

showed a single peak. The chemical shift of the phosphorus did not

change when the pH of the phosphonopeptide solution was changed

from 2-9. Thus, the phosphono group of the amino acid was still

blocked.

Table 3 Amino acid analysis data of phosphonopeptide A and B

Gly Ala Leu Arg phosphono-Ser

A (nmol) 0.469 0.439 0.864 0.861 0.349

calculated 1.07 1.00 1.97 1.96 0.80

B (nmol) 0.535 0.499 1.025 0.997 0.418

calculated 1.07 1.00 2.05 2.00 0.84

expected 1 1 2 2 1

The 1 H NMR spectra of peptides A and B are virtually identical.

The chemical shifts and assignments correlate perfectly, (see Table

4 and Fig.8,9). The only obviousdifference is a slight shift in one of

the NH protons. This may be caused by a small change in secondary
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Table 4. Chemical shifts and assignments of phosphonopeptide A
1H NMR (DMSO)

(ppm) intensity assignment

0.85 12H Leu 1,6 CjH3 ,
1.2 9H Ala CH3,P(O)(OCH 2Ci3)2

1.4-1.8 18H Leu1, DCC ,Arg2,3CP82CfH2

CL 2Ci2-P(O)

3.1 4H Arg 2 ,3Cj.H 2

3.60-3.84 3H Leu1CakGlyCaij2

3.95 4H P(O)(OCkI 2CH 3)

4.18-4.40 5H all other Cajj

7.68 1H

7.82 1H Arg 1 ,2C8NH

8.02-8.22 4H other NH

8.32 1H GIyNH

8.65 1H Arg 1NH

6.80-7.60 11H LeujNH3,Arg 1,2NH3 ,C=NH
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structure.

In the 13C NMR spectrum of peptide A (Fig.10), all seven carbonyl

carbons are clearly seen in the region 168-173 ppm. The line at 156

ppm is actually two carbons for the guanidino carbons of the

arginine. In the range 48-52 ppm, there are seven alpha-carbons

,with those of arginine overlapping. The glycine alpha-carbon is up-

field at 48.04 ppm from the other alpha-carbons of amino acids. In

the spectrum of peptide B (Fig.1 1), six carbonyl carbon lines appear

between 168 and 173 ppm.The line at 170.8 ppm is actually two

carbons, so all seven carbonyl carbons are present. The lines at

156.82 and 156.85 ppm are the guandino carbons. In the range 48-

52.5 ppm, the seven alpha-carbons are observed with those of the

arginine overlapping. The glycine alpha-carbon is again up field at

48.04 ppm. One feature of the 13C NMR spectrum that established

the presence of the phosphono diester group is the resonance at 61

ppm assigned to the P-CH2 carbon for both peptides. In the range of

16-30 ppm, the spectra of peptides A and B are very similar in both

position and amplitude.

The subtle differences in the spectra are certainly most

consistent with configurational isomers. Even conformational

differences would be expected to produce larger spectral changes

than the ones observed, particularly for the 1H NMR spectra. The

deblocked phosphonopeptide was analyzed by 31P NMR and separated

by cation exchange column HPLC. After separation, only one peak was

obtained in 31P NMR, (Fig. 12).
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Enzyme inhibition studies

The effects of phosphonopeptides A and B as competitive inhibitors

of Phospho-Serpeptide in the cAMP-dependent protein kinase

catalytic subunit reaction were studied. Linear Dixon plots are

obtained from the kinetic data utilizing both peptides A and B (see

Fig.12). The inhibition is most likely competetive in nature due to

the structural similarity to the substrate peptide. The K1 of

phosphonopeptide A was calculated to be 0.63 mM, and that

phosphonopeptide B, 1.3 mM. The affinity for phosphonopeptide A is

approximately two-fold greater than that of phosphonpeptide B. It is

reasonable to conclude that phosphonopeptide A is the all L-

configuration heptapeptide. The Kd of the corresponding

phosphopeptide, a substrate of the protein kinase, is 0.5 mM.

Compared with this value for the phosphopeptide, phosphonopeptide

A is a good analog of the substrate.
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Fig. 8. 1H NMR spectrum of phosphonopeptide A (DMSO)
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Fig. 9. 1H NMR spectrum of phosphonopeptide B (DMSO)
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Fig. 10. 13 C NMR of phosphonopeptide A (DMSO)
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Fig. 11. 13C NMR of phosphonopeptide B (DMSO)
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Fig. 12. 31 P NMR spectrum of deblocked phosphonopeptide A

I~j (~I~

I'

f I

24. 2 .0 1 J1j~

4
0 22 2. 0 PP



55

Fig. 13. The inhibitory effect of phosphonopeptide A and B
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