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A description of the nature of the transition state

structure for phosphoryl transfer in the cAPK reaction

requires a measurement of the primary 180 isotope effect at

the serine hydroxyl acceptor. Since it is difficult to

obtain primary 180 isotope effect directly, the 15N/1 4N ratio

of the a-amine of the C-terminal glycine in the peptide Leu-

Arg-Lys-Ala-Ser-Leu-Gly (when serine is phosphorylated) was

used to represent on the phosphorylation at serine. 15N-

Glycine, '4N-Glycine and 180 serine were synthesized and used

to synthesize two peptides, one containing 1 80-serine/' 5 N-

glycine and second 160-serine/1 4N-glycine. Methods were

developed for hydrolyzing the peptides and quantitatively

isolating glycine. Partitioning results suggest that

catalytic rate was slow compare to substrate dissociation.

The 180 primary isotope effect will be determined in the

near future using the method developed herein.
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CHAPTER I

INTRODUCTION

Cyclic AMP Dependent Protein Kinase

The protein kinases include a large number of diverse

enzymes that play critical roles in regulation and cell

growth. These kinases alter enzyme activity as a consequence

of reversible phosphorylation.

MgATP MgADP

enzyme-OH enzyme-P
active or inactive
inactive or active

A study of protein kinases will help us to understand

the relationship between phosphorylation and function, and

the regulation of the phosphorylation process.

The cyclic adenosine monophosphate (cAMP) dependent

protein kinases (cAPK) are among the smallest and simplest

of the protein kinases and are also among the best

understood biochemically. Two different reaction mechanisms

have been proposed. It is generally agreed that the cAPK

catalyzes its reaction via a sequential kinetic mechanism

with peptide as a substrate. Whitehouse et al 1,2 proposed a

steady-state ordered Bi-Bi mechanism in which only the

(E'ATP) * complex is competent to bind the peptide/protein

1
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substrate.

E + A EA + B ---- EAB EPQ -> EQ + P -> E + Q

Cook et al 3 have proposed a mechanism for cAPK involving

the random addition of substrates and ordered release of

products:

E EAB EPQ > EQ + P > E + Q

EB

where A, B, P, and Q are MgATP, Serpeptide, phospho-

Serpeptide, and MgADP. The steps represented as inter-

conveting EAB to EPQ includes the chemical interconversion

and any conformational changes required to close the active

site in preparation for catalysis. This step can be made

rate-limiting step by choosing the appropriate substrates

and/or conditions. It is this step that is sensitive to 180

substitution as the hydroxyl is phosphorylated and the one

that is monitored in isotope effect studies.

Although the acid-base chemical mechanism of cAPK has

been well studied4 , the transition state structure of this

enzymatic reaction has not yet been detailed. The best

method available to study transition state structure in this

phosphoryl transfer reaction is the use of 180 isotope

effects. These isotope effects are usually very small (1.01-
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1.03) in enzymatic reaction; therefore, a very sensitive

method of measurement is essential. The isotope ratio mass

spectrometer which very accurately measures changes (0.01%)

in the mass ratio of small molecular weight gases such as N2

and CO2 is the instrument of choice for these measurements.

Also, conditions should be adjusted so that the isotope-

sensitive step is the slowest step along the reaction

pathway giving maximum observe isotope effect.

Isotope Effects

Oxygen isotope effects have not been extensively

studied. The reason for this is the difficulty in the

isolation of the isotopically labelled oxygen that must be

measured by mass spectrometry. The isotope ratio mass

spectrometer determines mass ratio changes as stated above.

However, the instrument is most effective with CO2 and N2 .

The task here is to work this precision level in measuring

isotope discrimination by 180 when the isotope is in an

inaccessible position in a reactant, as it is in the 13-

hydroxyl of the serine phosphorylated in Serpeptide (Leu-

Arg-Arg--Ala-Ser-Leu-Gly).

O'Leary and Marlier5  devised a unique method for

determining heavy atom isotope effects when it is difficult

to isolate the heavy atom in a form that permits precise

mass-spectrometric isotope ratio measurements. They used a
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mixture of unlabeled and doubly labeled materials as

substrate. Neglecting for the moment the complications

caused by the inevitable presence of small amounts of singly

labeled material, determination of the isotope effect on

this mixture of unlabeled and doubly labeled material

provides an isotope effect that is the product of the

isotope effects at the two labeled sites. The isotope effect

at the site being analyzed can be measured in a separate

experiment using singly labeled substrate. Thus it is

possible by this indirect method to measure the isotope

effect at a site that is itself not amenable to direct

measurements of isotopic composition.

This remote labeling method requires the synthesis of a

doubly labeled substrate that is highly enriched with heavy

isotope at both the key position and the indicator position

and a substrate that is devoid of both heavy isotopes. For

example, synthesis of peptide with 160 in the f-hydroxyl of

serine and 15N in glycine and with 180 in the f3-hydroxyl of

serine and 15N in glycine is required for measurement of a

primary 180 isotope effect on phosphorylation of the $-

hydroxyl. The two substrates are then mixed to restore

natural abundance (0.37% 1
5 N) at the remote (15 N) position.

The isotope effect at the reporter position must be measured

using natural abundance in Serpeptide to determine whether

there is a binding isotope effect that must be considered in
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the analysis. O'Leary and Marlier have used 180 to study

phosphoester exchange reactions. Cleland et al 6,' have used

this method to determine transition state structures in

enzymatic and nonenzymatic phosphoryl transfer reactions.

Synthesis of Labelled Peptides

Two isotopic forms of the RKpeptide, Leu-Lys-Arg-Ala-

(180) Ser-Leu- (1 5N) Gly and Leu-Lys-Arg-Ala- (160) Ser-Leu- ( 14N) Gly

are required to determine the isotope effect in the present

study. The following isotopically labelled amino acids were

synthesized for incorporation into the above synthetic

peptides: Ser- 18 0 and Ser-160 depleted of Ser- 1 60 and Ser-'80

respectively, and Gly-1 4 N and Gly- 15 N depleted of Gly- 1 5 N and

Gly- 14N respectively. These high purity isotopically

labelled compounds are not commercially available. The

development of a new methodology for synthesis of 180 serine

is one of the major works of this thesis. Fmoc-amino acids

were then prepared from the above for synthesis of peptides.

The Fmoc reagents have found great utility in peptide

synthesis,8' 9 , 0 ',,12, and the; desired peptides were prepared

according to Bodanszky'3 via a MilliGen 9050 peptide

synthesizer.

Isotope partitioning

The best peptide substrate found for the cAMP-dependent
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protein kinase is serpeptide, Leu-Arg-Arg-Ala-Ser-Leu-Gly,

see table below. It is known from isotope partitioning

studies14 that phosphoryl transfer is not rate limiting for

this substrate, with MgATP as the nucleotide. The

alternative substrate, RKpeptide(LRKASLG) has been shown to

serve as an effective substrate for cAPK, but whether the

phosphoryl transfer is rate limiting with RKpeptide and

MgATP is unknown. Prior to the determination of the isotope

effects using this substrate, the isotope partitioning

studies must be carried out to ensure rate limiting

phosphoryl transfer.

Table 1. Kinetics parameters of cAPK substrates

-----------------------------------------------------
Peptides Vm Km ( M)

-----------------------------------------------------
Leu-Arg-Arg-Ala-Ser-Leu-Gly 20 16
Leu-Arg-Lys-Ala-Ser-Leu-Gly 17 260
Leu-Lys-Arg-Ala-Ser-Leu-Gly 17 1400
Leu-Lys-His-Ala-Ser-Leu-Gly 7 1340
Leu-His-Arg-Ala-Ser-Leu-Gly 12 415

-----------------------------------------------------

The isotope partitioning method was developed from the

isotope chase experiments of Meister's group15 and were

designed to determine whether a covalent intermediate

existed in the glutamine synthetase reaction. The use of

isotope chase experiments to determine productive enzyme-

substrate complexes was then developed by Rose et al1, as

the so-called isotope partitioning method. Cleland? used

the method of net rate constants to derive the isotope
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partitioning rate equations, which allowed the results to be

analyzed quantitatively. Isotope partitioning is now a

powerful tool with which to determine the partitioning of

substrates toward the formation of products, as opposed to

dissociation from each of the transitory enzyme-substrate

complexes that occur prior to catalysis. This information is

no only useful in determining the rate constants for each of

the steps but also in predicting the "stickiness" of

substrates. The isotope trapping experiment carried out in

this thesis were used to identify a substrate for which the

phosphoryl transfer step is the slowest step along the

reaction pathway.

Reported herein are the syntheses of appropriately

labeled (180, 10, '5N, "N) amino acids, the syntheses of

desired Serpeptide analogs containing the labelled amino

acids, and the study of the peptide by the isotope

partitioning technique. In addition, condition for peptide

hydrolysis and quantitative isolation of glycine have been

developed in preparation for carrying out the 180 isotope

effect. These syntheses and study were conducted in an

effort to elucidate the chemical mechanism of cAMP-dependent

protein kinase.



CHAPTER II

EXPERIMENTAL METHODS

Materials: Ammonia (99.99% "N),, phthalic acid, and 13-

chloroalafline (98%) and CDCl 3 were purchased from Aldrich.

Phthalimide (99.99% '5N) was obtained from MSD ISOTOPES Inc.

The water (99.0% 18) was purchased from Isotec Inc.

[3H]Acetic anhydride was obtained from Du Pont. Sodium

dodecyl sulfate was from Bio-rad. HPLC grade solvents

including methylene chloride, acetonitrile, and water were

from Mallinckrodt. Dimethylformamide was obtained from J. T.

Baker, while trifluoroacetic acid was from Pierce. The water

and most solvents were degassed before using.

Instrumentation: The high performance liquid chromato-

graphic system(HPLC) used was a LKB HPLC system with two

pumps that can deliver the solvent at a rate up to 10 mL/

min. The sample loop can provide an injection volume from 10

pL to 2 mL. The detector used was a UV absorbance detector

with a range of wavelengths from 180 nm to 400 nm, and data

were recorded using a strip chart recorder. 'H-NMR spectra

were obtained on a Varian 200 MHZ apparatus, using TMS as an

internal standard. The liquid scintillation system was from

Searle Analytic, Model 6892, while initial velocity data

8
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were collected on a Gilford 260 spectrophotometer equipped

with strip chart recorder.

Enzymes: The cAMP-dependent protein kinase was purified

from bovine heart according to Sugden et al'8 and supplied

by G.D. McClure and R. Qamar. Pyruvate kinase and lactate

dehydrogenase were from Boehringer Mannheim GmbH.

Synthesis of isotopically labelled amino acids

(4N or 5N) Glycine: The desired isotopic ammonia gas

e.g. 4NH3) was bubbled slowly into a suspension of 18.6 g

(0.11 mole) of phthalic acid in 60 mL of water19 . The flask

containing the suspension was connected to a trap consisting

of a gas wash bottle containing H2SO4 to collect any ammonia

not absorbed by the phthalic acid. After 6 hrs, the ammonium

hydrogen phthalate was completely solubilized. The solution

was transferred to a 1 L round bottom flask attached to a

condenser, and water was removed by distillation. After most

of the water was removed, the reaction mixture was placed in

a sand bath and the temperature slowly raised to 2000C until

all the water was removed. The temperature was then slowly

raised to 300 C. When the vigorous reaction was completed,

the flask was cooled and the phthalimide extracted with cold

ethanol. The yield was 16.1 g.

In a 50 mL round bottom flask fitted with a reflux
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condenser, 16.0 g of phthalimide and 40 mL ethanol were

added, and the reaction solution was refluxed for 15 min.

The solution was then poured into an ethanolic-KOH solution

( 18 g KOH, 17 mL H2 0, 50 mL ethanol), and the potassium

phthalimide precipitate was separated at once. The mixture

was stirred and cooled quickly to room temperature. The

solvent was removed by vacuum filtration and the filter cake

was washed with acetone to remove any remaining phthalimide.

The product was dried in air, and yielded 15.0 g potassium

phthalimide.

The 14N potassium phthalimide (15.0 g) and 11.0 g of

ethyl chloroacetate were heated for 2 hr at 150 C. The

reaction product was extracted with 50 mL of absolute

alcohol and treated with charcoal. After being concentrated

and cooled, the solution yielded 6.0 gm of phthalimido-

acetate. The phthalimide ester (6.0 g) was refluxed for 2.5

hr with a mixture of 30 mL of concentrated HC1, 30 mL of

glacial acetic acid, and 30 mL of water. A fraction boiling

below 1080C was removed with the aid of a fractionating

column and boiling was continued for 12 hrs. After cooling,

phthalic acid was filtered off and the filtrate brought to

dryness in vacuo. The residue was extracted with a small

amount of cold water and recrystallized from hot ethanol and

yielded 2.0 g of chromatographically pure glycine ( 99.99%

4N).
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For synthesis of 1 5N glycine, phthalimide (1 5N) 100 mg

(1.3 mM) was used as starting material. Glycine ( 99.99%

15N) was obtained by the same procedure and yielded 0.35 g (

85% ).

N-(9-Fluorenylmethoxycarbonyl)-L-glycine: To an ice

cold solution of 0.76 g(10 mmol) of glycine dissolved in

20.2 mL of 10% Na2 CO 3 was added 10 mL of an acetone solution

of 1.98 g Fmoc-Cl (10 mmol) . After stirring at 0C for 2 hrs,

the temperature was allowed to rise to room temperature and

stirring was continued overnight. The mixture was extracted

with ether to remove small amounts of 9-fluorenylmethanol

and a high-melting polymer of dibenzofulvene. The aqueous

solution was acidified to pH 3 in an ice bath by addition of

concentrated hydrochloric acid, then extracted three times

with ethyl acetate. The extracts were then washed with water

and dried (MgSO4). After the removal of the solvent, the

impure Fmoc-glycine was purified by recrystallization in

ethyl acetate and hexanes. The yield was 2 g (88%) of the

pure acid. m.p. 168 C-169 C. NMR(CDCI 3) : 8 4.2-4.5 (m, 3,

CHCH 2 ) , 7.25-8.08(m, 8, aryl)

(180) Serine: The reaction was conducted at 0O under N2

in a 5 mL flask containing 1 mL H2O ( 99.0% 180) . Sodium

0.23 g, 10 mmol) was cut into small pieces and carefully
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added to the water in the flask. After all of the sodium had

reacted, 0.5 g (3.1 mmol) of 0-chloroalanine was added to

the solution. The solution was then refluxed, and the

disappearance of j-chloroalanine was monitored by TLC

(acetic acid:butanol:water; 1:2:1). When 3-chloroalanine

could no longer be detected, H2
180 was removed by vacuum

distillation, and the residue, containing a serine-isoserine

mixture, was used for the synthesis of N-Fmoc derivatives.

N- (9-Fluorenylmethoxycarbonyl) -L- (1Q) serine:

Fmoc-pentaflorophenylester( 0.65g, 3mmol) was added to

a stirred suspension of serine-isoserine mixture(0.305 g 3

mmol) and sodium hydrogen carbonate (4.66 g, 6.5 mmole) in a

water (30 mL) and acetone (15 mL) solution at room temper-

ature. The reaction was monitored by TLC ( UV detection)

through the disappearance of the Fmoc-pentaflorophenyl-

ester. After completion of reaction (about 24 h), the

solution was extracted two times with ether and the aqueous

solution was acidified to pH 3 by addition of concentrated

hydrochloric acid. The product was removed by extraction

into ethyl acetate, and the solid residue after removal of

the solvent was subjected to further purification.

A mixture of Fmoc-serine and Fmoc-isoserine was obtained

as the initial product of the Fmoc reaction. Purification of

the Fmoc-serine was accomplished by silica gel chromato-
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graphy using ethyl acetate/acetic acid solution (90:10) for

elution. About 150 mg of pure Fmoc- 1$0-serine (yield 30%)

was obtained. NMR(CDCl3 ): S 3.95 (m, 2, CH2 ), 6.9 (br, s,

2, OH,& COOH), 7.5 (m, 8, aryl)

Peptide syntheses: The peptide syntheses were performed

on a MilliGen 9050 PepSynthesizer. The operation was

automatically controlled by computer.The pepsyn KA

(substitution 0.1 mmole per gm), 5.0 gm, was washed in DMF

Dichloromethane (1:1), placed in a dry 100 mL round bottom

flask. To 3.0 mmoles Fmoc-glycine (14N or 1 5N) dissolved in

7.5 mL DMF was added, with stirring, 3.0 mmoles (0.47 mL)

DIPCDI in 7.5 mL dichloromethane. This solution was

immediately added to the flask containing the Pepsyn KA

resin, followed by the rapid addition of a prepared solution

of 0.05 millimoles (6.1 mg) of 4-dimethylaminopyridine

(DMAP) and 0.45 mM (49 mg) of N-methylopholine in 2.0 mL

DMF. Finally, a amount of DMF:dichloromethane(1:1) solution

was then added to give a sufficient volume to cover the

support.

The flask was stoppered and placed on a shaker for two

hours. After the two hour coupling, the resin was filtered

in a course sintered glass Buchner funnel attached to a

water asiprator. The resin was washed six times with DMF,

six times with dichloromethane, then twice with methanol.
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The resin with 14N or 15N glycine attatched was dried in

vacuo. Once the coupling was complete, 1.80 g of resin with

isotopically labelled glycine was loaded into the

instruments' column for coupling of the other amino acids.

The Fmoc group was removed by piperidine. Amino acids were

used in 5 fold excess over glycine resin. Following is the

protocol for synthesis of RKpeptid:

H2N-Leu-Arg-Lys-Ala-Ser-Leu-Gly-COOH

Length = 7, MW = 743.918

Table 2 Synthesis of RKpeptide
-------------------------------------------------------
Amino Cycle Time AminoAcid Weight
Acid Hr Derivative g
-------------------------------------------------------
Gly 2:00 Fmoc-L-Gly 0.370
Leu D 1:30 Fmoc-L-Leu-OPfp 0.421
Ser A 1:00 Fmoc-L-Ser-ODhbt 0.428
Ala A 1:00 Fmoc-L-Ala-OPfp 0.387
Lys A 1:00 Fmoc-L-Lys(boc)-OPfp 0.514
Arg C 1:30 Fmoc-L-Arg(Mtr)OH/BOP/HOBt 0.965
Leu F 2:30 Fmoc-L-Leu-OPfp 0.421
-------------------------------------------------------

Theoretical Yield = 0.121 g peptide

The total time required for the synthesis was about 8 hrs.

When the reaction was complete, a positive ninhydrin test

was obtained using some grains of resins. The peptides were

cleavaged from resins by reagent K ( 20 mL TFA solution

contain 1 g phenol, 1 mL 120, 1 mL Thioanisole, 0.5 mL

Ethanedithiol), then the peptide was purified further by

reverse phase HPLC, using a gradient 0% to 30% in 30 min
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buffer A was 0.1% TFA in water; buffer B was 0.1% TFA in

acetonitrile).

3H-Acetylation of RKpeptide: [3H]-Acetylleucine

RKpeptide was prepared from anhydrous [3H]-acetic anhydride

and RKpeptide still on the resin by the method of Riordan

and Vallee2 method. Briefly, 5 L containing 25 mCi( 500mCi

molel) [3H]-acetic anhydride and 300 pL cold acetic

anhydride in 9.7 mL DMF( Dimethylformamide) were added to

0.425 g resin/ RKpeptide ( 0.038 mmole peptide) in a 50 mL

centrifuge tube. The mixture was rocked slowly for 30 min,

followed by the addition of 10 mL of cold 0.3 M acetic

anhydride and was rocking for another 30 min. The

resin/RKpeptide was then washed three times with DMF

followed by three times with dichloromethane. A few grain of

resin was then removed for ninhydrin test. The ninhydrin

test was negative indicating that acetylation was complete.

The resin/RKpeptide was dried in vacuo overnight. The [3H]-

acetyl-RKpeptide was cleaved from the resin using reagent K

( 20 mL TFA solution contain 1 g phenol, 1 mL H20, 1 mL

thioanisole, 0.5 mL ethanedithiol). The cleavage solution

was passed through a syringe with glasswool and dropped into

150 mL of cold ether. The ether solution was allowed to

stand in the cold room overnight. The supernate was

carefully removed and the peptide solution was centrifuged
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for 15 min. The supernate was decanted and centrifugation

was repeated 6 times until most of TFA was removed. The

pellet was then dried in vacuo. The [ 3H]-acetyl-RKpeptide

was purified further by reverse phase HPLC, using a gradient

0% to 60% in 60 min (buffer A: 0.1% TFA water; buffer B:

0.1% TFA acetonitrile). The elution was monitored at 220 nm.

A yield of 22.6 M [3H]Acetyl-RKpeptide (specific activity

8.35x105 cpm/gmole) was obtained.

Kinetics Studies

Enzymatic determination of peptide concentration : The

concentration of peptide was determined enzymatically

according to Cook et a13. A solution was prepared containing

the following in a 0.4 mL cuvette: 60 L RKpeptide, 100 mM

KCI, 12 mM MgCl, 0.3 mM NADH, 1 mM PEP, 70 units pyruvate

kinase, 150 units lactate dehydrogenase, 2 mM ATP, 100 mM

Mops and 0.005 units of catalytic subunit. The reaction was

initiated by the addition of peptide. The change in

absorbance at 340 nm is directly proportional to the

concentration of RK-peptide which was calculated using an

extinction coefficient of 6220 cm-1 for NADH. Initial

velocity data were collected on a Gilford 260

spectrophotometer equipped with strip chart recorder. The

temperature was maintained at 250C by a circulating water
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bath with the capacity to heat and cool the thermospacers of

the cell compartment.

Isotope partitioning: To further characterize the

location of rate determining steps, isotope partitioning was

carried out as described by Kong and Cook14 . The E:RKpeptide

trapping experiments were carried out at 10 mM uncomplexed

Mg. The 0.05 mL pulse solution contained 225 ig cAPK (0.1

mM), 34 mM [ 3H]-acetyl-KR-peptide (specific activity

8. 35x10 5 cpm/gM) , 10 mM MgCl2, and 150 mM Mops, pH 7. The

chase solution contained 150 mM Mops, pH 7, 4 mM Serpeptide,

10 mM uncomplexed Mg and a MgATP concentration of 1 mM. The

experiments were carried out in duplicate. The reaction was

terminated by adding acetic acid to a final concentration of

30%, 2 s after the pulse solution was mixed with the chase

solution. After termination of the reaction, the reaction

mixture was titrated to pH 7, peptides and phosphopeptides

were separated by anion exchange HPLC. A fraction of the

phosphopeptide was counted for radioactivity.

Separation of peptides: The separation of RKpeptide and

phospho-RKpeptide was performed on a strong anion exchange

column (250 mm x 7.5 mm) with a flow rate of 1 mL/min. The

peptides were detected by absorbance at 220 nm. The solvent

system was as follow as: buffer A, 50 mM NaH2 PO4 pH 5.50;
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buffer B, 1 M NaCl at 50 mM NaH2PO4 pH 4.50. Peptide were

detected by monitoring absorbance at 220 nm. The RKpeptide

and phosphoRKpeptide eluted at 5 min and 10 min, respec-

tively, while ATP and ADP eluted with buffer B. The total

time needed for separation was about 45 min.

Hydrolysis of peptides: After the peptides were

separated by reverse phase HPLC, RKpeptide and phospho-

RKpeptide were put into separate hydrolysis tubes with 100-

200 gL 6N hydrochloric acid. After evacuation of air the

tubes were sealed and placed in a 110*C oven for 24 hr.

After hydrolysis was complete, the tubes were opened and

placed in a vacuum desiccator for 4 hr, the samples were

then ready for the separation of the amino acids. Hydrolysis

of amino acids in the absence of glycine showed that there

were no other amino acids that degraded to products that

coelute with glycine during the hydrolysis.

Separation of glycine: The method used should have two

criteria. It must have a high resolution between glycine and

other amino acids; and it should be quantitative. A cation

exchange column was used to separate glycine and alanine

from other amino acids. The glycine and alanine were then

separated using ion paired chromatography on a reversed

phase column 3 . Both separations were carried out using an
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LKB HPLC system at room temperature (ca 22C). Amino acids

were detected at 200 nm. First, the peptide hydrolysate was

injected onto a SP-5PW cation exchange column (250 mm x 7.5

mm) at a flow rate of 4 mL/min. Elution was at pH 2.3-2.4,

0.1% phosphoric acid and both glycine and alanine were

collected during separation. The total separation required

about an hour. Glycine and alanine were then concentrated to

a small volume and loaded onto an ODS column (250 mm x 4mm),

and elution was effected with 0.05M NaH2PO4 containing

0.025-0.05 M sodium dodecyl sulfate at pH 2.6-2.7. Although

the sample loading cannot be too high (about 100 gL), the

time required for separation is very short (about 20 min).

Isolation of ammonia from glycine: The Kjeldahl

procedure22 will be employed for removal of ammonia from

glycine. This experiment will be performed at the University

of Wisconsin at Madison in the laboratory of Dr. W. W.

Cleland.

Oxidation of ammonia to N, by alkaline hypobromite:

After purification by alkaline distillation, the hypobromite

was prepared by adding 60 ml of Br2 to 300 ml of 17 M NaOH

and diluting this 1:1 with 12 mM KI; this mixture was

filtered through a sintered glass funnel 48 hrs after
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preparation and stored at 4 C in the dark. The 1 ml sample

of ammonia will be oxidized with 1.0 ml of hypobromite

reagent in a Y-tube and analyzed by isotope ratio mass

spectrometer. This experiment will also be carried out at

the University of Wisconsin.

Data processing

Data for isotope partitioning were fitted using eq 1.

P* = P*maxA / (K'a + A ) (1)

where Pmax* is the maximum amount of trapping, P* is the

amount of trapping at a give concentration of A, Ka' is the

concentration of substrate in chase solution that gives half

the maximum amount trapping (Km for trapping) .

For remote labelled 10 isotope effect, data processing

is more complicated. If a substrate containing a mixture of

unlabeled (S) and labeled (S*) species is converted into

product, the isotopic composition of the substrate (S*/S)

and product (P*/P) change over the course of the reaction

because the labeled and unlabeled substrates do not react at

exactly the same rate.

Experimentally, the isotope effect can be determined by

measuring the change in isotopic composition of either the

substrate or the product as the reaction proceeds. When the

substrate is to be analyzed, the isotopic composition of the
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initial substrate is compared with that of the substrate

remaining after partial reaction. The relationship of the

isotope effect (k/k*) to the isotopic composition of the

substrate prior to reaction (S*o/So) and that remaining after

partial reaction (S*t/St) is given by Eq. (2)

k/k* = log (1-f) / log[ (1-f) (St*/St) / (So*/So) ] (2)

The fraction of reaction (f) is given by Eq. (3)

f=1- (St+S*t) / (So+S*o) (3)

The best results are obtained when the fraction of reaction

is at least 0.5.

When the product is to be analyzed, the isotopic

composition of a sample of product obtained after only a

small extent of reaction (P*t/Pt) is compared with that of a

sample obtained after complete reaction (P*/P~ ) . The

isotope effect is calculated from Eq. (4)

k/k*=log(l-f) /log [1-f (P*t/P) / (P*/P) (4)

To a first approximation the isotope effect is related to

the isotopic compositions of the two product samples by

Eq. (5)
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k14/k15= (p*./p) / (p*t/Pt) (5)

and this provides a useful primary estimate of the isotope

effect. If the extent of reaction in the low conversion

sample is 0%, Eq. (5) is precisely true, and even at 10-15%

reaction the error is small. Both methods will be used to

calculated the isotope effect.



CHAPTER III

RESULTS AND DISCUSSION

Synthesis of amino acids

A review of the literature on the synthesis of serine

did not reveal an amenable synthesis that allowed the

introduction of a 13 hydroxy into the amino acid. A proposed

method was to substitute a good leaving group for the

hydroxyl group of serine, followed by replacement of the

leaving group with basic '80H via a bimolecular nucleophilic

substitution reaction. A good leaving group could be either

tosyl or halide.

R' -CH[ 2 -CH-CO~ + ' 80H -- > R'- + H180-CH2 -CH-COT0

NH2  
NH 2

R' = tosyl, Cl, Br, etc

The tosyl has been found to be a good leaving group for many

reactions and can yield products with isotopic enrichment.

However, in one study involving arylsulfonates, Oae23 found

that the reaction proceeds via an aromatic nucleophilic

substitution process involving C-O bond cleavage to only a

minor extent; the process involving nucleophilic attack on

the sulphur atom is the major pathway.

23
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ArSO3 Ar + 180H- > ArSO3  + Ar1 80H

(minor process)

Bender and Dewey24 found that the hydrolysis of sulphonate

esters in isotopically enriched water gives phenol with a

normal isotopic abundance of 180:

MeSO20Ph + 80H- > MeS'80 3 H + Ph 60H

Apparently, according to the above results, the tosyl

(or other sulfonate ester) group is not the best choice for

a leaving group to yield high purity 180-serine.

A halogen as the leaving group does not give these

problems2 5 ;

H H

CI-CH2-C-C00 + 1 8OH- > H 80-CH 2-C-C00 + C1

NH2  NH2

We have observed that this reaction does not occur at

neutral pH, even at reflux temperature overnight. When the

H2
18 0 solution is basic ([NaOH] / [Cl-alanine]= 3)., -

chloroalanine is converted to serine and isoserine during

the reaction:

H H H

I I
CI-CH 2-C--C00~ + '0H --- > H2N-CH2 -C-C00~ + H18 0-CH 2-C-C00

'H2 1 8 0H NH 2
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A possible mechanism for this process is as follow:

1 80H~
H H
II

CI--CH 2-- C--CO- --- > H' 8 0--CH2---C--C00~

NH 2  NH 2

H H H

CI---CH 2 --- C--COO- --- > CH2 ---C--COO -> H2 N--CH 2-- C---COO~

NH 2  NH 8 0H

Studies reported in the literature2 5 used LiOH, and Ba (OH) 2

as the source of hydroxide ion. Because of the availability

of sodium metal and the desire not to dilute the isotopic

purity of the H 2
180 employed, Na' 8OH was generated by the

reaction of sodium metal in H2
180. Only one product was found

when a low concentration of NaOH solution was used; two

products were found when the concentration of NaOH was over

6N. Because of the high cost of H2
180, a high concentration

of Na'80H was used in order to utilize the water more

efficiently. The two products obtained, serine and

isoserine, were separated after adding the Fmoc protecting
group by silica gel chromatography. The HPLC analysis and

NMR spectrum indicated that the final product was serine.

Synthesis of Fmoc-amino acids



26

Several Fmoc reagents are commercially available: Fmoc-

Cl8, 9-fluorenylmethyl pentaflorophenyl carbonate 9" 0 , and 9-

fluorenyl-methyl succinimidyl carbonate""
2 . All were

utilized in the present study. The right solvent system,

which control the solubility of reactants and products, was

very important to obtain a high yield of the Fmoc

derivatives. N-Fmoc--glycine can be obtained in high yield by

using Fmoc-CL. Using Fmoc-penta-florophenylester, a good

yield of N-Fmoc-serine was obtained.

Table 3 Yield of Fmoc-amino acids

-----------------------------------------------------

Amino Fmoc reagents solvent Yield
Acid (1:1)
-----------------------------------------------------
Glycine Fmoc-Cl Acetone/H 2 0 88%
Serine Fmoc-OPfp Acetone/H2 0 60%
Serine Fmoc-succinimidyl carbonate Acetone/H2 0 40%
Serine Fmoc-Cl Acetone/H2 0 35%
------------------------------------------------------

HPLC studies of amino acids and peptides

The HPLC was employed several times in this project.

Two main uses of HPLC were the separation of amino acids and

peptides. For amino acids, cation exchange chromatography,

Fig. 1 and reversed phase ion-pair chromatography(RP-IPC)

were used with SDS as the ion pairing reagent 28 ,29 . The

effects of several factors on the retention behavior of

amino acids in RP-IPC were examined, viz., sodium ion and
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phosphate concentration, pH, concentration of ion pairing

reagent and organic modifier in the eluant. Small amino

acids have weak retention in RP-IPC because of the less

hydrophobic ion pairs with the longer alkyl chain IP

reagent. Increasing the organic modifier (methanol)

concentration shortened the retention time. The retention

time became constant with more than 25 mM SDS. The column

was easily re-equilibrated with highly concentrated IP

reagent solution. Therefore, 50 mM SDS solution was selected

as giving a good separation and shorter equilibration time.

The peaks were sharp with salt in the buffer but the

retention times were also shortened. The optimal buffer for

amino acid separation was 0.1% H3 PO4 pH 2.6-2.7, 50-75 mM

SDS, Fig. 2. Chromatography of 3H-glycine gave a 95-97%

recovery of glycine.

For peptides and phospho-peptides, it is difficult to

achieve separation by reverse phase HPLC, Fig. 3. The

peptides could be separated using a slow gradient (4% to 10%

in 20 min), but the resolution was not good enough to

separate these peptides completely. Using a strong anion

exchange column, peptides and phospho-peptides were easily

separated by choosing the correct buffer (pH). The phospho-

peptide peaks moved to a later retention time and became

broader when the pH of the buffer changed from 4.5 to 6.0,

while the peptide peaks give no big difference. At pH 6.0,
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the two peptides were separated with good resolution, Fig.4.
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Figure 1. Elution of amino acids on SP-5PW cation exchange

using isocratic elute. 1) Serine 2) Glycine 3) Alanine 4)

Leucine. ( 0.1% H 3PO 4 pH 2.60-2.70)
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Figure 2.Chromatography on reversed phase column of amino

acids using ion paired reagent, SDS. 1) serine 2) glycine 3)

alanine ( 0.1% H3P04 pH 6.0, 75 mM SDS)
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Figure 4. Chromatography on anion exchange column of

peptide/P-peptide. ( 0.050 mM NaH 2PO 4 pH 5.50; 1M NaCl at

0.050 mM NaH2 PO4 pH 4.50)

A) Serpeptide/RKpeptide, P-serpeptide/P-RKpeptide, with

enzyme and MgATP and MgADp.

B) Serpeptide/RKpeptide, P-serpeptide.
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Partitioning studies of E*KR-peptide

The isotope partitioning of a binary complex EA* has

been described by Cleland as show below:

k3B k5
EA* EA*B > E + P

k4

k2 jk
E+ A* EB+ A*

The initial complex E:A* can either dissociate or react with

B to form E:A*B complex. The amount of E:A*B trapped from

E:A* is dependent on the partition ratio k3' / (k3' +k2 ). The

rate constant k3' is a function of the conversion of E:A* to

E:A*B, and equals [k3 (k5 + k7 ) B] / (k 4 + k5 + k7 ) . The amount of

P* trapped from E:A*B is dependent on the partition ratio

k5/ (k5 +k7) . k5 is a rate constant for a combination of the

steps from interconversion of E:A*B and E:P*Q, and the

release of the first product. Because of a large dilution of

radioactive A by nonradioactive A and the control correcting

for the amount of P* generated from the recombination of the

enzyme and free A*, the dissociation constant of the E:A

complex is required for accurate determination of the

initial amount of E:A* in the pulse. From these experiments,

the rate constant ratio k7/k5 and limits on k2/(Vmax/Et) can

be determined quantitatively.
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Trapping A* from the E:A* complex can be interpreted as

indicating a productive E:A complex and that the E:A* stays

around long enough to directly associate with B and enter

the catalytic process. Whether or not the A* reacts with the

enzyme chemically in the binary complex cannot be predicted

from this experiment. Thus, at the very least, the enzyme

must be able to catalyze the reaction by the sequence of

E:A*->E:A*B->P. This pathway is identical to the reaction

pathway when A is saturating, under steady-state conditions.

If the rates of dissociation of A* from E:A* and E:A*B (k 2

and k7) are greater than k5, they cannot be infinitely

greater than k5 (rapid equilibrium addition); otherwise, no

trapping will be obtained. When the formation of P* from the

E:A* complex is observed, the conclusion is that A cannot be

added in a rapid equilibrium fashion.

In the phosphoryl transfer reaction of interest, A is

RKpeptide and B is MgATP:

MgATP

E:RKpeptide* -E :RKpeptide*:MgATP-> E +P-RKpeptide*

E + RKpeptide* RKpeptide* + E:MgATP MgATP

There was no radiolabelled phosph-RKpeptide produced over

the whole reaction in the E:*RKpeptide trapping experiments.
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There are several possible reasons for the substrate

(RKpeptide*) not being trapped from the (E:RKpeptide*)

complex at 1 mM MgATP. (1) The E:RKpeptide* complex does not

form. (2) The E:RKpeptide complex is a dead-end complex. (3)

[MgATP] is not high enough to convert E:RKpeptide* to

E:RKpeptide*:MgATP before the E:RKpeptide* complex

dissociates.

The concentration of the second substrate (MgATP)

required to convert E:RKpeptide* to E:RKpeptide*:MgATP

proior to dissociating can be approximated as following:

[MgATP) = (Kdis(EA)) (108 MW's') / (V/Km(MgATP)Et)

where MgATP is the amount required, Kdis(E:RKpeptide) represents

the dissociation constant of the E:RKpeptide complex (ratio

of the rate of dissociation of RKpeptide from E:Rkpeptide

divided by the rate of association of RKpeptide and E to

form E:RKpeptide), while the rate of association of

RKpeptide is maximally controlled by the diffusion limit

estimated at 108 M~ 1s-1 . Thus, Kdis(E:RKpeptide)x10 8 M-s_' is the

maximum limit of the rate of dissociation from E:RKpeptide.

The V/Km(MgATP)Et represents the second order rate constant for

conversion of E:RKpeptide and MgATP to product. If the

experiment cannot be carried out at this high a

concentration of MgATP, no conclusions can be drawn in the
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absence of trapping.

Using Et, 0.00011M, V/Km gATp)Et= 760 M 1 s~1, k1 = 1x10 8 M 1 S~1 ,

and Kipeptide=3.4x10~4M-1, a value of 45 mM is obtained for

[MgATP] to ensure that E:RKpeptide is converted to the

ternary complex.

Serpeptide give only about 40% trapping in the presence

of 10 mM [Mg2 +] . The Km of RK-peptide is about 340 JM, which

is about 10 times of the Km for Serpeptide (20 M). The slow

reaction and small and/or no trapping for RK-peptide was

expected from above data, but must be repeated at a higher

MgATP concentration.

The two Arg sites are important for binding of peptide.

The change of Arg to Lys has a dramatic effect on the

substrate binding and reaction rate. The Km was changed

about 10 fold with the change of Arg to Lys. The lack of

trapping was expected. Prelimary data are consistent with

the phosphorylation step as the slowest step along the

reaction pathway when the substrate is RK-peptide.

Oxygen isotope effects

In a double-labeled substrate experiment28, the isotope

effect (kaB/kA*B*) is the product of the isotope effect at

the indicator position and that at the key position, and
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these will be calculated using the follwing equation. The

isotope effect (kAB/kA*B) at the indicator position will be

measured in separate experiments using natural abundance or

singly enriched substrates. The rule of the geometric mean

in which the isotope rate ratio for a doubly labeled species

is given by the product of the isotope rate ratios for the

corresponding singly labeled species is as follow:

kAB/kA*B* = (kAB / kA*B) (kAB/ kAB*)

The procedure requires that one of the isotopic rate

ratios on the right-hand side of the equation be measured

directly and then a mixture of doubly labeled and unlabeled

substrates be measured by internal competition experiments.

From separate determinations of kAB/kA*B and kAB/kA*B* the

ratio kAB/kAB* can be calculated. B* is the 180 of the serine

acceptor RKpeptide, while A* is 15N in the C-terminal glycine

of the peptide.

Determination of isotope effects

For a multi-step mechanism of the type 29 :

k~

E+ S ....... ESn-= EP=i-......=E+ P (8)

k_

in which the only isotope-sensitive step is the step with
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rate constant kn, the observed isotope effect is given by:

*(V/K) = [ *kn + Cf + Cr *Keq ]/[1 + Cf + Cr ] (9)

where *kn is the isotope effect on k, and *Keq is the isotope

effect on the equilibrium constant for the overall reaction.

Cf is a forward commitment factor and reflects the rate of

the isotope-sensitive step relative to the rate of preceding

steps in the sequence, more specifically:

Cf = kn/ksubstrate (10)

ksubstrate is the net rate constant for the release of

substrate from intermediate ESn. Cr is a reverse commitment

to catalysised, and reflects the rate of the reverse

reaction through the isotope-sensitive step relative to

release of product from complex EP1:

Cr = k_ /kproduct (11)

where kproduct is the net rate constant for release of the

first product from intermediate EPi. When the isotope-

sensitive step is irreversible, Cr goes to zero, and the

equation can be simplified.

Cook et a13 have proposed that the mechanism of cAPK

entail random addition of substrates and ordered release of

products:

~EA k5  _

E A EAB EPQ -> EQ + P > E + Q
EB-'
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where A, B, P, and Q are MgATP, Serpeptide, phospho-Ser-

peptide, and MgADP. The step represented by k5 can be made

rate-limiting step and irreversible by choosing substrates

and other conditions, and it is the 180 isotope-sensitive

step. The equation for the isotope effect in V/K RKpeptide is

as follow.

18 (V/K) =(/1k5 + C) / (1 + Cf) (12)

Cf = k/ksubstrate = k5 /k 4

18 (V/K) is the observed isotope effect measured

experimentally, and 18k5 is the intrinsic 180 isotope effect,

which can be obtained from Eq. 12.

A kinetic isotope effect greater than 1 for the

formation of an 0-P bond between the seryl OH and phosphate

is strongly indicative of that step being at least partially

rate limiting. If an isotope effect of 1 is observed on V/K,

it would be assumed that phosphorylation is not the rate

limiting step. This is the expected result for the

Serpeptide experiment. (An alternative possibility is that

the transition state for phosphoryl transfer is substrate

like, but this is unlikely.)

Based on distance measurements from NMR and EPR

experiments a distance of 5.3 A is estimated between the

serine hydroxyl and the y-phosphates of MgATP 30 . This may
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indicate that phosphoryl transfer proceeds via a

dissociative (metaphosphate) transition state or at least

one that approximates dissociative or via a SN2 type

reaction. There is also a possibility that the putative

complex observed with a distance of 5.3 A as a reaction

coordinate is not the catalytically productive complex but

precedes it.

Gorentein3' obtained a value of 1.02 for hydrolysis of

2,4-dinitrophenylphosphate and a value of 1.007 for

hydrolysis of 2,4-dinitriophenylbenzylphosphate. In the case

of the former Gorentein suggested an SN1 type reaction while

for the smaller isotope effect he suggested an SN
2 type

reaction. Although the trend is consistent with the larger

isotope effect indicating more bond cleavage and the smaller

suggesting less bond cleavage in transition state, the

interpretation is not unambiguous with a second possibility

being an SN2 reaction with long axial bond length in the

transition state.

Cleland5 found that as the reactant change from mono-,

to di, to triphospho-ester, the trend is from a dissociative

to an associative transition state. The basic point of this

theory is that the P03 unit in the transition state for

phosphoryl transfer should have only a single negative

charge (or at least no more than one). For a monoester, like

glucose 6--phosphate in which the negative charge is greater
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than 1, any appreciable bond order in the axial direction

would increase the negative charge on the phosphoryl group,

the mechanism can thus only be dissociative. Bond-breaking

will be weak because the lao-P bond is longer in a

dissociative mechanism. A larger isotope effect is expected.
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