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I. INTRODUCTION

In recent years it has become evident that phosphoproteins play a central role in enzyme
regulation in biological systems.’-* Efforts (including our own) to phosphorylate proteins by
chemical methods are increasing in number and frequency. The most recent reviews on
phosphoproteins, however, cover only enzymic methods.** Nonenzymic phosphorylation
of amino acids was last reviewed by Chabrier and Carayon-Gentil® in 1962, and of peptides
by Mellander” in 1963 and Osterberg® in 1966. The present review covers the literature on
chemical (i.e., nonenzymic) phosphorylation of amino acids, peptides, and proteins from
the earliest papers through 1982. To keep the length within bounds, only 20 or so a-amino
acids that are commonly found in proteins are covered. Other interesting compounds, such
as N-phospho--alanine or O-phosphoethanolamine, had to be excluded. The same criteria
apply to the peptides. A further restriction, which applies specifically to naturally occurring
phosphoamino acids (those of cysteine, serine, threonine, histidine, lysine, arginine, and
tyrosine), is that only data for the synthetic compounds are reported. Within these criteria,
any omissions are unintentional.

The literature on chemical phosphorylation dates to 1901, when Bechhold treated egg
albumin with phosphorus oxychloride (method le) and obtained a product regarded to be a
true ester of phosphoric acid.® Amino acids were first phosphorylated in 1914'° (see also
References 11 and 12a), and peptides in 1945.'* Extensive investigations were carried out
by Folsch'*?* on the N- and O-protected phosphoamino acids and peptides and by Avaeva
and colleagues??>*® and Katchalsky et al.***’ on the anhydrides of these substances, but
the literature is noted more for its diversity than for its dominance by any single investigator
or group of investigators.

Several methods are now available for the synthesis of the phosphoamino acids and
peptides, and increasingly sophisticated methods have been developed for their separation
and characterization. These trends are expected to continue. Most of the phosphoproteins
described in this review were prepared prior to 1970, and are inadequately characterized;
many will undoubtedly be reexamined with the aid of new techniques such as *'P NMR,
HPLC, and amino acid sequencing. We anticipate that this field will continue to grow as
both chemical and enzymic methods of phosphorylation are developed for modifying the
properties of amino acids, peptides, and proteins.

II. SYNTHETIC METHODS
The methods described in this section are classified by reagent rather the product. In some

cases, it will be noted that the same reagent can be used to phosphorylate NH groups, OH
(or SH) groups, or both depending on the substrate and the reaction conditions. In general,
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alkaline conditions favor the N- and S-phospho derivatives and acid conditions the O-phospho
derivatives.

A. From Phosphorus Oxychloride

Phosphorus oxychloride reacts with amines in aqueous solution in the presence of excess
magnesium oxide to give phosphoramidic acids in the form of magnesium salts (method
la):

2 RNH, + 2 POCl, + 5 MgO —> 2 RNHP(O)O,Mg + 3 MgCl, + H,0  (la)

Method 1a'®

A mixture of pL-alanine (1.8 g), magnesium oxide (10 g), and water (150 g) is stirred for 1 hr at room temperature,
cooled in an ice bath, and treated dropwise with a solution of phosphorus oxychloride (6.1 g) in carbon tetrachloride
(50 m¢€) over a 4-hr period with stirring. After stirring another hour, the mixture is filtered, neutralized carefully
with dilute acetic acid, treated with 3 volumes ethanol, allowed to stand several hours and then filtered. The product
is rinsed with 80% ethanol until chloride-free and reprecipitated from water with ethanol, giving 0.4 g (12%) of
the magnesium salt of N-phospho-DL-alanine.

This method has been applied to the amino acids glycine,!'®*® alanine,!®*® glutamic
acid,”*! leucine,*® phenylalanine,”® and tyrosine,'® and to the peptides diglycine®® and
triglycine.* Tyrosine is phosphorylated at both NH, and OH. The yield is about 50% for
glycine but much lower for the other amino acids.

Somewhat better results are obtained by adding phosphorus oxychloride drop by drop to
an ice-cold solution of the amine at pH 11 or above (method 1b):

RNH, + POCl, + 5 NaOH — RNHP(O)(ONa), + 3 NaCl + 3 H,0 (1b)

This method has been applied to the amino acids alanine,** cysteine,** histidine,*-33-5
lysine,*®%° and arginine.®%* Cysteine is phosphorylate at both NH, and SH, histidine at NH,
and NH, and lysine at one or both NH,, depending on the conditions. The copper chelates
of lysine and arginine give products in which the terminal NH, group is phosphorylated
exclusively.®

Phosphorus oxychloride reacts readily with alcohols to form alkyl phosphorodichloridates,
which can be subsequently hydrolyzed to alky! dihydrogen phosphates (method 1c). Alter-
natively, phosphorus oxychloride can be partially hydrolyzed to an unstable reactive inter-
mediate, phosphorochloridic acid, prior to the introduction of the alcohol (method 1d). Both
methods have been applied to the proteins and their derivatives.

ROH

POCL,  —=»  ROP(O)L (1)
H,0 H,0
—HCl —HCl
ROH
CIPO)OH), ~ —;=—>  ROP(O)OH), (1d)

Method Ic has been applied to herring sperm clupeine; the protamine, in the form of its
capronate salt for enhanced solubility, is phosphorylated with phosphorus oxychloride in
trimethy! phosphate for 2 to 6 days at room temperature, quenched with water, and hydrolyzed
with 6 N hydrochloric acid to split off the acid-labile phosphate groups.®

Method 1d has been applied to the amino acids serine,®**¢ threonine,?**¢ hydroxyproline
and tyrosine,® and also to 2-[*H]-serine®”*® and [**P]-serine.®® The procedure for DL-serine
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is described in detail by Neuhaus and Korkes.® Typical conditions are 2 hr at 60°C in 85%
phosphoric acid® or in the absence of a solvent,® followed by quenching with water and
brief hydrolysis with acid to break down any polyphosphates formed. Yields are 77 to 96%.

Phosphorylation of the alcohol groups of amino acids, peptides, and proteins is often
carried out in the presence of a base such as sodium hydroxide (method le):

ROH + POCI; + 5 NaOH — ROP(O)(ONa), + 3 NaCl + 3 H,O (le)

Since the conditions are the same as those of method 1b, this reaction must be followed
by brief hydrolysis with acid to cleave the N-phospho groups that are formed. The following
procedure is typical:

Method 1e¢

Caseinogen (18 g, containing 0.80% P) is dissolved in sufficient sodium hydroxide solution to give a neutral
solution, and the volume is adjusted to 250 m¢. The solution is cooled to <5°C and treated dropwise over a 9-hr
period with rapid stirring with phosphorus oxychloride (50 g) in carbon tetrachloride (200 m€), sodium hydroxide
being added as needed to maintain a faintly alkaline reaction. The aqueous layer is separated, treated with sufficient
2 N hydrochloric acid (59.5 m{) to precipitate the protein, and filtered. The product is purified to constant P/N
ratio by repeated (5- to 6-fold) precipitation from 0.1 N sodium hydroxide solution with the equivalent amount of
0.2 N hydrochloric acid, and is then washed with water, alcohol, and dried in vacuo giving a 61% yield of
phosphocaseinogen. Analysis: P, 1.77; N, 13.53; P/N ratio 0.130.

Method le has been applied to human serum albumin,”®’" globulin,” hemoglobin,”
globin” and [**P]-protein;” to bovine lactalbumin,'* B-lactoglobulin,” type II hemoglobin,
casein,’® dephosphorylated casein®-7° and caseinogen;*® to horse serum albumin™ and glob-
ulin;* to chicken egg albumin;>” and to silk fibroin peptone, Witte peptone, and blood
globulin.'® In modified form, with pyridine or magnesium oxide as the base, it has also
been applied to serine,’® tyrosine,'*”” 3,5-diiodotyrosine and thyroxine,” and to peptides
of tyrosine with glycine.*

Phosphorylation of cysteine by method le gives N,S-diphosphocysteine, which can be
isolated as the calcium salt. When this is acidified to pH 3, the N-P bond is cleaved and §-
phosphocysteine precipitates out.>*

B. From Dialkyl or Diaryl Phosphorochloridates
These reagents react with primary amines to give dialkyl or diaryl phosphoramidates
(method 2a):

2 RNH, + (R'0),P(O)C1 — RNHP(O)OR'), + RNH,-HCl (2a)

Since the products are acid-sensitive, it is necessary to protect any carboxyl groups that
may be present. This method has been applied to esters of glycine,”-*3 serine,”%* threonine,”
tyrosine,®' glycylglycine,®' glycyltyrosine,®' and [*2P]-glycine® and to an amide of glycine.”
Yields are good (70 to 80%), but half of the amine is used up in salt formation.

The procedure is improved if a tertiary amine, such as triethylamine, is added as an acid
acceptor (method 2b):

RNH, + (R'0),P(0)Cl + R;N — RNHP(O)(OR’), + R,;N-HCl (2b)

Method 2h3¢

To a suspension of amino acid ester hydrochioride (1 mol) in chloroform at 0°C is added triethylamine (2 mol),
followed by slow addition, with stirring, of dibenzyl phosphorochloridate (1 mol). After the addition is completed,
the reaction mixture is taken out of the cooling bath and stirring continued for 30 min. Next day, the precipitate
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is filtered off and the filtrate is washed successively with water, 1 N HCl, 10% NaHCO,, and water, then dried
over anhydrous sodium sulfate. The solvent is removed under reduced pressure and the residue, after further
purification, is recrystallized. The products are soluble in organic solvents but insoluble in water.

In some cases, better yields are obtained if the amino acid ester is liberated from its
hydrochloride with ammonia prior to the reaction.®%” The reaction is catalyzed by dimethyl-
formamide.® Triethylamine may be replaced by pyridine™ or aqueous bicarbonate,®® but
aqueous reagents should be avoided because the products may be hydrolyzed under these
conditions to amine salts of dialkyl or diaryl phosphates.*®

This method has been applied to esters of glycine,®-#6-3%-91-%3 alanine ,*6-87:9192 cysteine ¥
serine,®*#7 aspartic acid,’*** threonine,* glutamic acid,**”#-°? valine,*-®® histidine,®® cys-
tine,%” leucine,®¢-#8-92 lysine,*” arginine,®”*** phenylalanine,®-%52% tyrosine,’#%%" trypto-
phan,?¢ glycylalanine, alanylalanine,® alanylarginine,™* isoleucylalanine,* leucylarginine,*?
leucylphenylalanine,* phenylalanylarginine,” tyrosylarginine,®” and leucyltryptophan;*® to
amides of glycine,® alanine,®” and leucine;*S and even to glycine itself.°® Although some
of these compounds contain free OH, SH, and other NH groups, all but four are phospho-
rylated exclusively at the «-NH, position. Cysteine and tyrosine are phosphorylated at NH,
with one equivalent of reagent and at NH, and SH (or OH) with two equivalents; lysine and
arginine are phosphorylated at both a-NH, and terminal NH,.

Dialkyl and diaryl phosphorochlondates are also capable of reacting with alcohols in the
presence of tertiary amines to give the fully substituted esters (method 2c):

ROH + (R'0),P(0)Cl + R,N — ROP(O)OR"), + R;N-HCI (2¢)

Since these reagents attack amino groups, amino acids must be blocked with N-protecting
groups that can be later removed, such as the carbobenzoxy group, -O,CCH,Ph. The reaction
of diphenyl phosphorochloridate with amino acids protected at both NH, and CO,H is best
carried out in pyridine solution with pyridine acting as acid acceptor and solvent; tricthylamine
in chloroform gives poor results.®”:*°

Method 2¢'®

N-Carbobenzoxy-pL-serine ethyl ester (8.0 g), dry pyridine (100 m¢), and diphenyl phosphorochloridate (9.0 g)
are mixed. After being kept at 0°C for 12 hr, the mixture is diluted with chloroform (100 m€) and washed with
dilute hydrocnloric acid and with water. Evaporation and recrystallization from ether/light petroleum gives the
diphenyl phosphate as needles (13.7 g, 85%), mp 40 to 41°C.

Dibenzy] phosphorochloridate requires a reaction temperature well below 0°C, owing to
the sensitivity of the benzyl groups.!” If the reaction mixture is allowed to stand too long
before work-up small amounts (<<5%) of the pyrophosphate ROP(O) (OR")OP(O)OR'), are
formed as byproducts.* Di-p-nitrobenzyl phosphorochloridate, on the other hand, is too
unreactive; a modified method has been developed for this reagent that employs an imidazole
intermediate.®® Diisopropyl phosphorofluoridate, in contrast to the chloridate, is unreactive.”

This method has been applied to esters of D-, L-, and DL-serine,!s:19:25:99-10! threonine,'®
serylglycine,'117:1% olycylserine,'®17-2*% serylalanine,?** serylserine,'” aspartylserine,??
serylaspartic acid,'” glutamylserine, '’ serylglutamic acid,'”-*% serylhistidine,?* leucyl-
serine,!” isoleucylserine,? serylleucine,'”'8 lysylserine,? seryllysine,? glycylserylglycine,'®
aspartylserylglycine,?'%? glutamylserylglycin,? aspartylserylalanine,?® glutamylserylalan-
ine,? leucylglycylserine,” lysylserylglycine,?®1%% aspartylserylglutamic acid,?>'%? 2-{*C]-
serylglycine® and 3-['*C]-glycylserine,? and to amides of serine.?

Dialkyl and diaryl phosphorochloridates react with carboxylic acids in the presence of
tertiary amines®? or with the silver salts of carboxylic acids*! to give mixed anhydrides
(method 2d):
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RCO,Ag + (R'0),P(O)Cl — RCO,P(O}OR"), + AgCl (2d)

Method 2d*

To a water-free carbon tetrachloride solution of dibenzyl phosphorochloridate, prepared from 8.6 g of dibenzyl
phosphite, is added 12 g of the silver salt of N-carbobenzoxyleucine. The reaction mixture is agitated for 2 hr at
room temperature by a stream of dry nitrogen. After the mixture has stood overnight, the silver salts are removed
by filtration and the carbon tetrachloride by distillation under reduced pressure. The N-carbobenzoxyleucine dibenzyl
phosphate remains as a viscous oil.

Since the products react readily with amines (see Section III.A.3), it is necessary to block
any NH groups by suitable protecting groups that can be later removed. The mixed anhydrides
are usually clear, heavy, highly hygroscopic oils. Amino acids that have been phosphorylated
in this manner are glycine,****!'* alanine,*® aspartic acid,*' glutamic acid,*' and leucine.*'
Negative: N-phthaloylglycine.'®

Finally, dialkyl phosphorochloridates react with dialkyl phosphates to form unsymmetrical
tetraalkyl pyrophosphates (method 2e). Typical reaction conditions are 3 hr in acetone at
—40°C with pyridine as the base.

(RO),P(O)Cl + (R'0),P(O)OH + R;N — (RO),P(OYOP(O)}OR’), + R,N-HCI (2e)

This reaction has been applied to O-phospho derivatives of serine®-*' and glycylserine.?

C. From Phosphinothioyl Chlorides

Diphenyl phosphinothioyl chloride reacts with primary amines under Schotten-Baumann
conditions to give diphenyl phosphinothioic amides (method 3):

Ph,P(S)Cl + RNH, + NaOH — Ph,P(S)NHR + NaCl + H,0 3)

This method, unlike methods 2a and b, can be applied to the amino acids themselves
since unprotected hydroxyl or carboxyl groups do not interfere. The reaction is carried out
under ambient conditions in water with sodium hydroxide or in aqueous dioxane with
triethylamine. Amino acids that have been phosphorylated in this manner are glycine, alanine,
cysteine, serine, aspartic acid, threonine, proline, glutamic acid, valine, methionine, leucine,
isoleucine, arginine, phenylalanine, and tyrosine.'%%:!®7 Serine and threonine give monosub-
stitution products, cysteine a disubstitution product, and tyrosine gives both.

D. From Phenyl Phosphorodichloridate

Phenyl phosphorodichloridate reacts with primary amines in aqueous solution in the pres-
ence of barium hydroxide to give phenyl hydrogen phosphoramidates in the form of barium
salts (method 4a):

2 RNH, + 2 PhOP(O)Cl, + 3 Ba(OH), — [RNHP(O)(OPh)O],Ba “a)

+ 2 BaCl, + 4 H,0

This method has been applied to the amino acids glycine, alanine, phenylalanine, valine,
and leucine.'® Negative: glycine, glutamic acid, arginine, and leucylglycylglycine.'* Yields
are 60 to 84%. On treatment with a solution of sulfur trioxide in phosphorus oxychloride,
the products are converted to inner anhydrides (method 4b):
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Yields are low (25 to 39%), as the products are very moisture-sensitive and difficult to
separate from byproducts. 1%

Phenyl phosphorodichloridate reacts with alcohols to form alky! pheny! phosphorochlor-
idates, ROP(O)(OPh)CI. If the reaction is carried out in an aqueous medium,'%-''° or if the
chloridate is subsequently hydrolyzed,'®* the product is an alky! phenyl phosphate (method
4c). This method has been used to phosphorylate the amino acids serine!®!-'%° and
hydroxyproline'® and the proteins gelatin and pepsin.''®

ROP(O)(OPh)C]1 + H,0 — ROP(O)(OPh)OH + HCI (4¢c)

If the chloridate is treated with an alcohol, the product is a dialkyl phenyl phosphate
(method 4d). This method has been used to phosphorylate serine.26:!!!

ROP(Q)(OPh)CI + R'OH + R,N — ROP(0)(OPh)OR’ + R,N-HCI (4d)

The phenyl groups may be removed from the amino acid derivatives by acid hydrolysis'*®
or by catalytic hydrogenolysis,'!! but hydrolyze spontaneously off the proteins.'"

E. From Dialkyl Phosphates
Sodio diethy! phosphite reacts with N-bromoamines giving the N-phosphoramidates (method
5a):

RNHBr + (EtO),PONa — RNHP(O)OEt), + NaBr (52)
This reaction has been applied to esters of alanine and glutamic acid. No details are given
for this reaction, nor for the subsequent cleavage of the ester groups.''?

Silver salts of dialkyl phosphates react with alkyl halides to give the triesters (method
5b). This reaction has been used to prepare several O-phosphoserine derivatives. 04102113

RBr + (R'0),P(0)0Ag — (RO)R'0),PO + AgBr (5b)

Reaction of the silver salts with acid chlorides gives the acyl phosphates (method 5c¢):
RCOC! + (R'0),P(O)0OAg — RCO,P(O)(OR"), + AgCl {5¢)
The products are mixed anhydrides of carboxylic and phosphoric acids, and are powerful
acylating agents. Product of this type, which are also accessible by method 2d, have been

prepared from derivatives of glycine where the N-protecting group is phthaloyl,’*® carbo-
benzoxy,'® or azido.!' The reaction is carried out at room temperature in dry benzene.

F. From Monoalkyl Phosphates
Monoalkyl phosphates react with primary amines in the presence of a dehydrating agent
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such as N,N'-dicyclohexylcarbodiimide (DCCI) to give alkyl hydrogen phosphoramidates
(method 6a). This method has been used to prepare N-phospho derivatives of valine, me-
thionine, and leucine.!'* The alkyl group, R = 2-cyanoethyl, can be removed by mild
hydrolysis with alkali.

DCCI
RNH, + R’OP(0)(OH), —— RNHP(O}OR"YOH + H,O (6a)

This reaction can also be used to prepare O-phospho derivatives of serine that contain
appropriate masking groups (method 6b). Serine esters whose NH, group is protected by
the phthaloyl function tend to undergo [3-elimination during the phosphorylation, but good
results are obtained with the t-butoxycarbonyl function.!'* The reaction is carried out in
pyridine solution over a 40-hr period at 0°C.

DCCI
ROH + R’OP(O)(OH), ——» ROP(0O)(OR")OH + H,0 (6b)

The products react further in the presence of DCCI to form pyrophosphates (method 6c¢).
This reaction, which has been applied to esters of serine?--*!-116 and glycylserine,?3-27-29-116
is complete in 1.5 hr at 20°C.

DCCI
2 ROP(O)(OR"YOH ﬁ—’ [ROP(O)OR'],0 + H,O (6¢)

The silver salt of phenyl dihydrogen phosphate reacts with acid chlorides to give mixed
anhydrides (method 6d), which are capable of acylating primary amines such as glycine.!*
This reaction has been used to prepare peptides of glycine with itself or with tryptophan.

PhOP(O)(OAg), + RCl — PhOP(O)(OR)OAg + AgCl (6d)

G. From Phosphoric Acid
Phosphoric acid may be ‘‘activated’’ for phosphorylation by reaction with trichloroace-
tonitrile in the presence of a tertiary amine (method 7a):

R,N
ROH + H,PO, + CCL,CN —>— ROP(O)(OH), + CCI0,CONH, (7a)

This method has been applied to the salmon sperm protein protamine, both unlabeled and
[**P]-labeled.!!” Other activating agents are known, but have not been used for this purpose.

Phosphoserine has been identified as one of the products of the synthesis of amino acids
under prebiotic conditions (pH 5.5, 35 days, 105°C) (method 7b). The synthetic mixture
was comprised of formaldehyde, hydroxylamine, and various salts including dibasic potas-
sium phosphate.}'8

Silver dihydrogen phosphate, prepared in situ from Ag,PO, (1 part) and H,PO, (2 parts),
reacts with acid chlorides to give acyl phosphates (method 7¢). An 80% yield of the aspartic
acid derivative is obtained by this method.'"?

RCOCI + AgOP(0)(OH), — RCO,P(O)(OH), + AgCl (7c)

H. From Polyphosphoric Acid

This reagent is a partial anhydride of orthophosphoric acid of indeterminate structure,
consisting of linear, branched, and cyclic chains of -P(O)O- units. When treated with an
alcohol, the P-O-P bonds are cleaved giving equal parts of phosphate ester and phosphoric
acid (method 8a):
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OH OH
n ROH + H[-OP(O)OP(0)-],0H — n ROP(O)OH), + n H,PO, (82)

The polyphosphoric acid reagent may be prepared by heating 85% phosphoric acid to
350°C or above,'*® but is more commonly prepared by dissolving phosphorus pentoxide in
85% phosphoric acid.’®''*? The optimum time and temperature of reaction vary from one
substrate to another; 20 min at 70°C is sufficient for an amino acid such as serine,'?? and 3
days at room temperature for a protein such as sericin.'?' A brief aftertreatment with hot 2
N HCl is necessary to hydrolyze any residual di- or triphosphate.

Amino acids that have been phosphorylated in this manner are serine,”®!20:'22-125 threo-
nine,'?*!2¢ hydroxyproline,’*” and tyrosine,’?*'?* and related substances such as serine esters'®
and anhydrides.” Proteins that have been phosphorylated in this manner are bovine serum
albumin, crystalline egg albumin, ovomucoid, silk fibroin, sericin, gluten, gliadin, edestin,
gramicidin, gelatin, y-globulin, globin, isinglass, and insulin. ! Littie or no phosphorylation
occurs with cysteine,'?! hydroxyaspartic acid,'>*:'?” hydroxyglutamic acid,'*” glycyltyro-
sine,'* polyglutamic acid,’?! polyglutamine,'?! polyglycine,?! or tyrosine/formaldehyde
polymer.'?

No esterification occurs if the phosphoric acid is strictly anhydride-free. Analysis of serine
or threonine after hydrolysis with 6 N hydrochloric acid in the presence of phosphoric acid
shows no O-phosphate, although sulfuric acid under the same conditions produces some O-
sulfate, '3

The cyclic phosphates [-P(O)(ONa)O-], (n = 3 or 4) react with valine to give the N-
phospho derivative in 3 to 22% yield after several weeks at room temperature (method 8b).
The reaction is faster at 70°C but the yields are lower.'3!-132

n RNH, + [-P(O)(ONa)O-], — n RNHP(O)(ONa)OH (8b)

Lysine reads with sodium trimetaphosphate (n=3) in 2 hr at 12 and 30°C to give N.-
phospholysine. Histidine, arginine, and tyrosine are not phosphorylated under these con-
ditions, but serine and threonine react to give O-phospho derivatives. This method has been
applied to soy protein. '*?

I. From Alkyl Meta- and Pyrophosphates

Ethyl metaphosphate, a product of the reaction of diethyl ether with phosphorus pentoxide,
is a sirupy fluid, soluble in halogenated solvents such as chloroform and insoluble in ether.
It reacts with alcohols to give alkyl dihydrogen phosphates (method 8c), but attempts to O-
phosphorylate serine'*’¢ or tyrosine'** by this method were unsuccessful. Likewise, use of
the reagent to n-phosphorylate alanine,'? aspartic acid,'? glutamic acid,'? valine'2, or leucine!'"'
has been reported, but the reaction with alanine could not be verified!* and the others remain
in doubt.

2 ROH + EtPO, — ROP(O)(OH), + EtOR (8c)

Tetraalkyl pyrophosphates react with primary amines to give dialkyl phosphoramidates.
If a tertiary amine is present, the reaction proceeds as follows {(method 8d):

RNH, + [(RO),P(0)],0 + R;N — RNHP(O)(O), + [R;NH][OP(O)(OR),] (8d)

Glycine esters have been phosphorylated in this manner, but the products are difficult to
separate from the starting materials, 780103

Tetraalkyl pyrophosphates react with esters of serine in the presence of imidazole to give
the O-phospho derivatives in 37 to 40% yield (method 8e). No details are available.'®?
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ROH + [(R'0),P(0)],0 + R;N — ROP(O)(OR’), + [R,NH][OP(O)(OR"),] (8e)

J. From Phosphoramidates

Potassium hydrogen phosphoramidate, prepared by the hydrolysis of diphenyl phosphor-
amidate with potassium hydroxide, is a water-soluble salt that is stable in alkaline solution
but unstable in acid. It reacts with the ring nitrogens of histidine to form - and 7-phospho
derivatives (method 9a):

R,NH + NH,P(O)(OH)OK — R,NP(O)(OH)OK + NH, (9a)

Under certain conditions, it also phosphorylates the a-amino group of histidine and other
amino acids. Some amino acids and peptides that are phosphorylated by this method are
glycine,'3* histidine, 65713138 and glycylglycine. ' Proteins that are phosphorylated by this
method are histone 4,'3%!4° bovine myelin basic protein,'*® protein HPr,'*' phosphoramidate
hexose transferase,'*? and insulin.’*¢ In some cases, [*?P]-phosphoramidate has been
uSed.lBg'MO'MZ

Phosphoramidate is most effective at pH 7 to 8, where most amines are still positively
charged. As the pH is increased the amines become reactive, but the phosphoramidate is
converted to the unreactive dianion.'3*'3¢ This problem can be overcome by substituting an
imidazole group for the NH, group of the phosphoramidate. Because of resonance stabili-
zation, the imidazolides are effective over a broad range of alkalinity (method 9b):'3¢

0 o)
g I
R?ﬁ “ONa reh © \O o)
+ SO _— i + Na,SO
NH _ONa 3 NH_ / 2=4
>P 2P
0® “opn 0” “opn

Method 9b'%*

A solution of diphosphoimidazole in water (70 m¢), prepared from the calcium salt (2 g) by treatment with Na-
Dowex® (50 g), is adjusted to pH 11. Glycine (2 g) is added, and if necessary the pH is readjusted to 11. The
solution is heated to 60°C for 30 min. After cooling, the solution is acidified with 60% perchloric acid to pH ~7.5,
treated with barium chloride (0.15 g) to precipitate inorganic phosphate, and then acidified to pH 6.2 and treated
with barium chloride (1 g) and ethanol (1/4 v:v) to precipitate the product. The yield of N-phosphoglycine is about

g

This method has been applied to glycine,'#*-'#* alanine, 3143145 cysteine, '*? serine, 136143145
proline,'®14* methionine,'** histidine,'6-'43-145 cystine,'** tyrosine,’®-'431#3 and trypto-
phan.!3¢-143.145 Yjelds are 20 to 50%. If the separation of the product from the N-phosphoim-
idazole is a problem, other similar phosphorylating agents are available.'**'¢ Hydroxyl,
carboxyl, and sulfhydryl groups do not interfere. ’

N_-Phosphoarginine may be prepared by the reaction of ornithine with O-methylisour-
eidophosphonate (method 9c). The yield is 75%, together with about 10% of the N, N-
diphospho compound. The formation of the latter can be suppressed by converting the
ornithine to its Cu(Il) chelate.*

RNH, + MeOC(=NH)NHP(O)(OH), = RNHC(=NH)NHP(O)(OH), + MeOH (9¢)
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III. CHEMICAL REACTIONS

A. The Phospho Group
1. Hydrolysis

By far the most important chemical reaction of the compounds of this review is hydrolysis
— especially hydrolysis in the presence of acid, base, or metal ion catalysts.

a. N-Phospho Derivatives

The N-phospho derivatives of the amino acids are, in general, stable in neutral or alkaline
solution and unstable in acid. The rate of hydrolysis of N-phosphoglycine at 25°C, measured
by the decrease in optical density at 224 nm is 0.059 sec ™' at pH 3.0.%® The heat of hydrolysis
is 7500 cal/mol, somewhat smaller than that for the high-energy P-N bond of N-phospho-
creatine (AH = 11,000 cal/mol).*® The hydrolysis is catalyzed by molybdate*® and by
lanthanide ions.'"’

RNHP(O)(OH), H,0 + — RNH, + H,PO,

Rates of hydrolysis have also been reported for unsubstituted N-phospho derivatives of
alanine,*** glutamic acid,*®>"'*7 and histidine.*” All obey first-order kinetics except a,m,7-
triphosphohistidine.’

N-Phosphoglycine does not give a positive color test with ninhydrin at pH 7.5, even after
several minutes at room temperature.®' At 100°C, the N-phosphoamino acids develop purple
colors, but at a slower rate than the free amino acids.*®

Compounds in which the N-phospho group is attached to NH groups other than the o-
amino group’ SuCh as histidine,53.55»57.136,137.144.148,149 lysine,58'139'144'149 or arginine,Gl.ﬁl.QS are
much more stable to hydrolysis than those described above, though still acid-sensitive. N._-
Phosphohistidine, for example, is stable to 100°C in alkaline solution.'* Rates of hydrolysis
have been reported for N, -, N, -, and N, N, -diphosphohistidine,>®-*?:136.137 N_-phospholysine®®
and N, -phosphoarginine.®'

In contrast, N-phospho derivatives of amino acid esters®'*” and amides®® are stable to
acid, as are amino acid derivatives in which both POH groups are esterified.?

b. O-Phospho Derivatives

The O-phospho derivatives of the hydroxyamino acids are, in general, stable in neutral
or acid solution but unstable in alkaline solution. In the presence of alkali, O-phosphoserine
readily decomposes to ammonia, pyruvic acid, and orthophosphoric acid:

o — NH, OH-

(HOLP(O)OCH,CH (% + H:0 ——>H,PO, + CH,COCOH + NH,

Tracer studie with H,'*O prove that the cleavage occurs at the C-O ester bond.*” A
mechanism compatible with this cleavage is f3-elimination of the phosphate residue, leaving
dehydroalanine which subsequently hydrolyzes to ammonia and pyruvic acid:

= 2\ -
=04P-0-C H
3 H2 \,\/ OH CHZ 3.

c _ SC-COz + POs  + H,0
NHz” > co,” NHy 2

The rate of hydrolysis of O-phosphoserine, measured by colorimetric estimation of phos-
phate by the molybdate method, is 0.040 sec ™' at pH 9.6 and 100°C. The rate is first order,
and is practically constant over the pH range 7 to 13.5 but increases with hydroxide ion
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concentration at pH >14. Serine itself is slowly deaminated under these conditions, but the
rate is less than 5% of that for O-phosphoserine.®’

Hydrolysis of O-phosphoserine in strongly acid solution proceeds by P-O ester bond
cleavage, giving serine and orthophosphoric acid:

_NH, H* _-NH,

(HORPOOCH,CH oy + H:0 ——>HOCH.CH %y + HiPO,

In 6 N hydrochloric acid at 110°C, the rate of hydrolysis is 0.183 hr='.'%** The rate is
first order, and is almost independent of pH.®” In the pH range 0 to 7, both mechanisms
apply and the products are mixtures of hydrolysis and elimination products.®’

The behavior of O-phosphoserine in 6 N HCI at 100°C is important because these conditions
are often used for determining the amino acid composition of proteins. Upon prolonged
heating (usually 22 hr), some deamination of serine occurs. The presence of an O-phospho
group triples the rate of deamination, making the customary correction of 10 to 17% for the
loss of serine inadequate.'”® The influence of neighboring amino acid residues in the O-
phosphopeptides and -proteins is another complicating factor. !4

Rates of hydrolysis under a variety of conditions have been reported for unsubstituted O-
phospho derivatives of serine,®-3:67.123.1492-153 threonine, !2*149* 15! hydroxyproline'?* and ty-
rosine.'?* Hydrolysis of O-phosphothreonine under alkaline conditions yield a-ketobutyric
acid,'*** whereas O-phosphotyrosine yields tyrosine.'#!s*

The O-phosphoanhydrides of the amino acids (aminoacyl phosphates) undergo a variety
of reactions in water. Depending on the structure of the compound and the reaction conditions,
the anhydrides may undergo hydrolysis, polymerization, or deamination.

B-Aspartyl phosphate and y-glutamyl phosphate are hydrolyzed, in part, to the respective
amino acids.*! First-order rate constants have been determined for f-asparty! phosphate over
a broad pH range. The rate of hydrolysis, which roughly parallels that for acetyl phosphate,
increases sharply below pH 3 and above pH 13.'"°

.~ NH,

(HO),(0)0,C(CH,) CHZ N2 4 1.0 - HO,C(CH,),CH oo
2

{coH + H,PO,
The O-phosphoanhydrides of the monobasic amino acids (glycine, alanine, proline, and
leucine) undergo polymerization at pH 6 or above. This reaction is discussed in Section
I1.A.3.
All of the compounds undergo deamination in the pH range 3 to 9, giving the corresponding
hydroxyacids:

NH,CHRCO,P(O)(OH), + 2 H,0 — HOCHRCO,H + NH, + H,PO,

The yield is never less than 30%, and can be increased to 100% by means of a catalyst
such as palladium on charcoal.** Alanyl and B-aspartyl phosphate yield lactic acid and malic
acid, respectively;** glycyl phosphate dimerizes to aspartyl diphosphate, which then under-
goes further deamination to malic acid.** Unsaturated intermediates can be detected during
these reactions, suggesting a deamination/hydration mechanism.*?

Pyrophosphate monoesters of the type ROP,O,, where R is a serine or substituted serine
residue, are stable to water over the pH range 3 to 11 but hydrolyze in acid solution to the
monophosphates:

RO OH HCl
HO> P(0)OP(0) on + H:0 —>ROP(O)(OH), + H,PO,
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The rate constant for the hydrolysis of DL-serine-O-pyrophosphate is 0.00024 min~! in
1 N HCI at 22°C. Only in 2 N HCI at 50°C do small amounts of serine appear.>® Rate
constants have been reported for pyrophosphate monoesters of serine,*® N-benzoylserine
methylamide,* and glycylserine.*® All are first order, and are catalyzed in neutral or alkaline
solution by metal ions such as Th, La, or Ce.30-3¢

Acidolysis of the pyrophosphate monoesters with carboxylic acids such as acetic acid or
glycine results in transphosphorylation:

RO
HO -~

P(O)OP(0)<8E + R'CO,H — ROP(O)(OH), + R’'CO,P(O)(OH),

The maximum yield of acyl phosphate, measured by the hydroxamic acid method (see
Section I11.A.3), is 4 to 22%. The reaction is catalyzed by Be(IlI) ion.?®

Symmetrical pyrophosphate diesters of the type (RO),P,O,, where R is a serine or sub-
stituted serine residue, are hydrolyzed by acid, but not as rapidly as the monoesters. Those
which contain free NH, groups also hydrolyze readily at pH > 8.5. The products in both
cases are the monophosphates:

RO~
HO -~

_OR

POYOPO) T Gy

+ H,0 — 2 ROP(O)(OH),

Rate constants, all first order, have been reported for pyrophosphate diesters of serine,32-%5
N-acetylserine® and glycylserine.3?

Symmetrical pyrophosphate tetraesters of the type [RO(R'O)P(0)},0, where R is a sub-
stituted serine residue and R’ is benzyl, are hydrolyzed in aqueous acetone at 20°C:

RO~
PhCH,0

—~0OR
~~OCH,Ph

RO~

P(O)OP(O) PhCH.O _~P(O)OH

+ HO—2

Rate constants have been reported for pyrophosphate tetraesters of N-carbobenzoxyserine
benzyl ester and N-benzoylserine methylamide. The rates are first order at pH 7, but at pH
8.5 the rates are zero order and the reactions are complicated by B-elimination.?

¢. S-Phospho Derivatives

S-Phosphocysteine is stable in neutral or alkaline solution and in acid solution to pH 3,
but decomposes in 1 N perchloric acid at room temperature with the liberation of ammonia,
thiophosphate, and (presumably) pyruvic acid.* In alkaline solution, at 94°C, the products
are cysteine and phosphate.* Evidently S-phosphocysteine, unlike O-phosphoserine, under-
goes elimination in acid and hydrolysis in base.

2. Radiolysis

Upon exposure to a *®Co source, phosphoserine undergoes radiation-induced cleavage in
aqueous solution with the liberation of inorganic phosphate.'*® Attack is by the hydroxyl
radical (OH) rather than e;, or H because the rate of cleavage is increased by nitrous oxide
(an e;, scavenger) and decreased by methanol.'>* The radical formed depends on the pH.
In alkaline solution, OH abstracts an «-hydrogen giving radical A which rapidly eliminates
H,PO,. In neutral solution, H, is deactivated by the protonated amino group; abstraction of
a B-hydrogen by OH gives radical B which is somewhat stable and probably decomposes
by disproportionation rather than elimination.'®
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CIIHQ OPO%” -CHOPO%~
|
'(IZNHZ CNH,
!
COz CO;
A B

3. Aminolysis
The O-phospho derivative of N-benzoylserine methylamide reacts with methylamine under
strongly alkaline conditions (pH 12.6) with cleavage of the C-O bond:

(HO)ZP(O)OCHZCH<EIS§3§L + MeNH, — H,PO,

+ MeNHCH,CH { ggggi}[‘e

Some P-O bond cleavage occurs if the pH is lowered to 12. Similar reactions take place
with the hydroxylamines H,NOH, MeNHOH, Me,NOH, and H,NOMe. The rate constants
are all second order. The serine-containing products have not been identified, but based on
the reaction rate the O-substituted products are favored.*?

The sym.-pyrophosphate diester derivative of N-benzoylserine methylamide undergoes the
same reactions, eliminating pyrophosphoric acid instead of phosphoric acid,* but if the
phosphoryl acid groups are esterified,* or the carboxyl groups are free,* P-O bond cleavage
occurs instead. The reaction with aniline is typical (method 10a):

[(RO),P(0)],0 + PhNH, — (RO),P(O)NHPh + [RNH,]{OP(O)(OR),] (10a)

Aminoacyl phosphates react with hydroxylamine to form hydroxamic acids.*' The reaction
is quantitative at pH 8, and can be used for colorimetric determination of the anhydride
content.''® Alternatively, the anhydride is treated with ethanol, precipitating the phosphate
salt of the ester which is then treated with hydroxylamine and analyzed.*'

RCO,P(0)(OH), + H,NOH — RCONHOH + H,PO,

The anhydrides react with aqueous ammonia to give amides. Glutamine and asparagine
are formed by this method in over 90% yield.*!

RCO,P(O)(OH), + NH, — RCONH, + H,PO,

Similarly, reaction with amino acids gives peptides.*' This reaction is the basis of the
self-polymerization that occurs spontaneously when the anhydrides are dissolved in water
at pH 7 to 11. The phosphoanhydride reacts with free amino acid liberated by hydrolysis,
forming a peptide; propagation proceeds by stepwise addition of the phosphoanhydride to
the growing peptide chain, and proceeds until the phosphoanhydride is exhausted.*®

NH,CHRCO,H + NH,CHRCO,P(0)(OH), — NH,CHRCONHCHRCO,H
+ H,PO, - — H[NHCHRCO].OH + n H,PO,

Anhydrides whose homopolymerization has been studied are those of glycine,*>* alan-
ine,***? proline,*® and leucine.*' The anhydrides of the dibasic amino acids, aspartic acid
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and glutamic acid, do not polymerize readily under these conditions,* through they react
with other amino acids such as glycine.*

Dipeptides of glycine, alanine, and serine are obtained in yields of up to 36% when the
amino acids are treated with polyphosphoric acid or trimetaphosphate under neutral or slightly
alkaline conditions. The aminoacyl phosphates are probably formed in situ as labile
intermediates.*?'%*

The monoesters and diesters of the phosphoanhydrides, prepared by methods 2d, 5c, or
6d likewise undergo aminolysis with loss of the phosphate ester group (methods 10 b, ¢):

RCO,P(O)(OR)OH + R"NH, —» RCONHR" + R'OP(O)}(OH), (10b)
RCO,P(O)(OR'), + R"NH, — RCONHR"” + (R’0),P(O)OH (10c)

These reactions provide a useful method for peptide synthesis if the amine employed is
a free amino acid. Peptide derivatives that have been prepared in this manner are glycyl-
glycine,'® phenylalanylglycine,®? phenylalanylleucine,” glycyltryptophan,'® leucylphenyl-
alanine,” and glycylglycyltryptophan.'® Yields are 70 to 80% if R’ = phenyl and 52 to
62% if R’ = ethyl or isopropyl. Cleavage in the opposite sense to give RCO,H and
R"NHP(O)(OR’), occurs to an extent of only 0.5 to 2%, except for glycine which gives up
to 20% of the phosphoramidate.®

4. Transfer Reactions

Migration of the phosphoryl group from nitrogen to oxygen occurs during hydrolysis of
the ester groups of N-phosphoserine and -threonine with boiling hydrochloric acid (method
10d).%* Efforts to isolate the intermediate O-phospho triesters were unsuccessful. The N-
phosphocysteine analog is hydrolyzed to cysteine under these conditions.®* No migration
occurs with N-phosphoserine itself; the products are completely hydrolyzed.'*¢

Transfer of the unsubstituted N-phospho group occurs fairly readily at pH 8.5 between
the N, and N, ring nitrogens of N-phosphohistidine, and between these compounds and
histidine or N, -acetylhistidine. The N, position in the mono- and diphosphohistidines is
more labile because of the protonation on N_.*’

The O-phosphoanhydride of leucine is capable of phosphorylating AMP to ADP, and
even to a slight extent to ATP.*

5. Metal Ion Complexes

Depending on the pH and the particular metal ion, O-phosphoserine forms binary com-
plexes of the type ML, MHL, ML,, MHL,, or ML, with metal (II) ions, where M = metal
and L = ligand,'” and ternary complexes of the type MAL or MAHL with metal (II) ions
and other ligands, where A = histamine, 1,10-phenanthroline, or a,a’-bipyridyl.'*® The
extent of complexing with the phospho group can be determined by potentiometric titration,
and verified in some cases by the broadening of the *'P NMR signal. The evidence suggests
the following structures for the ML and MHL complexes:'*’

0
|
~0-P-0-CHz : NH3'
0 CH-NH3t  ~0-P-0CH,CH
2t c 2+ 1_ COz2~
M..5-C% M0
ML MHL
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Table 1
METAL ION COMPLEXES FOR WHICH STABILITY
CONSTANTS HAVE BEEN DETERMINED

Metal O-Phospho ligand

Mg(1I) Serine,'?*157:15%-18) threonine,'” serylglycine,'®? glycylserine,'®? serylglu-
tamic acid,’®? seryllysine,'s? glycylserylglycine's?

Ca(ll) Serine, 2157159180 threonine,*” serylglycine,'s? glycylserine,'®? serylglu-
tamic acid,'®? seryllysine,'®? glycylserylglycine'®?

Sr(II) Serylglycine’

Mn(II) Serine,'?¢'*7 threonine,'” serylglycine,'¢* serylglutamic acid,'¢? serylly-

sine,'®? glycylserylglycine'®?
Fe(III) Serine’?®

Co(II)y Serine,"-'>® threonine's?
Ni(ID) Serine, "% threonine'®?
Cu(Il) Serine,'?'*7:158 threonine,'*” serylglycine,'®® serylglutamic acid'®
Zn(Il) Serine,*""'*® threonine'’

Stability constants have been reported for the complexes listed in Table 1.

These equilibrium studies are supplemented by a kinetic study of the formation of Ni(II)
and Co(Il) complexes of O-phosphoserine, measured by the temperature-jump method,’s*
and by a theoretical study of the binding of Mg(HI) and Ca(II) to O-phosphoserine, calculated
by the ab initio SCF method.'®®

6. Reaction with Pyridoxal and other Aldehydes
The interaction of serine, pyridoxal, and their O-phosphates with metal ions have been
studied extensively in connection with the role these substances play in enzymic processes.
Pyridoxal catalyzes the B-elimination of phosphate ion from O-phosphoserine. Labilization
of the a-proton of the serine moiety is promoted by the ability of the Schiff base to accom-
modate the liberated electron pair in its conjugated w-bond system. The maximum rate is
at pH 9, where the Schiff base species is in a monoprotonated form:'®’

H O H 0
| /4 I /4
RCHaC—C RCHoC —C
I +\0' I ‘o~
NHy AN o 0
CHO -~ H' RCH H /
HOCHp 2\ 0" HOCHy A\ 0~ 2 C\O_
> N
N~ "CHj N~ CHj Pyridoxal + NHz

Acid dissociation constants for the Schiff base and rate constants for the reaction and for
each of the molecular species in solution are available.'®”-'%®

The elimination of phosphate ion from O-phosphoserine-pyridoxal Schiff base is strongly
catalyzed by metal ions such as Mn(Il), Fe(ll), Fe(1ll), Cu(ll), Zn(1I), Al(IIl), and
Ga(IID). %772 Ni(II) is not a catalyst unless Mn(Il) is also present.'”? Similar reactions occur
with O-phosphothreonine, but the rates are slower.'”*'"?

Pyruvate is also liberated from serine by pyridoxal, but pyridoxal-5’-phosphate liberates
hydroxypyruvate.'”* If the reaction of O-phosphoserine with pyridoxal or pyridoxal-5'-phos-
phate and metal ions is carried out in the presence of sodium sulfide or sodium sulfite, the
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product is cysteine or cysteic acid, respectively.'” The pyridoxal can be replaced by pyruvate,
previded that the metal ion is Cu(Il).'"

The N-benzylidene derivative of O-phosphoserine, prepared from N-benzylideneserine by
method le, yields N-phosphoserine upon acid hydrolysis. The low yield is attributed to the
formation of a cyclic oxazolidine.”

o-Phthalaldehyde is used to derivatize N- and O-phosphoamino acids for HPLC.'**'”

7. Hydrogenolysis of Phenyl and Benzyl Protecting Groups

This method, coupled with method 2, is widely used for the synthesis of N-, O-, and S-
phosphoamino acids and their derivatives. Phenyl and benzy! groups are easily removed by
catalytic hydrogenolysis with palladium or platinum catalysts. N-phosphoamino acids, for
example, may be prepared by hydrogenolysis of dibenzyl phosphoramidates over a palladium
on charcoal catalyst (method 11a):

Pd
RNHP(O)(OCH,Ph), + 2 H, —> RNHP(O)(OH), + 2 PhCH, (11a)

Method 11a®

**One gram of dibenzylphosphoryl amino acid ester is subjected to hydrogenolysis in dry methanol in the presence
of about 0.04 g of palladium oxide. After the reaction has been completed (in 1 hour), the catalyst is filtered off
and the solvent removed under reduced pressure in a water-bath of about 50°. The residue crystallizes on cooling
and is recrystallized from methanol and ether.”’

This method has been used to prepare N-phospho derivatives of glycine,**-#!-87-2 agpartic
acid,” glutamic acid,* leucine,® arginine,® phenylalanine,®-#7*¢ tyrosine,®' tryptophan,
glycylglycine,®' alanylalanine,® isoleucylalanine, glycyltyrosine,®' leucylphenylalanine,®
and leucyliryptophan,®® but fails with some N-phospho derivatives of glycine ,% alanine 37
serine,®” glutamic acid,®” and tyrosine.®’ Yields of 72 to 78% are common.

If the ultimate product is a free N-phosphoamino acid, two procedures are available. The
triester can be hydrogenated in alcoholic sodium hydroxide to allow for saponification of
the carboxyl ester,®! or the triester can be prepared from the amino acid benzyl ester to allow
for hydrogenolysis of all three ester groups. The yields by the second procedure, however,
are poor because the free carboxyl group facilitates intramolecular degradation of the product.®®

Method 1la is also applicable to N-phospho derivatives containing p-iodobenzyl®! or p-
nitrobenzyl®' %% groups.

O-Phosphoamino acids and esters are similarly prepared by hydrogenolysis of the dibenzyl
phosphate esters over a palladium on charcoal catalyst (method 11b). This method has been
applied to O-phospho derivatives of serine?-3!-°:102.116 apnd their peptides,*7:20-24.29.99.116
including some monobenzyl esters.?!*®

Pd
ROP(O)(OCH,Ph), + 2 H, —> ROP(O)(OH), + 2 PhCH, (11b)

O-Phosphoamino acid anhydrides may be prepared by hydrogenolysis of the dibenzyl
esters over a palladium on charcoal catalyst (method 11c). This method has been applied
to O-phospho anhydrides of glycine,''* alanine,''* aspartic acid,''® and phenylalanine.'"

Pd
RCO,P(O)(OCH,Ph), + 2 H, —> RCO,P(0)(OH), + 2 PhCH, (11c)

Phenyl protecting groups are stable to palladium catalysts, but may be removed by catalytic
hydrogenolysis over Adams’s platinum catalyst. The reaction takes longer and may be
conducted in stages (methods 11d,e):

Pt
ROP(O)(OPh), + 4 h, —> ROP(O)(OPh)OH + C.H,, (11d)
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Pt
ROP(O)(OPh)OH + 4 H, —>ROP(O)(OH), + CH,, (1le)

This method has been used to prepare N-phospho derivatives of glutamic acid® and O-
phospho derivatives of serine'>'s-'°19".111 and their peptides.'¢'® A preliminary treatment
with palladium catalyst is often carried out to remove the carboxyl- or amino-protecting
groups,'> 18190111 but some difficulties with this procedure have been noted.!”-1%3

8. Hydrolysis of Alkyl and Aryl Protecting Groups

This method, coupled with method 2, is sometimes used for the synthesis of N- and O-
phosphoamino acids and their derivatives, but is not as general as method 11 since the
outcome tends to vary with the nature of the R and R’ groups and the reaction conditions.

Saponification of diphenyl phosphoramidates with alkali (sodium, potassium, or barium
hydroxide) results in stepwise removal of the phenyl groups, together with any carboxy-
protecting ester group (methods 12a,b). No P-N bond cleavage occurs, provided the con-
ditions are sufficiently alkaline:

RNHP(O)(OR'), + NaOH — RNHP(O)(OR')ONa + R'OH (12a)

RNHP(O}(OR")ONa + NaOH — RNHP(O)(ONa), + R'CH (12b)

Method 12a®!

A suspension of 0.0} mol of the glycine derivative (R = CH,CO,Me, R’ = Ph) and 6.7 g of barium hydroxide
octahydrate in 60 m€ of water is shaken for 4 hr. Carbon dioxide is then bubbled through the mixture and the
precipitated barium carbonate filtered. The product crystallizes as the dihydrate upon the addition of 60 mé of
methanol to the filtrate; yield 70%.

Method 12b*!

A solution of 4 g (0.01 mol) of the dihydrate from 12a and 2 g of barium hydroxide octahydrate in 70 m¢ of
water is heated at 100°C for 30 min under nitrogen. After the mixture has been cooled, the amorphous precipitate
is collected and washed with dilute aqueous barium hydroxide and methanol; yield, 3.2 g (88%). The precipitate
(0.71 g, 0.001 mol) is shaken for 10 min with 7 m{ of 30% acetic acid and then washed successively with cold
water, 50% ethanol and anhydrous ethanol; yield of crystalline N-phosphoglycine barium salt, 84%.

These methods have been applied to derivatives of glycine,®?* leucine,” tyrosine,®!
glycyltyrosine,®! and [*?P]-glycine.®® The potential risk of racemization of the amino acid
moiety has been noted®’ but not verified. Alkyl and benzy) esters of the N-phosphoamino
acids are stable to alkali, and carboxyl ester groups may be saponified selectively in their
presence (see method 14c). Migration of the phosphoryl group from nitrogen to oxygen
occurs during the hydrolysis of the diisopropy! esters of N-phosphoserine and -threonine
with hydrochloric acid (see Section I11.A.4).

Saponification of the diphenyl esters of O-phosphoserine and -threonine with 1 N sodium
hydroxide at room temperature yields the free O-phosphoamino acids, provided that the N-
protecting group is removed first. Fortunately, both phenyl groups are liberated, for the
products undergo (-elimination on heating in alkali and the phosphate group is lost. The
N-carbobenzoxy derivatives eliminate diphenyl phosphate even at room temperature (method
12¢):

(Ph0),P(0)0CH; CH 20 OHT - 510, P(0)OH + CH = ¢
OH _
2 T TCo,Er : 27 ~co,H
HBr 12
NH2 OH— /NH2
PhO),P(0)OCH,CHZ ——» (HO),P(0)OCH,CH +2 PhOH
(Ph0),P(0)OCH, ~C0, Et (HO), P(0)OCH, Zcoun
RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

68 CRC Critical Reviews in Biochemistry

This method has been applied to O-phospho derivatives of serine, threonine, serylglycine,
and serylglutamic acid. Yields range from 10 to 33%.'®

Dibenzyl esters of O-phosphoserine and its dipeptides lose one of the two benzyl groups
when treated with sodium iodide in acetone at reflux (method 12d).2!.23.25.27.29.99.102 Thjg
reaction is unique to tertiary phosphate esters and leaves N- and O-protecting groups untouched:

ROP(O)(OCH,Ph), + Nal — ROP(O)(OCH,Ph)ONa + PhCH,I (12d)

Dibenzyl esters of O-phosphoamino acid anhydrides are debenzylated, together with the
amino protecting groups, by dry hydrogen bromide in carbon tetrachloride (method 12e).

RCO,P(OXOCH,Ph), + 2 HBr — RCO,P(O)(OH), + 2 PhCH,Br (12¢)

This method has been applied to O-phospho anhydrides of glycine,*-*¢ alanine,*® aspartic
acid,* glutamic acid,*! and leucine.*

B. The Amino Group
1. N-Aryl Derivatives

The reaction of amino groups with fluorodinitrobenzene has been used to distinguish the
N-phospholysines prepared by method 1b. N_-Phospholysine gives N,-DNP-lysine in 80%
yield after mild acid treatment to cleave the P-N bond; conversely, N, -phospholysine gives
N, -DNP-lysine.*®%® Reactions with O-phosphoserine and its peptides are said to proceed
without difficulty, but no details are given.?

2. N-Acyl Derivatives

Acetylation of O-phosphoserine or -threonine with acetic anhydride in the presence of
sodium hydroxide yields the N-acetyl derivatives (method 13a).%3!"® N_-Phosphohistidine,
in the form of its calcium salt, yields the N -acetyl derivative.'*” The N-formy! derivative
of O-phosphotyrosine, prepared from N-formyltyrosine by method le, is hydrolyzed to O-
phosphotyrosine by boiling 2 N hydrochloric acid, but this method is unsatisfactory for O-
phosphoserine.”” The N-trifluoroacetyl derivatives of 3,5-diiodo-O-phosphotyrosine and O-
phosphothyroxine esters are hydrolyzed, together with the ester groups, by mild alkali
(method 13b).”®

A considerable number of N-carbobenzoxy (BOC) derivatives have been prepared, mostly
by method 2¢. Attempts to react BOC chloride with O-phosphoserine or -tyrosine failed. 3
BOC serves as a protective group for the NH, function and is readily removed, together
with any other benzyl groups, by catalytic hydrogenolysis (method 13c).14-23:26.95.99,101.104.111
It is also cleaved by hydrolysis with hydrobromic acid**'® or phosphonium iodide'* (method
13d).

O-Phosphoserine reacts with o-carbomethoxyphenyl isothiocyanate in the presence of
sodium hydroxide giving the hydroquinazoline in 69% yield (method 13e). The latter, upon
acidification, undergoes ring closure with loss of the phosphate group. Serine and cysteine
react similarly giving the same final product.'”®

C02Na COoH
N"‘CH\ HCI N
CH,OP(0){ONa), + Hz PO
fl\|/£s N/)\ S 3 4
H
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The N-trimethylsilyl derivatives of O-phosphoserine and -threonine are useful for the
characterization of these compounds by GC-MS.'® The derivatives are prepared by treating
the O-phosphoamino acids with bis(trimethylsilyl)acetamide or bis(trimethylsilyl)tri-
fluoroacetamide in acetonitrile for several hours at room temperature (method 13f):

< NHz 4 MeCON(SIMeE,), —

(HO),P(O)OCHRCH ()% (130)

_~NHSiMe,

(Me,Si0),P(O)OCHRCH () ginro
2 3

+ 4 MeCONH,

C. The Carboxyl Group

The carboxy! group of O-phosphoserine is esterified selectively by thionyl chloride in
methanol (method 14a). The yield is 100% for the DL-isomer and 74% for the L-isomer.?
The method, however, fails to give a pure benzyl ester.?® Methanol alone does not esterify
O-phosphoserine, but O-phosphoserylglutamic acid is less resistant.?'

Esters of the N- and O-phosphoamino acids are usually prepared from the amino acid
esters by methods 2a, b, or c. Benzyl esters are preferred if the ultimate products are the
free N- and O-phosphoamino acids, for the benzyl groups are readily removed, together
with any other benzyl groups present, by catalytic hydrogenolysis over palladium on charcoal,'*
18,20-23,80.81,87,88,92,94-96.99,101,102,114,119 platinum Oxide,lﬁ,IOO or bothl()].lll (me[hOd 14b) N_Phos_
phoamino acids sometimes suffer P-N scission during the hydrogenolysis. #7-#8.92 Attempts to
remove the benzyl group by reduction with sodium in liquid ammonia were unsuccessful. 4%

Alky! groups may also be removed from alkyl esters of the N- and O-phosphoamino acids
by mild alkaline hydrolysis (method 14c¢). This method is usually applied to methy! or ethyl
esters!#78-80.81.92.100.106.107 (gee also References 86 and 89), and occasionally to benzyl es-
ters.®®-°° The method is selective for the carboxyl ester, provided that the N- or O-phosphory!
ester is dialkyl or dibenzyl. Diphenyl esters are partially hydrolyzed under these conditions
(see method 12a).

If the phosphate ester is base-sensitive but stable to acid, the carboxyl ester group may
be removed by hydrolysis with strong acids such as hydrochloric acid® or hydrobromic
acid*>*"* (method 14d). Weak acids such as acetic acid are ineffective.®®

Unsubstituted amides of N- and O-phosphoamino acids may be prepared by phosphoryl-
ation of the amino acid amides (methods 2a-c), by catalytic reduction of the phosphorylated
amino acid azides over Raney nickel (method 14e),''* or by ammonolysis of the phospho-
rylated amino acid esters (method 14f).83-87%8 The P-ester groups in the last are not converted
to amides, but are prone to transesterify.®” Hydrazinolysis of the phosphorylated amino acid
esters yields the corresponding hydrazides, which can be converted to anilides via the azides
(method 14g).**

The phospho group can be used as an amino-protecting group in peptide synthesis. Cou-
pling of two amino acids, each protected with suitable blocking groups, is accomplished
either by the mixed phosphoric anhydride route (see Section 11I.A_3) or by treatment of the
mixture with N,N'-dicyclohexylcarbodiimide (method 14h).9*!97 Yields for the latter method
are 73 to 91%.

RCO,H + R'NH, + (C,H,,N=),C — RCONHR' + (CgH,NH),CO  (14h)

The protecting groups are subsequently removed by hydrolysis with hydrobromic acid or
by catalytic hydrogenolysis, leaving the dipeptide phosphorus-free.®? Coupling by the mixed
anhydride route with carboxylic rather than phosphoric anhydrides is successful only with
glycine and the yields are low.*?
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D. The Hydroxyl Group

The alcoholic hydroxyl group of N-phosphoserine derivatives can be benzylated with
benzyl bromide and sodium hydride in 61% yield (method 15a).'”” A protecting ¢-butyl
group, if present, can be removed by treatment with trifluoracetic acid in 91% yield (method
15b).1%7

IV. PHYSICAL PROPERTIES

A. Colligative Properties
1. Melting Point (mp)

Many of the compounds listed at the end of this review are well-defined crystalline
compounds with sharp melting points, but the unsubstituted N- and O-phospho amino acids
and peptides tend to melt with decomposition at temperatures that vary appreciably with the
rate of heating.'> Some crystallize as hydrates that retain water tenaciously. O- Phospho-
DL-serine, for example, crystallizes from water as a hydrate that decomposes when dried at
120°C, but can be prepared in anhydrous form by precipitation from aqueous solution with
ethanol and ether.”® The powder and crystal X-ray diffraction patterns of the two forms are
different.'>!81-182 Hydration of the calcium salt of O-phosphoserine has been studied by
thermogravimetry (TGA).'®

2. Boiling Point (bp)

Boiling points have been reported for a few N-phospho derivatives of glycine?-8083.91.98.146
and alanine,®’ but the majority of the compounds are too thermally unstable to be distilled
even under reduced pressure. O-Phosphoserine and -threonine have been converted to their
thermally stable N,O,0,0-tetrakis(trimethylsilyl) derivatives for characterization by GC-
MS . 180

3. Sedimentation Coefficient

Sedimentation coefficients have been determined for phosphorylated human serum al-
bumin, hemoglobin and globin,” and horse serum albumin.” The values are all identical
to those of the starting proteins.

4. Viscosity

The viscosity of crystalline egg albumin’ and horse serum albumin’™ increases with the
extent of phosphorylation, and is somewhat dependent on pH and salt concentration. The
original viscosity (fluidity) is not completely restored upon dephosphorylation.”-7

5. Density
Densities have been determined for a few N-phospho derivatives of glycine.?**8

B. Optical Properties
1. Specific Rotation [a]

Specific rotations have been reported for the majority of the compounds of this review
other than those based on glycine or DL-amino acids. Except for O-phospho-D-serine!® and
O-phospho-D-seryl-L-leucine,'® all of the compounds in the following list have the L
configuration.

N-Phospho: alanine,!°6-197 cysteine,!'® serine,'? aspartic acid,'”” threonine,'"” pro-
line,!%6-197 olutamic acid,'®” valine,'%'" methionine,'"” leucine,'® isoleucine,'®” arginine,'®’
phenylalanine,®®-%" tyrosine,’?” alanylarginine,®” phenylalanylglycine,®* leucylarginine,*’
phenylalanylarginine,®” tyrosylarginine,®” and prolylleucylglycine.!®’

O-Phospho: serine,!3:23:9%.190.111.127 threonine,?* hydroxyproline,'? tyrosine,'#’"!2 various
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dipeptides of serine!”-?!:23:1%:107 and tyrosine,'* '’ and some tripeptides of serine®®-2*192 and
tyrosine.'

S-Phospho: cysteine.'””

The optical activity of compounds that possess free NH,, CO,H, or PO,H, groups is pH-
dependent. This creates a problem if the compounds are sensitive to acid or base. Unsub-
stituted O-phospho compounds can be measured in strongly acidic media such as 2 N HCI,
but N-phospho compounds are too unstable. Many of the N-phospho derivatives listed above
contain a free CO,H group, but none contain a free PO;H, group.

Resolution of a DL isomer into its optical antipodes has been accomplished in one instance.
L-Phosphoserine, [a]Z + 16.3°, was prepared from DL-phosphoserine by fractional precip-
itation of its brucine salt.'”’

The use of alkali with amino acid derivatives is often avoided because of racemization
and consequent loss of optical activity, but the only verified instance involving a phospho
derivative is the racemization of threonine, which occurs when O-phospho-L-threonine is
hydrolyzed in 5 M HCL.%

2. Circular Dichroism (CD)

Comparison of the CD spectra of B-lactoglobulin before and after phosphorylation shows
some permanent change in the structure of the protein but little loss of a-helical structure
{16 vs. 18%).7 Phosphorylation of clupeine raises its «-helical content to 50%, an effect
ascribed to the solvent.*

3. Refractive Index (ny)

Refractive index values have been reported for some N-phospho derivatives of
glycine®o839198 and alanine,” and for some O-phospho derivatives of glycylserine and
serylglycine.'® All but two are full esters. Phosphorylated gelatin exhibits flow birefringence
in acid solution, though gelatin itself does not.''°

C. Spectroscopic Methods

Spectroscopic methods that have been employed for product identification are infrared
(IR), ultraviolet (UV), nuclear magnetic resonance (NMR), mass spectrometry (MS), electron
spin resonance (ESR), and X-ray, including XPS. The ESR spectra are discussed elsewhere
(I11.A.2) in connection with the radiolysis of phosphoserine.

1. Infrared Spectra (IR)

IR spectra have been reported for N-phospho derivatives of glycine 3891144146184 lan.
ine,®'-'** serine,'* threonine,'®* glutamic acid,®!'!% valine,®!-13!:!32.184 hjstidine,'** cys-
tine,”’+8 leucine,™ lysine,"*'* arginine,'® phenylalanine,”-'® tyrosine,'® tryptophan,®"'®
and glycyltyrosine;'®* and for O-phospho derivatives of serine,'>-2*!!!1% tyrosine,'?%-18¢ gly-
cylserine,'¢ glycylserylglycine,'® and aspartylserylglycine.?

The N-phosphoramidic acids and their esters have characteristic absorption bands in the
10.62 to 10.80 and 11.38 to 11.54 wm regions, respectively, tentatively assigned to the N-
P bond. These bands serve to distinguish the N-phosphoamino acids, which crystallize as
hydrates, from the isomeric phosphate salts.®!

2. Ultraviolet Spectra (UV)

The usefulness of UV is limited to amino acids that are aromatic or have aromatic
substituents. The former group comprises N-phospho derivatives of histidine’”-'*” and phen-
ylalanine,'®* O-phospho derivatives of tyrosine,'*®!**!8 and phospho derivatives of the
proteins hemoglobin’! and human serum protein.” The latter group comprises N-phospho
derivatives of glycine®® and O-phospho derivatives of serine,'®!%? threonine,'® serylgly-
cine,'® serylglutamic acid,'™ aspartylserylglycine,’*? and aspartylserylglutamic acid.'®?
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UV spectra are useful not only for characterization but also for measuring rates of hy-
drolysis of the N-P bond in glycine®® or histidine®”'*? derivatives and of base-catalyzed B-
elimination in serine®-'90:192. 167.168 or threonine'®!™ derivatives.

The fluorescence of tyrosine under UV excitation is quenched by alkali at pH 9.7, owing
to dissociation of the phenolic OH, but in O-phosphotyrosine quenching does not occur until
the pH reaches 14.'>* Fluorescence is also used for the detection of N- and O-phosphoamino
acids in HPLC.!*177

3. Nuclear Magnetic Resonance Spectra (NMR)

'H NMR spectra have been reported for N-phospho derivatives of glycine,o-93.144.146
serine, ™ histidine,'>”'#"1* Jeucine,®® lysine,'* phenylalanine,®®-'%* glycylalanine,* alanyl-
alanine,® isoleucylalanine,* leucylphenylalanine,®® and leucyltryptophan,® for O-phospho
derivatives of serine,!67-168:178.186189 thregnine,!*0-'®! and for the phosphoprotein HPr.'4!

3P NMR spectra have been reported for N-phospho derivatives of histidine!40-14!:192 and
arginine,'®* for O-phospho derivatives of serine®7¢157.158.19¢-198 and threonine,'*® and for the
phosphoproteins clupeine,® B-lactoglobulin,” protein HPr,'*! and histone 4.'4°

3C NMR spectra have been reported for O-phospho derivatives of serine'”®'** and thre-
onine.'” In addition, some salts of O-phosphoserine have been examined by »*Na or '*Cd
NMR spectroscopy.20-20!

With few exceptions, the NMR spectra listed above share a common feature: a sensitivity
to pH with respect to both chemical shift and coupling constant. The exceptions are those
compounds that do not possess a free P-OH group. For O-phosphoserine, the *'P chemical
shift changes from +0.1 ppm to +4.0 ppm as the pH increases from 3 to 9.'%* The magnitude
of these changes is due to conformational changes caused by the electrostatic interaction
between the amino and phosphate groups.'” The acid dissociation constants (pK,) for O-
phosphoserine, based on '*C NMR measurements, are 2.3 (CO,H), 6.5 (POH), and 9.9
(NH,), in good agreement with titration data.'®® Similar measurements on 'H NMR and 3!P
NMR spectra have been used to calculate the acidities of the C, and C, imidazole protons
in N-phospho histidines.'*!

3P NMR chemical shielding tensors have been measured for O-phosphoserine in
powder'®”-*2 or single crystal'®® form. The principal elements for the latter are —48, —2
and 51 ppm. The analysis of the 'H NMR spectra of O-phosphoserine and -threonine, which
contain protons that are strongly coupled to the phosphorus and to each other, is solved by
heteronuclear two-dimensional subspectral analysis. %1%

4. Mass Spectra (MS)

Mass spectra have been reported for a few N-phospho derivatives of glycine®'%6 and O-
phospho derivatives of serine and threonine.'®® MS is used for molecular weight
determination®-'*¢ and for measuring the relative abundance of oxygen isotopes after a
hydrolysis in '®O-enriched acetate buffer,”® and GC-MS for characterizing the O-phospho
compounds in the form of trimethyisilyl derivatives.®¢

5. X-Ray Spectra

X-ray crystallographic data have been reported for O-phospho-D-, DL-, and L-
serine!?-181.182.198.:203 and O-phospho-DL-threonine.!*® All crystallize in the orthorhombic sys-
tem (space group P2,2,2,, Z = 4) except O-phospho-DL-serine, which crystallizes with a
mole of water in rectangular prisms (space group C2/c, Z = 8). The molecules exist as
zwitterions in which the amino groups are protonated by the phosphate groups and the
carboxyl groups are not tonized.

The P,, electron binding energies for O-phosphoserine and O-phosphothreonine, measured
by X-ray photoelectron spectroscopy (XPS), are 133.5 and 133.7 eV, respectively.?® This
method holds little promise for distinguishing phosphorus atoms in biological systems.?%*
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D. Chromatographic Methods

Chromatographic methods that have been employed for product separation and identifi-
cation are paper (PC), thin layer (TLC), ion exchange (IEC), high performance liquid
(HPLC), gel filtration (GFC), and charge transfer (CT). Countercurrent distribution methods
are also listed. Preparative methods in this group are scarce.

1. Paper Chromatography (PC )

R; values have been reported for N-phospho derivatives of glycine,2:86.93.143 glan-
ine,6:136-143 cysteine, '** serine, %13 1%3 valine, 3" '*2 methionine,** histidine,'**14? cystine,'*3
arginine,®>% phenylalanine,® tyrosine,®5'** tryptophan,®'** and peptides of glycine;>? for
thhospho derivatives Of Serine’I5,17,l9,23.29,33.35.65,99,102,103,1ll,l16.124,205-210 threonine,23’206_209
tyrosine,**'® and serine-containing dipeptides!4'6.17:21-23.29.116 and tripeptides;!®-*>2* and for
the O-phosphoanhydrides of aspartic acid''® and leucine.*

Some useful solvent mixtures are n-butanol/acetic acid/water (40/10/50) for descending
PC and phenol/water (80/20) for ascending PC.?' The paper is sprayed with ninhydrin for
NH, and ammonium molybdate for phosphate.

2. Thin Layer Chromatography (TLC)

R, data have been reported for N-phospho derivatives of glycine,'%!* alanine,0¢.107
cysteine,'?’ serine,'®”!4* aspartic acid,'’ threonine,'®” proline,'%-!®7 glutamic acid,*-5!-1¢7
valine,'°*'%” methionine,'”” histidine,'** leucine,'® isoleucine,'”’ lysine,'**'** arginine,'®’
phenylalanine,'®” and tyrosine,'?” and for O-phospho derivatives of serine,!'?:!33:211-214 thre-
onine,'**2!1214 and tyrosine.?'

Some useful solvent mixtures are 6.5:3.5 ethanol/water,'** 1% formic acid,?'! and 1:2:1:1
acetic acid/n-propanol/water/phenol.?’* Detection is usually accomplished by spraying with
ninhydrin for NH, and acid molybdate for phosphate. Some two-dimensional systems have
been described.?'>2!4

3. lon Exchange Chromatography (IEC)

Retention times have been reported for N-phospho derivatives of valine,’?!''32 histi-
dine,*? 137215 lysine, 813215 and arginine;%*%*'%® and for O-phospho derivatives of
serine,?! 116216227 threonine,!26-216.218.220.221.224.225.227 hydroxyproline,?'¢?! hydroxylysine,2?!
tyrosine,'*®2'6 and serine-containing dipeptides!’-*!-2329220 and tripeptides.2*>* All of these
compounds contain unsubstituted P(O)(OH), groups, and most also contain unsubstituted
CO,H groups.

O-Phosphoserine and -threonine elute with cysteic acid in automated amino acid analyzers
such as the Beckman-Spinco® 120 or the Technicon® TSM.2!9.221-223.226 T geparate the O-
phosphoamino acids from each other it is necessary to lengthen the column®’ or to use a
different type of resin. Cation exchange resins such as Dowex® 50-X8 may be used if the
eluent is strongly acidic,?'® but better separations are achieved with anion exchange resins
such as Dowex® 1-X8 and acetate or formate buffers.?!¢-224225 Dowex® 1-X2 is preferred
for the O-phospho peptides.?°

The N-phosphoamino acids, which are acid-sensitive, are purified by anion exchange
chromatography on resins such as Dowex® 1 with salt®*!*” or potassium carbonate®”-*8
gradient eluents.

Some preparative-scale methods have been reported.>”-137:220

4. High Performance Liquid Chromatography (HPLC)

An HPLC method has been developed for the separation of both acid-stable and acid-
labile phosphoamino acids on a single-anion exchange column, Chromex® DA-X12-11.1%*
N-Phosphoarginine and -lysine are separated by means of a low-ionic-strength KH,PO, buffer
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at pH 7.5, and N-phosphohistidine, O-phosphoserine, and O-phosphothreonine by means of
a high-ionic-strength KH,PO, buffer at pH 6.3. The compounds are detected fluorometrically
after derivatization with o-phthalaldehyde.®®3%14¢ Precolumn derivatization has been em-
ployed for amino acid mixtures containing O-phosphoserine.'”

5. Gel Filtration Chromatography (GFC)

The phospho derivatives of the proteins clupeine Z,* clupeine YI,% and B-lactoglobulin™
have been purified by GFC on Sephadex® C-25 or G-25, employing gradient elution with
sodium chloride. The method is useful not only for separating phosphoproteins from low-
molecular-weight byproducts, but also for separating products of differing degrees of phos-
phorylation. Thus, clupeine Z, which contains three serine residues per mole, can be frac-
tionated after phosphorylation into products containing one, two, and three phosphate residue
per mole.%

GFC is also useful for purifying low-molecular-weight compounds such as N-phospho-
glutamic acid.*-5!

6. Charge Transfer Chromatography (CT)

The behavior of serine and phosphoserine toward CT chromatography on acriflavin-
modified Sephadex® G-25 has been reported. Retention is slight with phosphoserine and
negligible with serine, compared to nucleotides such as AMP.?28

7. Countercurrent Distribution

For compounds that resist purification by classical methods, countercurrent distribution
has proved to be useful. Phosphorylated derivatives of serine, aspartylserylglycine, and
aspartylserylglutamic acid have been purified by 50 to 100 transfers with solvent systems
such as chloroform/n-hexane/methanol/water (31:30:40:10) or methanol/water/ether (2:3:5).92

E. Electrophoretic Methods
1. Paper Electrophoresis (PE)

Electrophoretic mobilities have been reported for N-phospho derivatives of glycine and
its peptides,>* glutamic acid,®' and histidine,>”-'3"**! and for O-phospho derivatives of
serine,2%:26.29.100.102.206.229,230 threqnine, 20¢-2% tyrosine,'?® % and glycylserine.?”?* All but two
of these compounds contain unsubstituted P(O)(OH), groups, and most also contain unsub-
stituted CO,H groups.

Typical conditions for electrophoresis are pH 2.2 (formic acid buffer) for the O-phospho
derivatives®®2*¢ and pH 8.0 (ammonium acetate buffer) for the N-phospho derivatives.'*
Spots are detected by ninhydrin (NH,), acid molybdate (PO,H,) or Pauly reagent (imidazole).
Movement is toward the anode, with one exception,'® and is retarded by Co(II) because of
complexing.'3’

2. Thin-Layer Electrophoresis (TLE)

Electrophoresis on thin-layer plates has been used to separate N-phosphoglutamic acid
from its hydrolysis products®® and the O-phospho derivatives of serine, threonine, and
tyrosine from each other.?’* A two-dimensional system has been described.?'

3. Gel Electrophoresis

Electrophoretic methods are useful for determining the homogeneity of phosphorylated
proteins. Gel electrophoresis has been applied to phospho derivatives of human serum protein
and hemoglobin,” B-lactoglobulin,” horse serum albumin,” histone 4,4 soy protein,'3
protein HP1,'*! and insulin.'* In one instance, measurement of electrophoretic mobility vs.
pH was used to establish the isoelectric point at pH 3.9, in agreement with solubility data.”
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F. Acid Dissociation Constants (pK,)

Acid dissociation constants have been reported for N-phospho derivatives of glycine,30-%3
histidine,’*” and lysine,* and for O-phospho derivatives of serine,!?:65:100.124.157-161.167.168.231.232
threonine,’*”-'7*'% and serine-containing dipeptides'®?' and tripeptides.'?

The unsubstituted O-phosphoamino acids and peptides contain four ionizable hydrogens,
but only three of these are measurable by direct titration. The pK, values for O-phospho-
DL-serine, for example, are 2.11 (CO,H), 5.62 (PO,H~), and 9.72 (NH, ") by potentiometric
titration,'*” or 2.3, 6.5, and 9.9, respectively, by '*C NMR.'** The first POH group is too
strongly acidic to be measured by either of these methods. It can, however, be determined
by differential spectrophotometry, using 2,6-dinitrophenol as an indicator. This method gives
pK, values of 0.72 (PO;H,) and 2.14 (CO,H) for the two strongest groups.?*?

Only two of the three ionizable hydrogens in monoesters of O-phosphoserine and its
peptides can be measured by direct titration.'®

The pK, values of DL-serine itself are 2.12 (CO,H) and 9.02 (NH,*). Comparison with
the data given above shows that phosphorylation increases the basicity of the amino group
but has no effect on the carboxyl group. The increase in basicity of the amino group is
matched by an increase in the acidity of the PO;H™ group relative to other O-phosphate
monoesters. '

The significance of the pK values of synthetic O-phosphopeptides in relation to enzyme
action of biological systems has been discussed at length.'-?!

V. USES

Denivatives of N-phosphoaspartic acid and their salts are useful for treating psychic and
physic asthenia.?*? Salts of N, -phosphohistidine and N,-phospholysine are useful as medi-
caments for fatigue and as cardiotonics.*®'*® The LD, values for N, -phospholysine and
N,N.-diphospholysine in mice are 2430 and 622 mg/kg, respectively.*® A subcutaneous dose
of 5 mg/kg of the triethyl ester of N-phosphoglycine is lethal to white mice.??

O-Phosphoserine is useful as a stabilizer for bleach-fix solutions in color photography.?**
Its calcium salt is useful for the treatment of phosphocalcium deficiency.?3% The silver salts
of O-phosphoserine and -threonine are useful against dermatosis, e.g., eczema.?¢ Salts of
O-phosphoserine and diisopropylamine have anti-Parkinson’s activity and low side effects.?*”

VI. LIST OF COMPOUNDS

All phospho compounds are listed under the amino acid, peptide, or protein from which
they are derived. Amino acids are listed in numerical order according to molecular formula,
starting with glycine and ending with thyroxine. The L-isomer is assumed unless stated
otherwise in the original paper. These criteria also apply to the peptide derivatives, which
follow the amino acids. The protein derivatives, which follow the peptides, are grouped by
species.

A. Amino Acid Derivatives
Glycine

N-Phospho Derivatives

(HO),P(O)NHCH,CO,H 1a,'®% 94,13 Ob,31# {13,488 12b 8 Hygroscopic solid mp ~ 115°C d., IR,
PC,%2143 TLC,'# '"H NMR,*'* paper electrophoresis,* ninhydrin reaction.®’ Mg salt, wh amorph pw,'° gran
$0;*® Ca salt, 3:2;% Ba salt, 1:1, cr,*'* 3:2, amorph 814
—,[*P] labeled 2a/12ab. K salt.?
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(MeO),P(O)NHCH,CONH, 14f. Mp 112—3°C.%

(MeO),P(O)NHCH,CO,Et 2a,%* 7c.'*¢ Mp 55—6°C,* 56°C,'* IR, 'H NMR.'*

(EtO),P(O)NHCH,CO,H 2b,% 14b, 14c. * Oil, n¥ 1.4510,% d3° 1.2579,% pK, 3.85.% Ba salt, 1:2, wh so;®°
guanidine salt, 1:1 mp 159—60°C.%

(Et0),P(O)NHCH,CONH, 14f. Mp 73—6°C d.%

(ETO),P(O)NHCH,CONHOH 14f. Visc oil, n® 1.4455, d2° 1.1840.%

(ETO),P(O)NHCH,CONHMe 14f. Visc lig, bp 180°C d (1 mm), n, * 1.4695, d,* 1.2126.%
PhOB(O)NACH,C(0)O 4b. Ppt. !¢

HO(PhO)P(O)NHCH,CO,H 4a,'%®'® [1a,% 12a.%"% IR,'* 'H NMR, UV, PC, pK, 1.9, 4.12.%* Na salt, 2:1, sm
cubes;'® K salt, 2:1, ppt;®® Ba salt, 1:1 dihydrate, cr.®''%8

(Et0),P(S)NHCH,CO,Et 2a. Bp 116°C (1 mm), n¥ 1.4720, d}® 1.1451.%2

(EtO),P(O)NHCH,CO,Et 2a,%0#2 2b %' 8d.7>% Bp 123—8°C (0.3 mm),* 126—32°C (0.5 mm),” 135.5°C (1
mm),* n® 1.4390,% nF 1.4340,” n 1.4338,% d2° 1.1495, IR,*"'* L, 5 mg/kg.*
(i-PrO),P(O)NHCH,CO,H 14b, 14c. Col visc 0il.* Guanidine salt, 1:1, mp

167—8.5°C.%

(PrO),P(O)NHCH,CONH, 14f. Mp 68—73°C. d.*

(i-PrO),P(O)NHCH,CONH, 2a,™ 14f.#* Fine nd, mp 81—4°C,” 91—4°C.%

(i-PrO),P(O)NHCH,CO,Me 2a. Bp 114—20°C (0.1—0.2 mm), n¥ 1.4314.%°

(PrO),P(O)NHCH,CO,Et 2a. Bp 141—2°C (1 mm), n¥ 1.4375, d° 1.0926.%3

(i-PrO),P(O)NHCH,CO,Et 2a.7%* Mp 28—29°C,” bp 115—28°C (0.5 mm),” 129—30°C (1 mm),®* n®’ 1.4332,
n2 1.0856.%

(Bu0),P(O)NHCH,CO,H 2b,%® 14¢.%° Oil, ng 1.4500, d2° 1.0888.% Guanidine salt, 1:1, mp 156.5—7°C.%°
{BuO),P(O)NHCH,CONH, 14f. Mp 77—9°C.®

(i-Bu0),P(O)NHCH,CONH, 14f. Mp 93—5°C.%

PhP(0)(OMe)NHCH,CO,Et 7c. Col oil, bp 190°C (0.03 mm), IR, 'H NMR, MS.14

(BuO),P(O)NHCH,CO,Me 2a. Bp 145—7°C (0.15 mm), n¥ 1.4392.%

(Bu0),P(O)NHCH,CO,Et 2a. Bp 160—0.5°C (1 mm), n¥ 1.4408, d2° 1.0660.%

(i-Bu0),P(O)NHCH,CO,Et 2a. Bp 145—6°C (1 mm), n¥ 1.4375, d® 1.0578.8

(EtO),P(O)NHCH,CO,CH,Ph 2b. Oil.*

Ph,P(S)NHCH,CO,H 3, 14c. Mp 118—9°C, TLC. Dicyclohexylamine salt, so.'%®

Ph,P(O)NHCH,CO,H 14c. Mp 129—30°C.'®

(PhO),P(O)NHCH,CO.H 14b. Col. gum, IR %

(PhO),P(O)NHCH,CO,Me 2a.8! Mp 93°C,*! IR.!#

(i-Pr0),P(O)NHCH,CO,CH,Ph 2b. Ye. oil.®

(p-1C{H,CH,0),P(O)NHCH,CO,H 14c. Mp >115°C, dec. 175—8°C.%

{p-NO,C¢H,CH,0),P(O)NHCH,CO,H 14c.5'# Mp 145—7°C d., 149°C.%

Ph,P(O)NHCH,CO,Et 3,'% 7c.'¢ Mp 83—4°C,'"* 96—7°C,'® IR, 'H NMR, MS.'%

(PhO),P(O)NHCH,CO,Et 2b.8%* Mp 76--7°C, ** 77—8°C,* MS.*

(PhCH,0),P(O)NHCH,CONH, 2b.#” Mp 103—4.5°C,*” IR .*!

(p-IC(H,CH,0),P(O)NHCH,CO,Me 2a.%' Mp 124—5°C,% IR.'8

(p-NO,C¢H,CH,0),P(O)NHCH,CO,Me 2a.8' Mp 89°C,®! IR.!#

(p-NO,C(H,0),P(O)NHCH,CO,Bu-t 2b. Mp 113°C.*

(PhCH,0),P(O)NHCH,CO,Et 2b.% Mp 43—5°C, PC,% IR %1%

(PhO),P(O)NHCH,CO,CH,Ph 2b.%:92 Mp 60—1°C.*

(p-1C{H,CH,0),P(O)NHCH,CO,CH,Ph 2a.5! Mp 89°C,*! IR.'#

(p-NO,C¢H,CH,0),P(O)NHCH,CO,CH,Ph 2b,% 8d.!% Mp 110—1°C,®* 111—2°C.'%

(PhCH,0),P(O)NHCH,CO,CH,Ph 2b. Waxy so., mp 143—4°C,*” 'H NMR.#

O-Phospho Derivatives

NH,CH,CO,P(O)}OH), 11c,"* 12e.%4 Heavy 0il.*>4 Ag salt, 2:1, mp 254—8°C;""* Ba salt, 1:1, silky nd.'*
m(O)OPh See above.

PhCH,0,CNHCH,CO,P(O)(OPh)OH 2d. Ag salt, so.'%

NH,CH,CO,P(O)YOCH,Ph), 14e. Pr, mp 62°C.'"

o
Sc. Nd., mp 63-5°C.'%

NCH2C02P(0) (OCHzPh)2
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PhCH,0,CNHCH,CO,P(O)(OCH,Ph), 2d,*# 5c.!% Nd, mp 76.5—7.5°C.1%
L-Alanine

N-Phospho Derivatives

(HO),P(O)NHCHMeCO,H 5a,''? 8¢,i2:134 9b,136.143.145 p( 136,143 Bg galt, 2:3.!12
Ph,P(SYNHCHMeCO,H 3.'%-1% Mp 120°C, {a], — 13.7° (EtOH), TLC.'»
Dicyclohexylamine salt, mp 177—8°C, [a], —3.7° (EtOH), TLC.!%
(p-NO,CH,CH,0),P(O)NHCHMeCO,H 14c. Mp 60-—2°C.%2
(p-NO,CH,CH,0),P(O)NHCHMeCO,Me 2b. Mp 88—9°C.*

O-Phespho Derivatives

NH,CHMeCO,P(O)(OH), 12¢.#
PhCH,0,CNHCHMeCO,P(O)(OCH,Ph), 2d.*

pL-Alanine

N-Phospho Derivatives

(HO),P(O)NHCHMeCO,H 1a,'9% 1b.5 Mg salt, 3:2.1048
(MeO),P(O)NHCHMeCONH, 14f. Mp 111—2°C.¥’

(EtO),P(O)NHCHMeCO,Me 2b.°' Bp 118—9°C (0.5 mm),* n¥ 1.4332 % IR %118
PhOP(O) NHCHMeC(O)O 4b. Ppt. '

HO(PhO)P(O)NHCHMeCO,H 4a. Na salt, 2:1, cr; Ba salt, 1:1, cr.'®
(PhCH,0),P(O)NHCHMeCONH, 2b.8” Mp 97—9°C,*” IR.%!
(PhCH,0),P(O)NHCHMeCO,Me 2b.%¢ Mp 40—1°C, PC,% IR.'*
(PhCH,0),P(O)NHCHMeCO,CH,Ph 2b. Visc oil.¥

O-Phospho Derivatives

NH,CHMeCO,P(O)(OH), 1 lc. Ag salt, 2:1, mp 295—300°C; Ba salt, 1:1, cr pw.'*
NHCHMeCO,P(O)OPh See above.
NH,CHMeCO,P(O)(OCH,Ph), 14e. Pa ye oil.'"*

L-Cysteine
N-Phospho Derivatives

(HO),P(O)NHCH(CH,SH)CO,H 9b. PC.'#

(HO),P(O)NHCH(CO,H)CH,SP(O)(OH), 1be. Ca salt.>*

(i-PrO),P(O)NHCH(CH,SH)CO,Me 2b. Mp ~22°C.%

Ph,P(S)NHCH(CO,H)CH,SCH,Ph 3. Dicyclohexylamine salt, mp 170—1°C, [a], +22.5° (MeOH), TLC.}"
Ph,P(S)NHCH(CO,H)CH,SP(S)Ph, 3. Cyclohexylamine salt, mp 141—4°C, [a], + 7.5° (MeOH) , TLC.'”
(PhCH,0),P(O)NHCH(CO,Me)CH,SP(O)Y(OCH,Ph), 2b. Ye sirup.?’

S-Phospho Derivatives

(HO),P(0)SCH,CH(NH,)CO,H le. Solid.*
(HO),P(0)SCH,CH(CO,H)NHP(O)(OH), See above.
Ph,P(S)SCH,CH(CO,H)NHP(S)Ph, See above.
(PhCH,0),P(0)SCH,CH(CO,Me)NHP(O)(OCH,Ph), See above.

D-Serine
(HO),P(O)OCH,CH(NH,)CO,H 11de.” Mp 170—3°C d,[a]}' —7.0° (H,0), —15.6° (HCI), IR, X-ray.”> Na,

Mg, Ca salts, ab initio SCF study.'663%
(PhO),P(0)OCH,CH(NHCO,CH,Ph)CO,CH,Ph 2c. Mp 52—3°C, [a]# +3.7° (EtOH), — 18.3° (CHCL,).*s
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L-Serine
N-Phospho Derivatives

(HO},P(O)NHCH(CH,OH)CO,H 9b.!3%-143145 R 144 ' NMR,'# PC,!%-14* TLC.'* Ba salt, 1:1.'%
Ph,P(S)NHCH(CH,OH)CO,H 3. Dicyclohexylamine salt, mp 157—8°C, {a]p —5.0° (EtOH), TLC.'?”
Ph,P(SYNHCH(CO,H)CH,0OCH,Ph 15a. Dicyclohexylamine salt, mp 138—9°C, [a], +5.0° (EtOH), TLC.'”

O-Phospho Derivatives

(HO),P(O)OCH,CH(NH,)CO,H 1d,% 4¢,'® 7b,'!® 8a,!20.122.123 g 133 8¢ 1276 | 1h % []de.!>!® P|, mp 165—6°C
d,'» 168—72°C d,' 169—70°C,* 175—6°C d;'® use of EDTA in recryst;?® [a]§ +7.4° (H,0)," +12°
(HCH,'™ [a]2! +16.2° (HCD),"” [a]f +17.5° (HCN,” [a)¥ +16.3° (HCD;'? pK, 0.72, 2.14 (25°, KNO;) by
diff'l spect.,?? 2.04—2.17, 5.771, 9.653—5 (KNO,, 37°C) by pot. titr.;'*® IR,'s 'H NMR, #6.187.189 31p
NMR,Q.73.I97,I9B,201 ESR,ISS X_ray cryst.’ls.lxz.ws,zss PC715.205-208 TLC,133.2|l-2|SIEC’Zl6-227 HPLC’l39.|77 C’]"ZZE pap(:r
electrophoresis. 22292 Na salt, »*Na NMR,?® ab initio SCF;**® Mg salt, equil. consts.,'® ab initio SCF;'® Ca
salt, 1:2, wh powder,?* equil consts,'® ab initic SCF,'s® TGA;'® Ba salt,'»?% 1:1, small plates,'”® [a]}
+5.5°,1% [a)¥ +9.4°'7 Ln(lII) complexes, 'H NMR;'#-187 Ag salt, 2:1, regular snowwhite cr;2* Cd salt,
13Cd NMR;? Pb salt, 1:1;'* brucine salt, 1:1, s 100°C, d ~130°C.'#

(HO),P(O)CH,CH(NH,)CO,Me 8a,'® 14a.2 Mp 167°C d, [a)¥ + 12.0° (HC1), PC.2 Ba salt, 1:2.'%

(HO),P(O)OCH,CH(NHAC)CO,H 13a. '"H NMR, '*C NMR.!” Hydrolysis.*®

HO(NH,CH,CH,0)P(O)OCH,CH(NH,)CO,H 4d. 1le. Mp 139—41°C d,[a]®.5 —15.0° (H,0), IR, PC.1!

HOP(O)[OCH,CH(NH,)CO,H], 4d, 1le. Glassy, mp 125°C d,[a]®.* —11.6° (H,0), IR, PC.1!!

fHOP(O)OCH,CH(NH,)CO,H],0 6¢c/11b."'¢ Pyridine salt, PC.3:116

HO(PhO)P(O)OCH,CH(NH,)CO,H 4c. Qil.'*®

HO(PhO)P(O)OCH,CH(NH,)CO,Me 13c,d. Colorless oil, paper electrophoresis. HBr salt.?

[HOP(O)OCH,CH(NHACc)CO,HLO 13a. Pyridine salt, PC.3

(HO),P(O)OCH,CH(NHCOPh)CONHMe 11b."¢ Pyridine salt, mp 145—52°C d,* 145-—-57°C d,"'6 PC.33.116
—,[*?P)-labeled.*

HO  CHy4

From O-phospho-L-serine
and pyridoxal.'¢’'% pK,
N=CH(\ N 6.43, 9,80, M

/ NMR. 167,168

(HO),P(0) OCH,CH_
~
COH CHOH

(HO),P(0)OP(O)(OH)OCH,CH(NHCOPh)CONHMe 2¢/11b, 6¢/11b. IEC.>
—, [**P)-labeled. From H,™PO, and the anhydride of (PhO),P(O)CI and
(HO),P(0YOCH,CH(NHCOPh)CONHMe..*!
PhOP(O)[OCH,CH(NH,)CO,Me), 13d. Paper electrophoresis.?
(PhO}),P(O)OCH,CH(NH,)CO,Et 13d. HBr salt, nd, mp 67—8°C, UV, '®
HO(PhCH,0)P(O)OCH,CH(NHCOPh)CONHMe 10a, 12d. Mp 108-—10°C. Na salt, mp 171—6°C; aniline salt,
mp 136—6.5°C.2
[HOP(O)OCH,CH(NHCOPh)CONHMe),O 6¢. PC, IEC.!16
PhCH,O(PhNH)P(G)OCH,CH(INHCOPh)CONHMe 10a. Paper electrophoresis.?*
HO(PhCH,0)P(0)OCH,(NHCO,CH,Ph)CO,CH,Ph 12d. Mp 108°C. Na salt, cr.?
(PhO),P(O)YOCH,CH(NHCO,CH,Ph)CO,Et 2c. Mp 39—40°C, [a]® —1°, UV. 1@
(PhCH,0),P(O)OCH,CH(NHCOPh)CONHMe 2¢. Mp 90—2°C.*
(PhO),P(O)OCH,CH(NHCO,CH,Ph)CO,CH,Ph 2c. Mp 53—3.5°C, [a]i¥ —3.8° (EtOH), + 18.0° (CHCL,).!s
PhOP(0)[OCH,CH(NHCO,CH,Ph)CO,Me], 4d. Visc bright yellow oil, paper electrophoresis.2®
(p-NO,C¢H,CH,0),P(O)OCH,CH(NHCO,CH,Ph)CO,CH,Ph 2c. Mp 64-—7°C, [a]¥ —6.9° (AcOH).*
(PhCH,0),P(0)OCH,CH(NHCO,CH,Ph)CO,CH,Ph 2c. Mp 74°C.%
[PhCH,OP(O)OCH,CH(NHCOPh)CO,CH,Ph],0 6¢.%
{PhCH,OP(0)OCH,CH(NHCO,CH,Ph)CO,CH,Ph],0 6c. Mp 95°C.%

DL-Serine

N-Phospho Derivatives

(i-PrO),P(O)NHCH(CH,OH)CO,Me 2a.”"%2'* Waxy so, mp 47—S50°C,2'® 48—50°C*
(PhCH,0),P(O)NHCH(CH,0H)CO,Me 2b. ¥ Visc sirup,®” PC.%¢
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O-Phospho Derivatives

(HO),P(O)OCH,CH(NH,)CO,H 1c,* 1d,%:47¢8 e % T7h,''8 8a,” 10d,%-*'® 11b,% 11de,'s'® I1e,'d' 12¢.'% Pr,
mp 163—4°C d,'* 164—5°C,'" d 165—6°C,% 166°C,>'* 166-—7°C,** 167—70°C d.'* IR;'* 'H NMR, '#
3C NMR, ™ ¥p NMR;tsmss.x%-l% X_ray;m XPS Pzp 133.5 eV, %04 pC;8599.124.29.210 T (2 pK, 2.08, 5.64,
9.74 (KCI, 25°C)'2% ree aiso19.65.100.157-158.161.23 paper electrophoresis;'® TLE;?' solubility;*'® catalyst poisoning by,
in C, H microanal.”® Hydrate, mp 153—6°C d, IR, X-ray, PC."* Na salt, solubility, PC;*'° K salt, stability
consts.'® Mg salt, stability consts; 2157152161 Ca salt, solubility,*'® PC,?'° stability consts;'?*-'57'> Ba salt,
1:1;767% Mn(1l) salt, stability consts;'2*'*’ Fe(Ill) salt, stability consts;'* Co(ll) salt, >'P NMR, 7 stability
consts,'*-'*® kinetics;'®® Ni(II) salt, *'P NMR,' stability consts,'¥"'* kinetics;'¢* Cu(II) salt, >'P NMR,'"-15#
stability consts;'?*-'37-13% Zn(1l) salt, stability consts;'*”'*® Pb salt;'™® brucine salt, 2:1,'¥

—, 2-[*H}-labeled 1d.°7%¢ Mp 185°C.%
—, [*P]-labeled 1d.%*

(HO),P(0YOP(O)(OH)OCH,CH(NH,)CO.H 2e/l 1b, 6¢/11b. Solid white foam, PC, IEC, paper electrophoresis.>

(HO),P(O)OCH,CH(NH,)CO,Me 11de," 14a.>* Mp 173—6°C d," 198°C d,* IR.,* PC,"*** pK, 5.33, 7.83
(KCl, 25°C). %

(HO),P(O)OCH,CH(NH,)CO,Et 11de. Mp 170—1°C, paper electrophoresis.'®

HO(NH,CH,CH,0)P(Q)OCH,CH(NH,)CO,H 4d, 11b. Mp 180—1°C d, PC.""

HOP(O)[OCH,CH(NH,)CO,H}, 4d, 11b. Mp 120—1°C d, IR, PC.'"!

[HOP(O)OCH,CH(NH,)CO,H),0 PC, paper electrophoresis.?

HO(BuO)P(0O)OCH,CH(NH,)COH 11b. Oil, PC, countercurrent distribution, paper electrophoresis. Hg salt,
1:1, mp 180—2°C d,'®

HO(PhO)P(O)YOCH,CH(NH,)CO,H 3b,'® 11d.'%'°! Mp 163—5°C, d,'s 167—8°C,"* IR.'* PC,'s1 pK, 2.13,
8.79 (KCl, 25° C).®

(HO),P(O)OCH,CH(N=CHPh)CO,H le. Mg salt, 3: 2.7

HO(PhO)P(O)YOCH,CH(NH,)CO,Me 11d. Mp 162—3°C d, PC."

o}

(HO)2P(0)OCH,CH—N 13e. Na salt.!”
Hoaclz N
A

(PhO),P(O)OCH,CH(NH,)CO,H 13¢.'*:'” Mp 129—30°C d,'* 130— 1°C d," IR,S PC.'5"7
(Me,Si0),P(O)OCH,CH(NHSiMe;)CO,SiMe, 13f. GC/MS. &

(PhO),P(O)OCH,CH(NH,)CQ,Et 13d. HCI salt, mp 99—100°C; HBr, salt, nd, mp 63—4°C.'®
HO(PhCH,0)P(O)OCH,CH(NHCO,Bu-t)CO,Bu-t 6b. Col oil. Cyclohexylamine salt, 1:1, mp 173—5°C, TLC;
Ba salt, 1:2, powder, mp 118—20°C; Ag salt, 1:1, col powder, mp 24—5°C.'3

HO(PhO)P(0)OCH,CH(NHCO,CH,Ph)CO,CH,Ph 4c. K salt, mp 184.5°C; Ag salt, wh powder, softens at
40°C.'o

HO(p-NO,C¢H,CH,0)P(0)OCH,CH(NHCO,CH,Ph)CO,CH,Ph 12d.*° Mp 83—5°C,* countercurrent distribu-
tion.'? Na salt, mp 215°C;*® Ca salt;* Ba salt;* Ag salt, mp 134—7°C.'**

(Ph0),P(0)OCH,CH(NHCO,CH,Ph)CO,Et 2c. Nd, mp 40—1°C, UV.,'®

HO(PhCH,0)P(0)OCH,CH(NHCO,CH,Ph)CO,CH,Ph 12d. Mp 105—6°C d. Na salt, mp 257—60°C. '

BuO(p-NO,C.H,CH,0)P(0)OCH,CH(NHCO,CH,Ph)CO,CH,Ph 5b. Waxy, mp <40°C, countercurrent distribu-
tion, UV, 1%

(PhQ),P(0)OCH,CH(NHCO,CH,Ph)CO,CH,Ph 2¢.!5:1%:10t Mp 47—8°C,' 49—50°C,'® UV 1%

(p-NO,C,H,CH,0).P(G)OCH,CH(NHCO,CH,Ph)CO,CH,Ph 2¢.* 8e.'? Mp 108-10°C,*® 109—10°C,!02 UV

{PhCH,0),P(OYOCH,CH(NHCO,CH,Ph)YCO,CH,Ph 9¢c. Mp 62—4°C, UV.'®?

L-Aspartic Acid
N-Phospho Derivatives

(HO),P(O)NHCH(CO,H)CH,CO,H 8¢,'* 11a.* Li, Na, K salts, 3:1; Mg, Ca salts, 2:1; ethylenediamine salt,
2:1, mp 100—10°C d; lysine salt, 2:1, mp >260°C; ornithine salt, 2:1, mp 212°C d; arginine salt, 2:1, mp
220°C d.>

Ph,P(SYNHCH(CO,H)CH,CO,CH,Ph 3. Dicyclohexylamine salt, mp 156—7°C, [a], —13.7° (EtOH), TLC.1

(p-NO,C:H,CH,0),P(O)NHCH(CO,CH,Ph)CH,CO,CH,Ph 2b. Mp 98°C,* 101°C.*?

(PhCH,0),P(O)NHCH(CO,CH,Ph)CH,CO,CH,Ph 2b. Mp 46—7°C.%
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O-Phospho Derivatives
NH,CH(CO,H)CH,CO,P(O)(OH), 11c¢/14b,'*® 12e.4' Qil.¢!

PhCH,0,CNHCH(CO,CH,Ph)CH,CO,P(O)(OH), 7¢. Oil.'**
PhCH,0,CNHCH(CO, CH,Ph)CH,CO,P(O)(OCH,Ph), 2d. Heavy yellowish oil.#!

L-Threonine

N-Phospho Derivatives

Ph,P(S)NHCH(CHMeOH)CO,H 3. Dicyclohexylamine salt, mp 147—9°C, [a], —10.0°
(EtOH), TLC.'"

0O-Phospho Derivatives

(HO),P(O)OCHMeCH(NH,)CO,H 1d,* 8b.'** Mp 189°C d,* [a}f —7.9° (H,0), —2.0° (HCI),** PC,3-2%
WHTLC, 1331 [EC,216.216:221.224.335.227 paper electrophoresis.?®2% Ag salt, 2:1, ppt.>*

DL-Threonine

N-Phospho Derivatives

(i-PrO),P(O)NHCH(CHOHMe)CO,Me 2a.7'® Waxy so, mp 54—6°C,™ 59—61°C .2
(PhCH,0),P(O)NHCH(CHOHMe)CO,Me 2b.#” Waxy so, mp 52—4°C,*7 IR.'#

O-Phospho Derivatives

(HO),P(O)OCHMEeCH(NH,)CO,H 1d,% 8a,12126 10d,%21% 12¢.'% Pr, mp 150-2°C d,'® 169°C d,'® 184°C, 5418
194°C d," 'H NMR,®%' 13C NMR, ' *'P NMR, '%* X-ray,? XPS P,, 133.7 eV, PC,™ TLC,? [EC, 26220

HPLC,'® pK, 2.25, 5.83, 9.67 (KNO;, 25°C)'*’; see also Ref. 190, TLE.?"* Ca(II), Mg(Il), Mn(ll), Co(II),
Ni(Il), Cu(ll), and Zn(Il) salts, stability constants;'*” Ba salt, 1:1;/%°-12* Pp galt, 1:1.%
{HO),P(O)OCHMeCH(NHAC)CO,H 13a. '"H NMR, °C NMR.!*®
(Me,Si0),P(OYOCHMeCH(NHSiMe;)CO,SiMe, 13f. GC/MS. 1%
(PhO),P(O)OCHMeCH(NH,)CO,Et 13d. HBr salt, mp 88—9°C, UV.!®
(PhO),P(O)YOCHMeCH(NHCO,Ph)CO,Et 2¢c. Mp 56—7°C, UV.'®

L-Proline

{ ). COH

N
(HO),P(0)” 9b. 1148

Z S—COZH
N

Ph,P(s)”

3.106.107 Mp 128—30°C, [a), — 15.0° (EtOH), TLC.'?
Dicyclohexylamine salt, mp 194-—5°C, [a}, —40.0°
(EtOH), TLC.'»
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L-Hydroxyproline

1d,% 4¢,!® 8a.'” Nd, mp 130—1°C,'??
[a], —28.76° (H,0),'** IEC.?!¢??' Hydrate, mp
115°C.'% Ba salt, 1:1, small white plates;'®-12

Pb sait.'?*
(HO),P(0)O

N~ COH 4c. Ol

|

H

HO(PhO)P(0)O O\

N COH
)
H

L-Glutamic acid

N-Phospho Derivatives

(HO),P{OYNHCH(CO,H)CH,CH,CO_H 1a,**° 2b/11a,* 5a,!'? 8¢.'2 TLC, thin layer electrophoresis,*® GFC,*
DEAE cellulose chromatography.*® Mg salt, 2:1;% Ba salt, 2:3.""?
(Me0),P(O)NHCH(CONH,)CH,CH,CONH, 14f.¢” Mp 117—20°C d,*” IR."**
(HO),P(O)NHCH(CO,Et)CH,CH,CO,Et 11de. Na salt, 2:1, ppt.®
(PhO),P(O)NHCH(CO,Et)CH,CH,CO,Et 2b. Mp 73.5—74°C.*
(PhCH,0),P(O)NHCH(CO,Me)CH,CH,CO,Me 2b. Visc 0il.#
(p-NO,C(H,CH,0),P(O)NHCH(CO,Et)CH,CH,CO,Et 2b. Mp 94°C.*2
Ph,P(S)NHCH(CO,H)CH,CH,CO,CH,Ph 3. r-Butylamine salt, mp 94—8°C, [a], +10.0° (EtOH), TLC.!1"
(p-NO,CH,CH,0),P(O)NHCH(CO,CH,Ph)CH,CH,CO,CH,Ph 2b. Mp 84°C.*
(PhCH,0),P(O)NHCH(CO,CH,Ph)CH,CH,CO,CH,Ph 2b.5 Waxy so, mp 45—7°C, IR. 184

O-Phospho Derivatives

NH,CH(CO,H)CH,CH,CO,P(O)(OH), 12e. Heavy oil.*!
PhCH,0,CNHCH(CO,CH,Ph)CH,CH,CO,P(O)(OCH,Ph), 2d. Heavy oil.#!

DL-Glutamic Acid
(HO),P(O)NHCH(CO,H)CH,CH,CO-H 1a. Mg salt, wh powder, IR, TLC, GFC, paper electrophoresis.*!
L-Valine
(HO),P(O)NHCH(Pr-i)CO,H 6a,''s 8b,'3-132% 8¢.12 IR, PC, IEC.!3" 132 Lj salt,"'®
Ph,P(S)NHCH(Pr-i)CO,H 3.'%'9 Mp 112—4°C, [a], — 17.5° (EtOH), TLC.'? Dicyclohexylamine salt, mp 149—
51°C, [a)y —10.0° (EtOH), TLC.'*®

DL-Valine

N-Phospho Derivatives

PhOP(O)NHCH(Pr-1)C(O)O 4b. Ppt.'%®

HO(PhQ)P(O)NHCH(Pr-1)CO,H 4a. Na salt, 2:1, cr; Ba salt, 1:1, cr.'%®
(PhCH,0),P(O)NHCH(Pr-1)CO,Me 2b.%#7 Waxy so, mp 39—41°C,* JR.%!18
(PhO),P(O)NHCH(Pr-1)CO,CH,Ph 2b. Mp 44—8°C.%®

O-Phospho Derivatives
NACHFT)CO,P(O)OPh See above.
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L-Methionine

(HO),P(O)NHCH(CO,H)CH,CH,SMe 6a,!!* 9b.'®* PC.!* Li salt.''
Ph,P(S)NHCH(CO,H)CH,CH,SMe 3. Dicyclohexylamine salt, mp 145—6°C, [a]; —1.2° (MeOH), TLC.'*’

L-Histidine

/__(\< NQHZ
COoH
N 2

H

CHaCH(CO,H)NHP (0} (OH),
HN N
CHRCH(NH,)CORH

N N-P(O)(OH
<~ (0)(OH),

[\

(HO),P(0)-N N
2 4

CHaCH(NH)COLH

=

[~ 4

(HOLP(O)-N _ N-P(O)(OH)O

q

1

(HO),P(O)-N_ _ NEP(0)(OM)O

<

CHCH(NH,)COpMe

N A POOH)

CH,CH(NH,)CO,Me

]

(HO),PO)-N_ N

<

CHoCH(NH,) COoH

1

TOHOP(O)N_ N-Me

CH,CH(NHAC)COLH

1<

(HO)P(O)-N_ N

<

CHLCH(NHAC)COH

]

(HO),P(O)-N_ _N-P(0)(OH)O~

{

CH,CH(NH,) COH

CHaCH(CO,H)NHP(0) (OH),

N, and N, are N; and N, in the chemical
literature, and N, and Nj; in the older biochemical

TN\/ ™ literature.

93.,“6 9b'136.l43~)45 IR,IM IH NMR’I“
PC’IJG,MJ TLCIM Ca sah;l%,ld!
Ba salt.'#

93.57.137 UV,56,57 IH NMR,lM le NMR,NO,IH
PC, JEC,36-57:137.215 paper electrophoresis.
687137141 Na salt; K salt; Ca salt, ppt.s’

lb‘SB,Sﬁ 93.56'”7'138 UV’56.57JJ7
]H NMR’U'?J“ 3]P NMR,I‘O.I4I.I92 pK.
6.4, 9.5 (H,0, 25°C)"*" PC,* IEC,%6137:215
HPLC,!%:1% paper electrophoresis.
56.137.141 1§ salt, amorph;”?” K salt;'”
Mg salt; 3:2, wh cr;'* Ca salt, 3:2, wh cr;%!%
Ba salt, 3:2, wh so.!3®

la 57 gaAI.‘W Uv’56.|37 IH NMR,I‘H
3P NMR, "' PC,5 IEC,%-1¥7 paper
electrophoresis.***71! Na salt, Ca
salt.”

1b, 9a. UV, IEC, paper
electrophoresis. Na salt,
Ca salt.”?

9a. Paper electrophoresis.'?’

9a. Paper electrophoresis.'?

9a. Paper electrophoresis.'?’

16,7 13.%7 UV, IEC.¥’
Ca salt, ppt.'>’

1b. UV, IEC.*
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—_— CHZCH(NHAC)COZH 9a; from N_-acetyl-N,-phosphohistidine,
+ / ; Mel and KHCQO,. IEC, paper
_O(HO) P(O)-NVN-Me electrophoresis. '’

DL-Histidine

CH,CH(CO,Me)NHP(0)(OCH,Ph),

/——Y_ 2b. Visc liquid.

HN\/N

L-Cystine

(HO),P(O)NHCH(CO,H)CH,SSCH,CH(CO,H)NHP(O)(OH), 9b. PC.!*?
(PhCH,0),P(O)NHCH(CO,Me)CH,SSCH,CH(CO,Me)NHP(O)(OCH,Ph), 2b.8” Mp 96—100°C,*" IR %1%

L-Leucine

N-Phospho Derivatives

(HO),P(O)NHCH(Bu-i)CO,H 1a,%® 6a,'* 8¢.!'2 Lj salt;'** Mg salt.*®
(HO),P(O)NHCH(Bu-i)CONH, 11a. K salt, 2:1, cr, '"H NMR.%
HO(MeO)P(O)NHCH(Bu-i)CONH, 12a. K salt, 1:1, cr, 'H NMR.%
Me,P(S)NHCH(Bu-1)CO,H Dicyclohexylamine salt, IR.'#
MeO(PhO)P(O)NHCH(Bu-i)CONH, 2b. Mp 128—30°C, 'H NMR.*
Ph,P(SYNHCH(Bu-i)CO,H 3.'%% [a], —17.5° (EtOH), TLC.'” Dicyclohexylamine salt, mp 137-—8°C, {a]p,
—15.0° (EtOH), TLC.'%
(p-BrC¢H,CH,0),P(O)NHCH(Bu-i)CO,H 14¢. Mp 81°C.*2
(p-NO,C¢H,CH,0),P(O)NHCH(Bu-i)CO,H l4c. Sirup.*
(PhCH,0),P(O)NHCH(Bu-i)CONH, 2b. Mp 116-—7°C, 'H NMR.%
(p-BrC¢H,CH,0),P(C)NHCH(Bu-i)CO,Me 2b. Sirup.”?
(p-1C¢H,CH,0),P(O)NHCH(Bu-i)CO,Me 2b. Mp 48°C.*
(p-NO,C¢H,CH,0),P(O)NHCH(Bu-i)CO,Me 2b. Mp 75—6°C.*%

O-Phospho Derivatives

NH,CH(Bu-1)CO,P(O)(OH), 12¢. Heavy oil.*!
PhCH,0,NHCH(Bu-i)CO,P(O)}OCH,Ph), 2d. Visc oil.*

DL-Leucine

N-Phospho Derivatives
PhOP(O)NHCH(Bu-i)C(O)O 4b. Ppt.'%
HO(PhO)P(O)NHCH(Bu-i)CO,H 4a. Na salt, 2:1, cr; Ba salt, 1:1, wh so.'®
(PhCH,0),P(O)NHCH(Bu-1)CO,Me 2b.%#” Mp 45—6°C,%" IR %
(PhO},P(O)NHCH(Bu-i)CO,CH,Ph 2b. Mp 52—3°C.%

O-Phospho Derivatives
NHCH(Bu-i)CO,P(O)OPh See above.

L-Isoleucine

Ph,P(S)NHCH(Bu-s)CO,H 3. Cyclohexylamine salt, mp 181—3°C, [a], —7.5°, TLC.'?
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L-Lysine

NH,CH(CO,H)(CH,),NHP(O)(OH), 1a,*® 1b,%8 8br.!** Ppt, pK, 5.0, TLC,"*? IEC,%1#-2's HPLC.%!3 L] salt,
3:1, LDy 2,430 mg/kg:;*® Na salt;*® Mg salt, ppt.>®

(HO),P(O)NHCH(CO,H)(CH,),NHP(O)YCH), 1b. Li salt, 5:1, ppt, LD;, 622 mg/kg.”

PhCH,0,CNHCH(CO,H)CH,),NHP(O)(OH), 9b. IR, 'H NMR, TLC. Ba salt.'*

(PhCH,0),P(O)NHCH(CO,Me)(CH,),NHP(O)(OCH,Ph), 2b.#” Visc yel sirup, so when cooled,®” IR.'*

L-Hydroxylysine
(HO),P(0)OCH(CH,NH,)CH,CH,CH(NH,)CO,H IEC.*
L-Arginine

(HO),P(O)NHCH(CO,H)(CH,);NHC(=NH)NH, 1b.%

NH,CH(CO,H)(CH,);NHC(=NH)NHP(O)(OH), 1b,%4* 9¢,% 13¢.% Cr, mp 175—80°C,* P NMR 83.6 ppm,'*
IEC,52:62139 pC 6295 HPLC.%01% Lj salt, 2:1, mp 180°C;®? Ca salt;*' Ba salt, 1:1,5 1:2; Cu salt, ppt.*
(HO),P(O)NHCH(CO,H)(CH,);NHC(=NH)NHP(O)(OH), 1b.¢

Ph,P(S)NHCH(CO,H)(CH,);NHC(=NH)NHNO, 3. Mp 129—32°C [a], +2.5° (MeOH), TLC.!" Dicyclohexyl-
amine salt, mp 159—61°C, [a], + 5.0° (MeOH).'?”

Ph,P(S)NHCH(CO,H)(CH,),;NHC(=NH)NHSO,C,HMe-p 3. Mp 199—201°C, [a], +4.9° (DMF), TLC.'

PhCH,0,CNHCH(CO,CH,Ph)(CH,),;NHC(=NH)NHP(O)}(OCH,C,H,NO,-p)OH 11a. Mp 180°C.*

PhCH,0,CNHCH(CO,CH,Ph)(CH,),NHC(=NH)NHP(O)}(OCH,CH,NO,-p), 2b. Glassy so, PC.*

(PhCH,0),P(O)NHCH(CO,Me)(CH,),;NHC(=NH)NHP(O)(OCH,Ph), 2b.5” Mp 91—3°C,*” IR.'*

3,5-Diiodo-L-tyrosine

I
(HO)ZP(O)o@cHZCH(NHZ) CO,H 13b/14c. Colorless cr, mp 216°C d.
|

!
(HO), P(O)O@ CH,CH(NHC OCF,)C0,E? te. White cr, mp 183—7°C d.%
!

L-Phenylalanine

(HO),P(O)NHCH(CH,Ph)CO.H 12, 11a.% 'H NMR.* K salt, 3:1,% Mg salt.*
Me,P(S)NHCH(CH,Ph)CO,H Dicyclohexylamine salt, IR.'®

Ph,P(S)NHCH(CH,Ph)CO,H 3. Dicyclohexylamine salt, mp 190—1°C, [a], +8.7° (EtOH), TLC.'*’
(p-NO,C(H,CH,0),P(O)NHCH(CH,Ph)CO,H 14c. Mp 127—8°C.*2
(p-NO,CH,CH,0),P(O)NHCH(CH,Ph)CO,Me 2b. Mp 111°C.%
(PhO),P(O)NHCH(CH,Ph)CO,CH,Ph 2b.%-92 Mp 86°C,% 90°C,” [a]3 —5.2° (CCl,).®®

_ (PhCH,0),P(O)NHCH(CH,Ph)CO,CH,Ph 2b. Mp 88—90°C, 'H NMR .*¢

DL-Phenylalanine

N-Phospho Derivatives

(HO),P(O)NHCH(CH,Ph)CO,H 11a.8” Mp 163—4°C d,%7 IR 5184
(HO),P(O)NHCH(CH,Ph)CO,Me 11a.% Mp 143—5°C,% IR,%.1% [V 184
(MeQ),P(O)NHCH(CH,Ph)CONH, 14f. Mp 148—9°C.¥’

PhOP(O)NHCH(CH,Ph)C(O)O 4b. Ppt.1%®

HO(PhO)P(O)NHCH(CH,Ph)CO,H 4a. Na salt, 2:1, cr; Ba salt, 1:1, wh so.'®
(PhO),P(O)NHCH(CH,Ph)CO,Et 2b. Mp 78—9°C.%
(PhCH,0),P(O)NHCH(CH,Ph)CO,Me 2b.% Mp 82—3°C,% IR 1% UV, 18 PC,86
(PhO),P(O)NHCH(CH,Ph)CO,CH,Ph 2b. Mp 90—1°C. %
(PhCH,0),P(O)NHCH(CH,Ph)CO,CH,Ph 2b.8” Mp 67—9°C,*” IR %18 UV,'# 'H NMR.!#
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O-Phospho Derivatives

NH,CH(CH,Ph)CO,P(0)(OH), 1ic. Ba salt, 1:1, silky cr; Ag salt, 2:1, mp >320°C."*
NHCH(CH,Ph)CO,P(O)OPh See above.
NH,CH(CH,Ph)CO,P(O)OCH,Ph), 14e. Mp 104—6°C d."'¢

L-Tyrosine
N-Phospho Derivatives

(HO),P(O)NHCH(CO,H)CH,C ,H,OH-p 9b,!*¢:143.145 | 1a/14¢c .3 PC.'** Ba salt, 3:2, ppt.®
(HO),P(O)NHCH(CO,H)CH,C:H,[OP(O)(OH),}-p 1a. Mg salt, 1:1, wh powder.'®
[(HO),P(0)],NCH(CO,H)CH,CH,[OP(O)(OH),]-p le/14c. Solid.'*
HO(PhO)P(O)NHCH(CO,H)CH,C,H,OH-p 12a.® IR.!* Ba salt, pr.®
Ph,P(S)NHCH(CO,H)CH,C,H,OH-p 3, 14c. Dicyclohexylamine salt, mp 192—3°C, [a]p —1.2° (MeOH),
TLC.IO7
(p-IC¢H,CH,0),P(O)NHCH(CO,H)CH,CcH,OH-p 14c. Mp >80—5°C.%
Ph,P(S)NHCH(CO,Et)CH,CH,OH-p 3. Mp 93—8°C, [a]p, —32.5° (EtOH).'?
(PhO),P(O)NHCH(CO,Et)CH,CH,OH-p 2a. Mp 93—4°C.#®
(p-1C¢H,CH,0),P(O)NHCH(CO,Et)CH,C,H,OH-p 2a. Mp 143°C.#
(PhCH,0),P(0)NHCH(CO,E\)CH,C,H,OH-p 2b.* Mp 104—5°C,*" IR.**
Ph,P(S)NHCH(CO,H)CH,CH,(OCH,Ph)-p 3. Dicyclohexylamine salt, mp 182—4°C, [a], +15.0° (MeOH),
TLC'|07
{PhCH,0),P(O)NHCH(CO,CH,Ph)CH,C¢H,OH-p 2b.#” Mp 54—5°C,%" JR.'"®
Ph,P(S)NHCH(CO,H)CH,CH,[OP(S)Ph,]-p 3. Mp 117—24°C, [a], —17.5° (EtOH), TLC.'*"
Ph,P(S)NHCH(CO,Et)CH,C,H,IOP(S)Ph,]-p 3. Amorph wh powder, [a], — 10.0° (EtOH).'Y
(PhCH,0),P(O)NHCH(CO,Me)CH,C H,[OP(O)(OCH,Ph),])-p 2b. PC.%
(PhCH,0),P(O)NHCH(CO,Et)CH,C,H,[OP(O)(OCH,Ph),}-p 2b.*’ Ye waxy so, mp 95—7°C,¥” IR.'%

O-Phospho Derivatives

p-[(HO),P(O)O]CcH,CH,CH(NH),)CO,H le/14c,' 8a,!2:128 8¢, 3% [3b,77 13d/14c.'* P1, mp 225°C,'» 227°C,**
246—7°C,"* [a)p —9.19° (HCD),'® [a]® —8.8° (HCI),' IR,'?® UV, 128154185 pC 18 T C,2!4 [EC,!28-216 paper
electrophoresis'?-'® TLE.2" Ca salt, 1:1, ppt;'?* Ba salt, 1:1, ppt;”'2* Pb salt, 1:1, ppt.””12

p-[(H0),P(0)0]CeH,CH,CH(CO,H)NHP(O)}OH), See above.

p-[(HO),P(OYO]CH,CH,(CO,H)N[P(O)}(OH),], See above.

p-[(HO),P(0)O]CH,CH,CH(CO,H)NHCHO le. Mg sait, 1:1, ppt.”

p-[Ph,P(S)0]C,H,CH,CH(NH,)CO,Et By HCI cleavage of the O,N-diphospho derivative. HCI salt, mp 137—
41°C, {alp, +22.5° (EtOH), TLC.'’

p-[Ph,P(S)0)CH,CH,CH(CO,H)NHP(S)Ph, See above.

p-[Ph,P(S)O]CcH,CH,CH(CO,Et)NHP(S)Ph, See above.

p-[(PhCH,0),P(O)O}CH,CH,CH(CO,Me)NHP(O)(OCH,Ph), See above.

p-[(PhCH,0),P(0)O)CH,CH,CH(CO,Et)NHP(O)OCH,Ph), See above.

DL-Tyrosine
p-[(HO),P(0YOICH,CH,CH(NH,)CO,H 1d.%

L-Tryptophan

HO) P(O)NHCH(CO,H) CH
( )2 ( ) ( 2 2 | 9b-|35,143,145 PC}]43

I-2
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DL-Tryptophan

(HO),P(OINHCH(CO,Me) CH

11a.% Mp 130—2°C,% JR %1184

N
|
H 2b.% Mp 104.5—5°C, % IR 21184
(PhCH,0), P(O)NHCH (CO, Me)CH, | PC.%
’Y
H

L-Thyroxine

(HO),P(0)O 0 CHoCH (NH2) COpH
13b/14¢. Colorless ppt,
‘ || mp 212—4°C 4.7
le. Colorless cr, mp
(HO),P(0)0 0 CH,CH(NHCOCF3)CO,Me 194—6°Cd.™

B. Dipeptide Derivatives
Glycylglycine

(HO),P(O)NHCH,CONHCH,CO.H 1a,* 9a,'* 11a/14¢.®' PC, paper electrophoresis.*2 Na salt;> Mg salt,*® Ba
salt, 3:2, so.®
(p-NO,C(H,CH,0),P(O)NHCH,CONHCH,CO,Et 2a. Mp 112—3°C.#

Glycyl-L-Alanine

(PhCH,0)P(O)NHCH,CONHCHMeCO,CH,Ph 2b. Mp 73—5°C, 'H NMR.%

L-Serylglycine

(HO),P(O)YOCH,CH(NH,)CONH"*CH,CO,H 2c/11b.%*

DL-Serylglycine

(HO),P(0)OCH,CH(NH,)CONHCH,CO,H 2¢/11b,™ 3b,' 11de,'s 12¢.9% Cr, mp 150—4°C d,’® 178°C," 189—
92°C d,' pK, (KCI, 25°C) 3.13, 5.41, 8.01,1%162 PC, 14-16.162 [EC,® IR ' Metal(II) complexes: Mg, 's? Ca,'s?
Sr,7 Mn,lﬁz Cu'163

HO(PhO)P(O)OCH,CH(NH,)CONHCH,COH 11d.' Mp 207—9°C d,'¢ pK, (KCI, 25°C) 3.18, 6.95,"° PC.16

(PhO),P(0)OCH,CH(NH,)CONHCH,CO,Et 13d. HBr salt, mp 129—30°C. 10

(PhO),P(0YOCH,CH(NHCO,CH,Ph)CONHCH,CO,Et 2¢. Oil, UV.'®

(PhO),P(OYOCH,CH(NHCO,CH,Ph)CONHCH,CO,CH,Ph 2c. Col oil, nZ 1.5642.16

(PhCH,0),P(0)OCH,CH(NHCO,CH,Ph)CONHCH,CO,CH,Ph 2c. Mp 104—5°C.""
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Glycyl-L-Serine

NH.CH.CONHCH(CO,H)"“CH,OP(O)(OH), 2¢/11b.%
(NH,CH,CONHCH(CO,H)CH.OP(0)OH1,0 6¢/11b. PC."¢

PhCH,0,CNHCH,CONHCH(CO,CH,Ph)CH,OP(O)(OCH,Ph)OH 12d.3**” Mp 121—2°C,?" 129°C,** PC,* paper

electrophoresis.” Sodium salt, [:1, white cryst, mp 178°C.#
PhCH,0,CNHCH,CONHCH(CO,CH,Ph)CH,OP(O)OCH,Ph), 2c. Mp 79—80°C, PC.%
[PhCH,0,CNHCH,CONHCH(CO,CH,Ph)CH,0P(0)OCH,Ph],0 6¢.?*?” White solid. PC,2
paper electrophoresis.?

Glycyl-DL-Serine

NH,CH,CONHCH(CO,H)CH,OP(O)(OH), 11b,'*° 11de.'* Mp 198—201°C,*” 201—4°C d,'¢ pK, (KCl, 25°C)
2.90, 6.02, 8.43," IR,'® PC,'s? IEC,* paper electrophoresis.?® Metal(Il) complexes: Ca, Mg.'¢?
NH,CH,CONHCH(CO,H)CH,OP(O)(OH)OP(O)(OH), 2¢/11b, 6¢/11b. Solid white foam, PC, IEC, paper
electrophoresis.?
[NH,CH,CONHCH(CO,H)CH,0OP(0)YOH],0 PC, paper electrophoresis.?
NH,CH,CONHCH(CO,H)CH,OP(O)(OPh)OH 11d.'* Mp 176—8°C d,'¢ pK, (KCl, 25°C) 2.96, 8.07, PC.1¢
PhCH,0,CNHCH,CONHCH(CO,CH,Ph)CH,OP(OXOCH,CH,NO,-p)OH 12d. Mp 136°C d.*
PhCH,0,CNHCH,CONHCH(CO,CH,Ph)}CH,OP(O)(OCH,Ph)OH 12d. Mp 121—2°C.*
PhCH,0,CNHCH,CONHCH(CO,CH,Ph)CH,OP(O)(OPh), 2¢. Col oil, n¥ 1.5620.'
PhCH,0,CNHCH,CONHCH(CO,CH,Ph)CH,OP(O)(OCH,C,H,NO,-p), 2¢c. Mp 116—8°C.%
PhCH,0,CNHCH,CONHCH(CO,CH,Ph)CH,OP(O)(OCH,Ph), 2c. Mp 81—2°C."’

L-Alanyl-L-Alanine

(HO),P(O)NHCHMeCONHCHMeCO,H 11a. K salt, 3:1, 'H NMR.*
(PhCH,0),P(O)NHCHMeCONHCHMeCO,CH,Ph 2b. Mp 102—3°C, 'H NMR.*

L-Seryl-L-Alanine
(HO),P(0)OCH,CH(NH,)CONHCHMeCO,H 2¢,11b, 11b.% Cr, {a]¥ —16.5° (HCI), PC.» Hydrate, mp
0} 99
HICZ((;SQ((;ZC6H4CH20)P(0)OCHZCH(NHCOZCHZPh)CONHCHMeCOZCHzPh 12d. Mp 159—60°C. 102
(p-NO,CH,CH,0),P(O)OCH,CH(NHCO,CH,PhyCONHCHMeCO,CH,Ph 2c. Mp 81-—3°C.%
L-Seryl-L-Serine

(HO),P(O)OCH,CH(NH,)CONHCH(CO,H)CH,OP(O)}(OH), 11de."” [a]f +8.2° (HC)), PC.'” IEC.}7.20
(PhO),P(O)OCH,CH(NHCO,CH,Ph)CONHCH(CO,CH,Ph)CH,0P(0)(OPh), 2¢c. Oil."

L-Aspartyl-L-Serine

HO,CCH,CH(NH,)CONHCH(CO,H)CH,OP(O)(OH), 2¢/11b. [a]F +21.6° (HCD), PC, IEC.?
HO,CCH,CH(NH,)CONHCH(CO,H)CH,OP(O)(OH)OP(O)XOH), 11b. Wh so, PC, IEC.22

L-Seryl-L-Aspartic Acid

(HO),P(0)OCH,CH(NH,)CONHCH(CO,H)CH,CO,H 11de."” [a]} —2.2°C (HCD), PC,"" IEC.":220
HO(PhO)P(O)YOCH,CH(NH,)CONHCH(CO,H)CH,CO,H 11d. Mp 167—71°C, PC, IEC."
(PhO),P(O)YOCH,CH(NHCO,CH,Ph)CONHCH(CO,CH,Ph)CH,CO,CH,Ph 2¢c. Mp 62—3°C."

L-Glutamyl-L-Serine

HO,CCH,CH,CH(NH,)CONHCH(CO,H)CH,OP(O)(OH), 1lde."” [a]3 +23.3° (HCl),"” PC.!"2
HO,CCH(NH,)CH,CH,CONHCH(CO,H)CH,OP(O)(OH), 2¢/11b. [a]F +24.7° (HC)), IEC.®
HO,CCH(NH,)CH,CH,CONHCH(CO,H)CH,OP(0)}(CH)OP(O)(OH), 11b. Wh so, PC, JEC.%
PhCH,0,CCH,CH,CH(NHCO,CH,Ph)CONHCH(CO,CH,Ph)CH,OP(0)(OPh), 2¢. Mp 75—6°C.""
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L-Seryl-L-Glutamic Acid

(HO),P(O)OCH,CH(NH,)CONHCH(CO,H)CH,CH,CO,H 3de/11b,"” 12¢.'® Mp 145-~7°C,'™ sint ~145°C,"
[@]3 —9.5° (HCD," pK, (KCIl, 25°C) 3.02, 4.39, 5.69, 8.25,”' PC,'"2! [EC.!7:2!:20 By galt, 7% [¢]2? —1.3°
(HC1);'® brucine salt, mp 160-—2°,'® 171—3°C d."” Metal(Il) complexes: Mg, Ca, Mn,'¢*> Cu.'®*

HO(PhO)P(O)YOCH,CH(NH,)CONHCH(CO,H)CH,CH,CO,H 11d. Mp 174—8°C d, [a])2} —7.6° (HCD), PC,
IEC.Y

(PhO),P(0)YOCH,CH(NH,)CONHCH(CO,H)CH,CH,CO,H 13c. Mp 182—5°C d, PC."

(PhO),P(O)OCH,CH(NH,)CONHCH(CO,Et)CH,CH,CO,Et 13d. HBr salt, sirup, UV. 1%

(PhO),P(O)YOCH,CH(NHCO,CH,Ph)CONHCH(CO,Et)CH,CH,CO,Et 2¢. Oil, UV,

(PhO),P(O)OCH,CH(NHCO,CH,Ph)CONHCH(CO,CH,Ph)CH,CH,CO,CH,Ph 2¢. Oil.”?

(PhCH,0),P(O)YOCH,CH({NHCO,CH,Ph)CONHCH(CO:,CH,Ph)CH,CH,CO,CH,Ph 2¢. Oil."?

L-Leucylglycine
(p-NO,C,H,CH,0),P(O)NHCH(Bu-1))CONHCH,CO,CH,Ph 14h. Mp 134—6°C.*

Glycyl-L-Leucine
(p-NO,C¢H,CH,0),P(O)NHCH,CONH(Bu-i)CO,CH,Ph 14h. Mp 87—8°C.”

L-Seryl-L-Histidine

(HO),P(0)OCH,CH(NH, ) CONHCH (CO,H)CH, . (a8 £9.4° GHC)
C. - lay . N
PC, IEC.2

N NH

X

L-Isoleucyl-L-Alanine

(HO),P(O)NHCH(Bu-s)CONHCHMeCO,H 11a. K salt, 3:1, 'H NMR.%
(PhCH,0),P(O)NHCH(Bu-s)CONHCHMeCO,CH,Ph 2b. Mp 143—5°C, 'H NMR.*

L-Alanyl-L-Leucine
(p-NO,C¢H,CH,0),P(O)NHCHMeCONHCH(Bu-i)CONHNH, 14g. Mp 202°C.%?
(p-NO,C¢H,CH,0),P(O)NHCHMeCONHCH(Bu-i)CO,Me 14h. Mp 134°C.*?
(p-NO,C¢H,CH,0),P(O)NHCHMeCONHCH(Bu-i)CONHPh 14g. Mp 185°C.?

L-Leucyl-D-Serine
NH,CH(Bu-i)CONHCH(CO,H)CH,0OP(O)(OH), —.”

L-Leucyl-L-Serine
NH,CH(Bu-i)CONHCH(CO,H)CH,OP(O)(OH), 11de." [a]} +24.5°," PC,” IEC.2°
NH,CH(Bu-i)CONHCH(CO,H)CH,OP(Q)(OH)OP(O)(OH), 11b. Wh so, PC, IEC.?
PhCH,0,CNHCH(Bu-i)CONHCH(CO,CH,Ph)CH,OP(O)(OPh), 2¢. Qil."”

L-Isoleucyl-L-Serine
NH,CH(Bu-s)CONHCH(CO,H)CH,OP(O)}OH), 2¢/11b. [a]F +30.5° (HC)), PC.2

D-Seryl-L-Leucine

(HO),P(O)YOCH,CH(NH,)CONHCH(Bu-i)CO,H 11de. Mp 138—40°C d, [a]3' —28.1° (HC]).*

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

Volume 16, Issue 1 89

HO(PhO)P(O)OCH,CH(NH,)CONHCH(Bu-i)CO,H 11d. Mp 213—5°C d.'8
(PhO),P(0YOCH,CH(NHCO,CH,Ph)CONHCH(Bu-i)CO,CH,Ph 2c. Oil."®

L-Seryl-L-Leucine
(HO),P(OYOCH,CH(NH,)CONHCH(Bu-i)CO,H 11b, 11de.'” Mp 161—4°C d," [a]3 —16.0° (HCI)," pK,
(KCl, 25°C) 3.11, 5.47, 8.26," PC,"7 [EC.2°
(HO),P(0)OP(0)(OH)OCH,CH(NH,)CONHCH(Bu-i)CO,H 11b. Wh so, PC, IEC.%2
HO(PhO)YP(O)OCH,CH(NH,)CONHCH(Bu-i)CO,H 11d.'” Hydrate, mp 202—4°C d,"” pK, (KCI, 25°C) 3.16,
7.12,% PC.77
(PhO),P(0)OCH,CH(NHCO,CH,Ph)CONHCH(Bu-i)CO,CH,Ph 2c. Oil."
(PhCH,0),P(0)OCH,CH(NHCO,CH,Ph)CONHCH(Bu-i)CO,CH,Ph 2c. Oil."”

L-Lysyl-L-Serine
NH,(CH,),CH(NH,)CONHCH(CO,H)CH,0OP(0)(OH), 2¢/11b. [a}F +25.2° (HCD), PC, IEC.®
L-Seryl-L-Lysine
(HO),P(O)OCH,CH(NH,)CONHCH(CO,H)(CH,),NH, 11b. pK, (KCl, 25°C) 2.98, 5.34, 7.58, 11.05, IEC.
Monoformate, [alf —4.7° (HCI), PC; dihydrochloride, hygr so, PC.?! Metal(II) complexes: Mg, Ca, Mn.'®
HO(PhCH,0)P(OYOCH,CH(NHCO,CH,Ph)CONHCH(CO,CH,Ph)(CH,),NHCO,CH,Ph 12d. Qil.*
(PhCH,0),P(0O)OCH,CH(NHCO,CH,Ph)CONHCH(CO,CH,Ph)(CH,) NHCO,CH,Ph 2c. Mp 92—3°C.»
L-Alanyl-L-Arginine
(PhCH,0),P(O)NHCHMeCONHCH(CO,Me)(CH,);NHC(=NNO,)NH, 2b. Amor., [a]} —18.4° (MeOH)*"’
L-Phenylalanylglycine
(p-NO,C¢H,CH,0),P(O)NHCH(CH,Ph)yCONHCH,CO,CH,Ph 10c, 14h. Mp 135—6°C, [a]F —8.2° (CHCl,).”
L-Tyrosylglycine

p-1(HO),P(0)O]C4H,CH.CH(NH ,)CONHCH.CO.H 13d. Mp 178°C d, [a]3 —20.0° (H,S0O,)."*
p-[(HO),P(0)O]C4H,CH,CH(NHCO,CH,Ph)CONHCH,CO,H le/14c. Amorph so. Pb salt, 1:1.%

Glycyl-L-Tyrosine

N-Phospho Derivatives
(HO),P(O)NHCH,CONHCH(CO,H)CH,C{H,OH-p 11a/14c. Ba salt, 3:2.%
HO(PhO)P(O)NHCH,CONHCH(CO,H)CH,C,H,OH-p 12a. Ba salt, ppt.®
(PhO),P(O)NHCH,CONHCH(CO,Et)CH,CH,OH-p 2a. Mp 123—4° 8
(p-IC¢H,CH,0),P(O)NHCH,CONHCH(CO,Et)CH,C,H,OH-p 2a. Mp 127—8°C,?! IR.'®

O-Phospho Derivatives

NH,CH,CONHCH(CO,H)CH,CH,[OP(O)(OH),]-p Cr powder, mp 224—5°C d, [a}y +27.9° (H,SO,.)"
PhCH,0,CNHCH,CONHCH(CO,H)CH,C:H,[OP(O)(OH),}-p le/14c. Ba salt, 1:1, flakes.™

L-Alanyl-L-Phenylalanine
(p-NO,CH,CH,0),P(O)NHCHMeCONH(CH,Ph)CO,Me 14h. Mp 152°C.%?
L-Seryl-L-Tyrosine

PhCH,0,CNHCH(CH,0H)CONHCH(CO,Et)CH,C¢H,[OP(S)Ph,]-p 15b. Oil, [a], —5.0° (EtOH).'”
PhCH,0,CNHCH(CH,OBu-t)CONHCH(CO,Et)CH,C,H,[OP(S)Ph,]-p 14h. Oil [a], +30.0°.'7
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L-Leucyl-L-Arginine

(PhCH,0),P(O)NHCH(Bu-i)CONHCH(CO,Me)(CH,);NHC(=NNO,)NH, 2b. Mp 134—6°C, [a]§f ~16.6°
(MeOH).”

L-Phenylalanyl-L-Leucine
(p-NO,CH,CH,0),P(O)NHCH(CH,Ph)CONHCH(Bu-i)CO,CH,Ph 10c, 14h. Mp 108°C."

L-Leucyl-L-Phenylalanine
(HO),P(O)NHCH(Bu-i)CONHCH(CH,Ph)CO,H 11a. K salt, 3:1, 'H NMR %
(p-BrC¢H,CH,0),P(O)NHCH(Bu-i{)CONHCH(CH,Ph)CONHNH, 14g. Mp 196°C.**
(p-BrC¢H,CH,0),P(O)NHCH(Bu-i)CONHCH(CH,Ph)CO,Me 10c, 14h. Mp 118°C.*
(PhCH,0),P(O)NHCH(Bu-i)CONHCH(CH,Ph)CO,CH,Ph 2b. Mp 100—1°C, 'H NMR.%

L-Phenylalanyl-L-Arginine
(PhCH,0),P(O)NHCH(CH,Ph)CONHCH(CO,Me)(CH,);NHC(=NNO,)NH, 2b. Amor., {a]} —5.6° (MeOH)”

L-Tyrosyl-L-Arginine

(PhCH,0),P(O)NHCH[CH,CH,(OCH,Ph)-pJCONHCH(CO,Me)(CH,);NHC(=NNO,)NH, 2b.
Amor., [a}¥ —1.5° (MeOH).”

L-Leucyl-L-Tryptophan

I 11a. K salt, 2:1,

N ‘H NMR.*
H 0,
(PhCH,0), P(O)NHCH (Bu—i) CONHCH(CO,CH ,Ph)CH ARG

, 'HNMR.%

C. Tripeptide Derivatives
Triglycine
(HO),P(O)[NHCH,CO],0H 1a. PC, paper electrophoresis. Na salt, Mg salt.>
Glycyl-bL-Serylglycine

NH,CH,CONHCH[CH,0P(0)(OH),JCONHCH,CO,H 11de.'s Mp 220—3°C d," pK, (KCl, 25°C) 3.29, 5.76,
8.23,' PC,' IR.'¢ Metal(Il) complexes: Mg, Ca, Mn. !¢

NH,CH,CONHCH([CH,OP(O)(OPh)OHJCONHCH,CO,H 11d. Mp 198—202°C d, PC.'s

PhCH,0,CNHCH,CONHCH[CH,0P(0)(OPh),JCONHCH,CO,CH,Ph 2c. Mp 85—6°C.}¢

. L-Aspartyl-L-Serylglycine

HO,CCH,CH(NH,)CONHCH[CH,0OP(0)(OH),JCONHCH,CO,H 2c¢/11b. [a]¥ —4.3° (HCI), PC, IEC.2
PhCH,0,CCH,CH(NHCO,CH,Ph)CONHCH[CH,OP(0)(OCH,C¢H,NO,-p),JCONHCH,CO,CH,Ph 2b.
Mp 69—72°C, [a]F —20° (CHCI;), countercurrent distribution, UV. 12
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L-Glutamyl-L-Serylglycine

HO,CCH,CH,CH(NH,)CONHCH[CH,0OP(0)(OH),JCONHCH,CO,H 2¢/11b. [a]F + 11.5° (HCI), PC, IEC.?

L-Aspartyl-L-Seryl-L-Alanine

7
NH2 _-CHa0P(0)(OH), 2W/11b. o] —40.3° (HCI), IR,
N-CH_ PC, IEC.?
CONHCHMe COoH
[0}

HO,CCH,CH(NH,)CONHCH[CH,OP(O)(OH),JCONHCHMeCO,H 2¢,11b. [a]¥ —17.3° (HCD), IR, PC, IEC.?

L-Glutamyl-L-Seryl-L-Alanine
HO,CCH,CH,CH(NH,)CONHCH[CH,OP(0)(OH),JCONHCHMeCO,H 2c/11b. [a]¥ —4.5° (HC)), PC, IEC.2
L-Leucylglycyl-L-Serine
NH,CH(Bu-i)CONHCH,CONHCH(CO,H)CH,OP(0)(OH), 2¢, 11b. Cr, {a]¥ +40.6° (HCl), PC.2
L-Lysyl-L-Serylglycine
NH,(CH,),CH(NHCO,Et)CONHCH[CH,0P(0)OH),]CONHCH,CO,H 2¢/11b. [a]® —-23.6° (H,0), PC, IEC.*
L-Aspartyl-L-Seryl-L-Glutamic Acid

HO,CCH,(NH,)CONHCH[CH,OP(O)(OH),] CONHCH(CO,H)CH,CH,CO,H 2c/11b. [a)® —11.2° (HC)), PC,
IEC.2

PhCH,0,CCH,CH(NHCO,CH,Ph)CONHCH[CH,OP(O)(OCH,CH ,NO,-p),JCONHCH(CO,CH,Ph)CH,-
CH,CO,CH,Ph 2¢. Mp 62—3°C, [a]¥ —41° (AcOH), countercurrent distribution, UV 1%

L-Prolyl-L-Leucylglycine

_ 15b. Cr, mp 143—4°C, [a], —70.0°
{ }-CONHCH (Bu-i)CONHCH,COpMe > <o

N
Ph,P(S)”

L-Tyrosylglycylglycine

p-[(HO),P(0)O]C,H,CH,CH(NH,)CONHCH,CONHCH,CO,H 13d. Cr, mp 182°C, [a]F +7.5° (H,SO,)."
p-[(HO),P(0)O1CH,CH,CH(NHCO,CH,Ph)CONHCH,CONHCH,CO,H 1e/14c. Amorph so. Pb salt, 1:1.%

Glycyl-L-Tyrosylglycine

NH,CH,CONHCH[CH,CH,OP(O)(OH),-p]CONHCH,CO,H 13d. Cr, mp 198°C d, [a]% +8.0° (H,SO,).*
PhCH,0,CNHCH,CONHCH[CH,C,H,OP(0)(OH),-p)CONHCH,CO,H 1e/14c. Amorph so. Pb salt, 1:1.14
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D. Protein Derivatives

Human Protein

Serum albumin le.”®7" Sedimentation coefficient, UV, electrophoresis.”
Serum globulin 1e.

Hemoglobin le. Sedimentation coefficient, UV, electrophoresis.”™
Globin le. Sedimentation coefficient.”

Serum [**P]-protein le.”

Bovine Protein

Serum albumin 8a.'?!

Hemoglobin, type II 1e.%

Lactalbumin le.'

B-Lactoglobulin le. *'P NMR, CD, GFC, gel electrophoresis.™
Casein le.'

Casein, dephosphorylated 1e.*-"

Caseinogen le.%

Histone 4 9a.!%:140 3')p NMR, gel electrophoresis. !«

Myelin basic protein 9a.!*®

Horse Protein

Serum albumin Je. Sedimentation coefficient, viscosity, electrophoresis.”
Serum globulin 1e.%

Chicken Protein

Crystalline egg albumin le,*”* 8a.'"! Viscosity,™
QOvomucoid 8a. !

Silkworm Protein

Silk fibroin 8a.'2!
Silk fibroin peptone le.!°
Sericin 8a.'2!

Herring Protein

Clupeine 1c. CD *P NMR.#
Clupeine YI lc. GFC.%
Clupeine Z lc. GFC.%

Salmon Protein

Sperm protamine 7a,'"’
-, [**P}-labeled 7a.}"’

Plant Protein

Gluten 8a.'*!
Gliadin 8a.'%
Soy protein 8b.1*?
Edestin 8a.'?
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Bacterial Protein

Gramicidin 8a.'
Phosphoramidate hexose transferase (Escherichia coli) 9a.'*?

Protein HPr (Staphylococcus aureus) 9a. 'H NMR, *'P NMR, gel electrophoresis. '*!

Other Proteins (Sources Unidentified)

Gelatin 4c,''® 8a.'?! Viscosity, flow birefringence.'!°
y-Globulin 8a.!?

=
c
o
@ 2
=}
g 3
8
g
= 4
o
L 5
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14.
15.
16.
17.

18.

1.

12.

12a.

13.

Globin 8a.'”

Insulin 8a,'® 9a.!* Electrophoresis.'*
Witte peptone le.™

Blood globulin 1e.'°

Isinglass 8a.'?!

Pepsin 4c¢.'1°

ACKNOWLEDGMENT

I thank Lyndon J. Barrois for drawing the chemical ring structures used in this review.

REFERENCES

. Cohen, P., Ed., Recently Discovered Systems of Enzyme Regulation by Reversible Phosphorylation, Elsev-

ier/North Holland, New York, 1980.

. Rosen, O. M. and Krebs, E. G., Eds., Protein Phosphorylation. Papers from a Conference, Cold Spring

Harbor Laboratory, Cold Spring Harbor, New York, 1981.

. Thomas, G., Podesta, E. J., and Gordon, J., Eds., Protein Phosphorylation and Bio-Regulation, S.

Karger, Basel, 1980.

. Perlmann, G. E., The nature of phosphorus linkages in phosphoproteins, Adv. Protein Chem., 10, 1, 1955.
. Taborsky, G., Phosphoproteins, Adv. Protein Chem., 28, 1, 1974.
. Chabrier, P. and Carayon-Gentil, A., Préparation des dérivés phosphorylés des amino-acides naturels,

Produit Pharm., 17, 397, 1962.

. Mellander, O., Phosphopeptides: Chemical properties and their possible role in the intestinal absorption

of metals, in The Transfer of Calcium and Strontium across Biological Membranes, Wasserman, R. H.,
Ed., Academic Press, New York, 1963, 265, 295.

. Osterberg, R., Phosphorylated Peptides: Study of Primary Structure and Metal Complexity, Almgvist &

Wiksells, Uppsala, 1966.

. Bechhold, H., Uber Phosphorsiureester von Eieralbumin, Z. Physiol. Chem., 34, 122, 1901.
. Neuberg, C. and Oertel, W., Uber die Einfithrung von Phosphorsiure in Aminosiuren, Peptone, Albu-

mosen und Proteine, Biochem. Z., 60, 491, 1914.

Langheld, K., Uber Metaphosphorsiure-ithylester und dessen Anwendung in der organischen Chemie,
Ber., 43, 1857, 1910.

Langheld, K., Uber Ester und Amide der Phosphorsiuren. II. Uber Versuche zur Darstellung den Lecithinen
verwandter Korper, Ber., 44, 2076, 1911.

Neuberg, C. and Pollak, H., Uber die Phosphorylierung von Eiweiss und die Bindung des Phosphors in
den natiirlichen Phosphorproteinen, Biochem. Z., 26, 529, 1910.

Posternak, T. and Grafl, S., De la protection contre I'hydrolyse enzymatique exercée par les groupes
phosphoryles. I. Sur la préparation de quelques peptides dérivés de la phosphotyrosine et sur leur dégradation
enzymatique, Helv. Chim. Acta, 28, 1258, 1945.

Faélsch, G., Synthesis of phospho-peptides. O-Phospho-DL-seryiglycine, Acta Chem. Scand., 9, 1039, 1955.
Félsch, G. and Mellander, O., O-Phosphorylserine, Acta Chem. Scand., 11, 1232, 1957.

Félsch, G., Synthesis of phosphopeptides. I. Peptides of DL-serine and glycine, Acta Chem. Scand., 12,
561, 1958.

Faélsch, G., Synthesis of phosphopeptides. II. O-Phosphorylated dipeptides of L-serine, Acta Chem. Scand.,
13, 1407, 1959.

Félsch, G., Synthesis of phosphopeptides. III. Derivatives of D-seryl-L-leucine obtained by separation from
a DL-L diastereoisomeric mixture, Acta Chem. Scand., 13, 1422, 1959.

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

9%

19

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42,

43,

45.

CRC Critical Reviews in Biochemistry

. Folsch, G. and Osterberg, R., The apparent acid ionization constant of some O-phosphorylated peptides
and related compounds, J. Biol. Chem., 234, 2298, 1959.

Theodoropoulos, T., Bennich, H., Folsch, G., and Mellander, O., Action of trypsin on a-carbethoxy-
L-lysyl-L-serylglycine and its O-phosphorylated analogue, Nature (London), 184, 187, 1959.

Folsch, G. and Osterberg, R. The apparent acid ionization constants of L-seryl-L-lysine, L-seryl-L-glutamic
acid and their O-phosphorylated analogues. Proposed mechanism . . . peptides, Acta Chem. Scand., 15,
1963, 1961.

Avaeva, S., Folsch, G., Strid, L., and Mellander, O., Diserylphosphates and serylpyrophosphates. Some
properties of O-pyrophosphoryl-serine peptides, Acta Chem. Scand., 17, 2718, 1963.

Folsch, G., Synthesis of phosphopeptides. V. Further dipeptides, tripeptides and O-phosphorylated deriv-
atives of L-serine, Actza Chem. Scand., 20, 459, 1966.

Mellander, O., Bjornesjo, K., and Félsch, G., unpublished data cited in Ref. 23.

Avaeva, S. M., Botvinik, M. M. and Syromyatnikova, 1. F., Seryl phosphates and pyrophosphates. 1.
Synthesis of P',P?-dibenzyl ester of N-carbobenzoxyseryl P',P*-dibenzy! pyrophosphate and P', P*-
bis(dimethylamide) of N-benzoylseryl P',P>-dibenzyl pyrophosphate (Russ.), Zh. Obshch. Khim., 34, 1749,
1964.

Avaeva, S. M., Botvinik, M. M., Vafina, M. G., and Matyazh, L. F., Seryl phosphates and pyro-
phosphates. I1. Behavior of bis(methyl ester of N-carbobenzoxysery!l) phenyl phosphate in HBr solution in
organic solvents (Russ.), Zh. Obshch. Khim., 34, 1754, 1964.

Avaeva, S. M., Botvinik, M. M., Syromyatnikova, I. F., and Grigerovich, V. 1., Seryl phosphates
and pyrophosphates. III. (Russ.), Vestn. Mosk. Univ. Khim., 20, 78, 1965.

Avaeva, S. M., Syromyatnikova, 1. F., Grishchenko, V. M., and Betvinik, M. M., Phosphorylation
of carboxylic acids and amino acids by the action of diseryl pyrophosphates, Khim. Prir. Soedin., 3, 126,
1967.

Avaeva, S. M., Kara-Murza, S. N., and Botvinik, M. M., Seryl phosphates and pyrophosphates.
Synthesis of O-pyrophospho-pL-serine and glycyl-O-pyrophosphono-pL-serine (Russ.), Zh. Obshch. Khim.,
37, 1462, 1967.

Avaeva, S. M., Kara-Murza, S. N., and Botvinik, M. M., Seryl phosphates and pyrophosphates. Stability
of the pyrophosphate bonds of seryl pyrophosphates (Russ.), Zh. Obshch. Khim., 37, 2190, 1967.
Avaeva, S. M., Ras’kova, N. V., and Mevkh, A. T., Synthesis of N-benzoyl-O-pyrophosphoserine
methylamide (Russ.), Vestn. Mosk. Univ. Khim., 23, 121, 1968.

Avaeva, S. M., Syromytanikova, I. F., and Botvinik, M. M., Sery! phosphates and pyrophosphates.
Some properties of diseryl pyrophosphates (Russ.), Zh. Obshch. Khim., 38, 2231, 1968.

Avaeva, S. M., Sklyankina, V. A., Ermolenko, L. V., and Botvinik, M. M., Serine phosphates and
pyrophosphates. Reaction of N-benzoyl-O-phosphoserine N-methylamide with hydroxylamines and meth-
ylamine (Russ.), Zh. Obshch. Khim., 38, 2363, 1968.

Avaeva, S. M., Sklyankina, V. A., and Botvinik, M. M., Seryl phosphates and seryl pyrophosphates.
Interaction of di(methylamido-N-benzoylseryl) pyrophosphate with hydroxylamine and methylamine (Russ.),
Zh. Obshch. Khim., 38, 2783, 1968.

Avaeva, S. M., Sklyankina, V. A., and Botvinik, M. M., Seryl phosphates and seryl pyrophosphates.
Reaction of phosphate and amine groups in diseryl pyrophosphates (Russ.), Zh. Obshch. Khim., 39, 591,
1969.

Avaeva, S. M., Ras’kova, N. V., and Botvinik, M. M., Hydrolysis of N-benzoyl-O-pyrophosphoserine
methylamide (Russ.), Vestn. Mosk. Univ. Khim., 11, 96, 1970.

Avaeva, S. M., Ras’kova, N. V., and Mevkh, A. T., Synthesis of N-benzoyl-O-pyrophosphoserine
methylamide (Russ.), Vestn. Mosk. Univ. Khim., 11, 100, 1970.

Avaeva, S. M., Sklyankina, V. A., and Kolesnikova, V. Yu., Hydrolysis of phosphoric ester serine
derivatives containing free amino or carboxylic groups (Russ.), Vestn. Mosk. Univ. Khim., 12, 627, 1971.
Avaeva, S. M. and Sklyankina, V. A., Hydrolysis of the methy! ester of O-phosphoserine (Russ.), Zh.
Obshch. Khim., 41, 2081, 1971.

Katchalsky, A. and Paecht, M., Bull. Res. Counc. Isr., 2, 312, 1952.

Katchaisky, A. and Paecht, M., Phosphate anhydrides of amino acids, /. Am. Chem. Soc., 76, 6042,
1954.

Paecht, M. and Katchalsky, A., Phosphorylation of adenylic acid by the phosphate anhydride of leucine
and chromatographic analysis of the resulting products, J. Am. Chem. Soc., 76, 6197, 1954.

Paecht, M. and Katchalsky, A., Spontaneous de-amination of amino-acid phosphates under physiological
conditions, Nature (London), 184, 1489, 1959,

. Paecht, M. and Katchalsky, A., Aspartic acid formation from glycine phosphate, Biochim. Biophys. Acta.,

90, 260, 1964.
Katchalsky, A. and Ailam, G., Polycondensation of amino acid phosphoanhydrides. I. Theoretical,
Biochim. Biophys. Acta, 140, 1, 1967.

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

46.

47.

48.
49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

65.
66.
67.
68.

69.
70.

71.

72.

73.

74.

75.

76.

Volume 16, Issue | 95

Paecht-Horowitz, M. and Katchalsky, A., Polycondensation of amino acid phosphoanhydrides. II. Po-
lymerization of proline adenylate at constant phosphoanhydride concentration, Biochim. Biophys. Acta, 140,
14, 1967.

Lewisohn, R., Paecht-Horowitz, M., and Katchalsky, A., Polycondensation of amino acid phosphoan-
hydrides. 11I. Polycondensation of alanyl adenylate, Biochim. Biophys. Acta, 140, 24, 1967.

Winnick, T. and Scott, E. M., Phosphorylated amino acids, Arch. Biochem., 12, 201, 1947.

Patil, S. S., Youngblood, P., Christiansen, P., and Moore, R. E., Phaseotoxin A: An antimetabolite
from Pseudomonas phaseolicola, Biochem. Biophys. Res. Commun., 69, 1019, 1976.

Mitchell, R. E., Bean halo blight: Comparison of phaseolotoxin and N-phosphoglutamate, Physiol. Plant
Pathol., 14, 119, 1979.

Smith, A. G. and Rubery, P. H., N-Phosphoglutamate does not behave as an active component of the
exotoxin of Pseudomonas phaseolicola, the causative agent of haloblight of beans, Physiol. Plant Pathol.,
15, 269, 1979.

Chung, N. M., Lohrmann, R., Orgel, L. E., and Rabinowitz, J., The mechanism of the trimetaphosphate-
induced peptide synthesis, Tetrahedron, 27, 1205, 1971.

Severin, S. E. and Yudelovich, R. Ya., Synthesis and properties of phosphorylated B-alanine, L-histidine,
and a-alanine (Russ.), Biokhimiya, 12, 105, 1947.

Binkley, F., Preparation and properties of S-phosphocysteine, J. Biol. Chem., 195, 283, 1952.
Gustafson, C. and Wagner-Jauregg, T., Phosphoimidazole and phosphohistidine, Fed. Proc. Fed. Am.
Soc. Exp. Biol., 13, 222, 1954.

DeLuca, M., Ebner, K. E., Hultquist, D. E., Kreil, G., Peter, J. B., Moyer, R. W., and Boyer, P.
D., The isolation and identification of phosphohistidine from mitochondrial protein, Biochem. Z., 338, 512,
1963.

Hultquist, D. E., The preparation and characterization of phosphorylated derivatives of histidine, Biochim.
Biophys. Acta, 153, 329, 1968.

Zetterqvist, O. and Engstrom, L., Isolation of N-e-[**P]phosphoryl-lysine from rat-liver cell sap after
incubation with [*?Pladenosine triphosphate, Biochim. Biophys. Acta, 141, 523, 1967.

Nordmann, J., Mattioda, G. and Loiseau, G., Nouveaux Médicaments 4 Base de Dérivés Phosphorylés
de la Lysine, French Patent M7690, 1970.

Fujitaki, J. M., Steiner, A. W., Nichols, S. E., Helander, E. R., Lin, Y. C., and Smith, R. A., A
simple preparation of N-phosphorylated lysine and arginine, Prep. Biochem., 10, 205, 1980.

Bamann, E., Sanchez, L. F., and Trapmann, H., Losung der N—P-Bindung in Phosphoamiden durch
seltene Erdmetalle, Chem. Ber., 88, 1846, 1955.

Thiem, Ng. V., Thoai, Ng. V., and Roche, J., Synthése de I’argininephosphate, Bull. Soc. Chim. Biol.,
44, 284, 1962.

Marcus, F. and Morrison, J. F., The preparation of phosphoarginine: A comparative study, Biochem.
J., 92, 429, 1964.

. Willmitzer, L. and Wagner, K. G., Chemical synthesis of partially and fully phosphorylated protamines,

Eur. J. Biochem., 59, 43, 1975.

Neuhaus, F. C. and Korkes, S., Phosphoserine, Biochem. Preparations, 6, 75, 1958.

Kawashima, H. and Yamada, Y., Hydroxyamino Acid Phosphate Esters, Japanese Patent 44,080, 1980.
Samuel, D. and Silver, B. L., Elimination reactions and hydrolysis of serine phosphate, J. Chem. Soc.,
289, 1963.

Mohan, M. S. and Abbott, E. H., Catalytic dephosphorylation of O-phosphoserine by glyoxylate ion and
copper(Il), Inorg. Chem., 17, 3083, 1978.

Rimington, C., Phosphory!lation of proteins, Biochem. J., 21, 272, 1927.

Boursnell, J. C., Dewey, H. M., and Wormall, A., The chemical and immunological properties of
phosphorylated proteins, Biochem. J., 43, 84, 1948.

Salak, J., Vodrazka, Z., and Cejka, J., Phosphorylation of human serum albumin and haemoglobin,
Coll. Czech. Chem. Commun., 30, 1036, 1965.

Banks, T. E., Boursnell, J. C., Dewey, H. M., Francis, G. E., Tupper, R., and Wormall, A., The
use of radioactive isotopes in immunological investigations. II. The fate of injected **P-containing proteins,
Biochem. J., 43, 518, 1948,

Woe, S. L., Creamer, L. K., and Richardson, T., Chemical phosphorylation of bovine B-lactoglobulin,
J. Agric. Food Chem., 30, 65, 1982.

Mayer, M. and Heidelberger, M., Physical, chemical and immunological properties of phosphorylated
crystalline horse serum albumin, J. Am. Chem. Soc., 68, 18, 1946.

Heidelberger, M., Davis, B., and Treffers, H. P., Phosphorylated egg albumin, J. Am. Chem. Soc., 63,
498, 1941.

Levene, P. A. and Schormiiller, A., Synthesis of the phosphoric esters of hydroxyamino acids. II. The
synthesis of DL-serinephosphoric acid, J. Biol. Chem., 150, 547, 1934.

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

96

77

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

88.

89.

90.
91.

92.

93.

94.

95.

96.

97.

98.

99.

101.

102.

103.

105.

106.

CRC Critical Reviews in Biochemistry

. Levene, P. A. and Schormiiller, A., The synthesis of tyrosinephosphoric acid, J. Biol. Chem., 100, 583,
1933.

Bennett, R., Burger, A., and Gemmill, C. L., O-Phosphoric acid esters of 3,5-diiodotyrosine and
thyroxine, J. Med. Pharm. Chem., 2, 493, 1960.

Wagner-Jauregg, T., O’Neill, J. J., and Summerson, W. H., The reaction of phosphorus-containing
enzyme inhibitors with amines and amino acid derivatives, J. Am. Chem. Soc., 73, 5202, 1951.

Lies, T., Plapinger, R. E., and Wagner-Jauregg, T., The preparation of N-dialkylphosphorylated glycine,
J. Am. Chem. Soc., 75, 5755, 1953.

Zervas, L. and Katsoyannis, P. G., N-Phosphoroamino acids and peptides, J. Am. Chem. Soc., 77, 5351,
1955.

Alimov, P. 1., Fedorova, O. N., and Cheplanova, 1. V., Synthesis and properties of some mixed N-
substituted phosphoramidates (Russ.), fzv. Kazan. Fil. Akad. Nauk $.5.S.R., Ser. Khim. Nauk, 49, 1957.

Alimov, P. L. and Fedorova, O. N., Preparation of amides of N-phosphorylated amino carboxylic acids
(Russ.), Izv. Kazan. Fil. Akad. Nauk S.S.S.R., Ser. Khim. Nauk, 48, 1961.

Plapinger, R. E. and Wagner-Jauregg, T., A nitrogen-to-oxygen phosphoryl migration: Preparation of
DL-serinephosphoric and threoninephosphoric acid, J. Am. Chem. Soc., 75, 5757, 1953.

Holzer, M. E., Burrow, D. J., and Smith, R. A., Metabolism of phosphoramidates. I. Enzymic hydrolysis
and transfer reactions, Biochim. Biophys. Acta, 56, 491, 1962.

Li, S.-0., Synthesis of N-phosphoryl amino acid esters, J. Am. Chem. Soc., 74, 5959, 1952.

Li, 8.-O. and Eakin, R. E., Synthesis of N-phosphorylated derivatives of amino acids, J. Am. Chem.
Soc., 77, 1866, 1955.

Clark, V. M., Macrae, A. R., Richter, J. F. P., and Lord Todd, (N-Phosphoro)-a-amino acids,
Tetrahedron Suppl., 307, 1966.

Sciarini, L. J. and Fruton, J. S., Derivatives of N-phosphorylated amino acids, J. Am. Chem. Soc., 71,
2940, 1949.

Bernton, A., Diphenyl-phosphorséure, ein Reagens auf Aminogruppen, Ber., 55, 3361, 1922.

Li, S.-O. and Eakin, R. E., Infrared spectra of N-phosphorylated derivatives of amino acids, J. Am.
Chem. Soc., 77, 3519, 19535.

Cosmatos, A., Photaki, 1., and Zervas, L., Peptidsynthesen fiber N-Phosphorylaminosiure-phosphorséure-
anhydride, Chem. Ber., 94, 2644, 1961.

Sampson, E. J., Fedor, J., Benkovic, P. A., and Benkovic, S. J., Intramolecular and divalent metal
ion catalysis. The hydrolytic mechanism of O-phenyl N-(glycyl)phosphoramidate, J. Org. Chem., 38, 1301,
1973.

Saias, E. and Kornowski, S. H., Nouveau Dérivé Phosphoryle de 1’ Acide L-Aspartique et Procédé de
Préparation, French Patent 1,488,426, 1967.

Cramer, F., Scheiffele, E., and Vollmar, A., Zur Chemie der *‘energiereichen’’ Phosphate. XVI. Die
Synthese der Argininphosphorsiure und die Reaktion von Isoureidophosphonaten mit Aminen, Chem. Ber.,
95, 1670, 1962.

Kam, C.-M., Nishino, N., and Powers, J. C., Inhibition of thermolysin and carboxypeptidase A by
phosphoramidates, Biochemistry, 18, 3032, 1979.

Khatri, H. N., Stammer, C. H., Bradford, M. M., and McRorie, R. A., The synthesis of some N-
phosphoryldipeptide aldehydes, Biochim. Biophys. Res. Commun., 96, 163, 1980.

Alimov, P. 1. and Fedorova, O. N., N-Phosphorylation of glycine and some of its derivatives (Russ.),
Izv. Akad. Nauk 5.S.S.R., Ser. Khim., 1370, 1966.

Theodoropoulos, D., Gazopoules, J., and Souchleris, I., Synthesis of phosphoserine and certain phos-
phorylated peptides by transphosphorylation, J. Chem. Soc., 5257, 1960.

. Riley, G., Turnbull, J. H., and Wilson, W., Synthesis of some phosphorylated amino-hydroxy-acids

and derived peptides related to the phosphoproteins, J. Chem. Soc., 1373, 1957.

Bevan, T. H., Malkin, T., and Tiplady, J. M., A new synthesis of phosphatidylserine and the preparation
of serine and 2-aminoethyl (‘‘ethanolamine’’) phosphate esters, J. Chem. Soc., 3086, 1957.
Theodoropoulos, D, and Souchleris, 1., Further synthetic studies with phosphorylated peptides, Biochem-
istry, 3, 145, 1964.

Theodoroupoulos, D., Gazopoulos, J., and Souchleris, L., New approach to the synthesis of O-phos-
phoserine and related peptides, Nature (London), 185, 606, 1960.

. Chantrenne, H., Synthéses peptidiques a partir d’un dérivé du glycylphosphate, Biochim. Biophys. Acta,

4, 484, 1950.

Sheehan, J. C. and Frank, V. S., Peptide syntheses using energy-rich phosphorylated amino acid deriv-
atives, J. Am. Chem. Soc., 72, 1312, 1950.

Ueki, M. and Ikeda, S., Phosphinyl- and phosphinothioylamino acids and peptides. 1. Preparation of
diphenylphosphinothioyl(Ppt)-amino acids, Chem. Lett., 827, 1976.

RIGHTS

i,



107.

108.

109.

110.

111.

Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

132.

132a.

133.

134.

135.

12.

113.

114,

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.
125.

126.

127.

128.

129.

130.

131.

Volume 16, Issue 1 97

Tkeda, S., Tonegawa, F., Shikano, E., Shinozaki, K., and Ueki, M., Phosphinyl- and phosphinothioyl-
amino acids and peptides. IV. Further examples of use of the diphenylphosphinothioyl group for the
protection of amino acids, Bull. Chem. Soc. Jpn., 52, 1431, 1979.

Keller, H., Netter, H., and Niemann, B., Uber innere Phosphoaminosiureanhydride, Z. Physiol. Chem.,
313, 244, 1958.

Bourland, E. and Pacht, M., Phosphorylation par le phénylphosphodichiorure de groupements hydroxylés.
I. Acides aminés et composés hydroxylés ou aminés simples, Bull. Soc. Chim. Biol., 33, 681, 1951.
Grabar, P., Pacht, M., and Bourland, E., Phosphorylation par le phénylphosphodichldmre de groupe-
ments hydroxylés. ll. Protéides, Buil. Soc. Chim. Biol. 33, 690, 1951.

Jones, E. E. and Lipkin, D., Serine and ethanolamine diesters of orthophosphoric aicd, J. Am. Chem.
Soc., 78, 2408, 1956.

Aubel, E. and Reich, W. S., Préparation synthétique des dérivés phosphorylés des aminoacides, C. R.,
195, 183, 1932.

De Haas, G. H., Van Zutphen, H., Bonsen, P. P. M., and Van Deenen, L. L. M., Synthesis of mixed-
acid phosphatidylserine containing unsaturated fatty acids, Rec. Trav. Chim., 83, 99, 1964.

Bentler, M. and Netter, H., Synthesis of amino acid phosphoric acid anhydrides, Z. Physiol. Chem., 295,
362, 1953.

Holzer, M. E., Johnson, K. D., and Smith, R. A., Metabolism of phosphoramidates. III. A microsomal
phosphoramidate hexose transfer system, Biochim. Biophys. Acta, 122, 232, 1966.

Avaeva, S. M., Botvinik, M. M., and Syromyatnikova, I. F., Serylphosphates and pyrophosphates. V.
Synthesis of serine, glycylserine, and N-benzoylserine methylamide pyrophosphates (Russ.), Sintez Prirodn.
Soedin., ikh Analogov i Fragmentov, Akad. Nauk S.S.S.R., Otd. Obshch. i Tekhn. Khim., 154, 1965.
Uliman, B. and Perlman, R. L., Chemically phosphorylated protamine: A new substrate for the study of
phosphoprotein phosphatase activity, Biochem. Biophys. Res. Commun., 63, 424, 1975.

Hatanaka, H. and Egami, F., The formation of amino acids and related oligomers from formaldehyde
and hydroxylamine in modified sea mediums related to prebiotic conditions, Bull. Chem. Soc. Jpn., 50,
1147, 1977.

Black, S. and Wright, N. G., B-Aspartokinase and B-aspartyl phosphate, J. Biol. Chem., 213, 27, 1955.
Canali, V., Casciotti, G., De Luca, R., and Baldantoni, A., Sintesi dell’acido serin fosforico, Boll. Soc.
Ital. Biol. Sper., 27, 1479, 1951.

Ferrel, R. E., Olcott, H. S., and Fraenkel-Conrat, H., Phosphorylation of proteins with phosphoric acid
containing excess phosphorus pentoxide, J. Am. Chem. Soc., 70, 2101, 1948.

Liebig, H. and Dransch, G., Verfahren zur Herstellung von O-Serinphosphat, German Patent 1,151,810,
1963.

Plimmer, R. H. A., Esters of phosphoric acid. IV. Phosphoryl hydroxyamino-acids, Biochem. J., 35, 461,
1941.

Osterberg, R., Metal complexes of O-phosphorylserine, Arkiv. Kemi, 13, 393, 1959.

Rabinowitz, J., Flores, J., Krebsbach, R., and Rogers, G., Peptide formation in the presence of linear
or cyclic polyphosphates, Nature (London), 224, 795, 1969.

De Verdier, C.-H., The isolation of phosphothreonine from bovine casein, Acta Chem. Scand., 7, 196,
1953.

Levene, P. A. and Schormiiller, A., Synthesis of the prosphoric esters of hydroxyamino acids. III.
Resolution of DL-serinephosphoric acid and synthesis of L-hydroxyprolinephosphoric acid, J. Biol. Chem.,
106, 595, 1934.

Mitchell, H. K. and Lunan, K. D., Tyrosine-O-phosphate in Drosophila, Arch. Biochem. Biophys., 106,
219, 1964.

Cherbuliez, E. and Rabinowitz, J., Recherches ... IX. Sur la phosphorylation des hydroxy-acides par
les acides polyphosphoriques, Helv. Chim. Acta, 39, 1461, 1956.

Murray, K. and Milstein, C., Esters of serine and threonine in hydrolysates of histones and protamines,
and attendant errors in amino acid analyses of proteins, Biochem. J., 105, 491, 1967.

Tsuhako, M., Fujita, N., Nakahama, A., Matsuo, T., Kobayashi, M., and Ohashi, S. The reaction
of cyclo-triphosphate with L-valine, Bull. Chem. Soc. Jpn., 53, 1968, 1980.

Tsubako, M., Fujita, N., Nakahama, A., Matsuo, T., Kobayashi, M., and Ohashi, S., The reaction
of cyclo-tetraphosphate with L-valine, Bull. Chem. Soc. Jpn., 54, 289, 1981.

Porihosu Kagaku Kenkyusho, K. K., Aminophosphoric Acid Salts from Cyclic Phosphoric Acid Salts
and Amino Acids, Japanese Patent 66,597, 1980.

Sung, H. Y., Chen, H. J., Liu, T. Y., and Su, J. C., Improvement of the functionalities of soy protein
isolate through chemical phosphorylation, J. Food. Sci., 48, 716, 1583.

Plimmer, R. H. A. and Burch, W. J. N., Esters of phosphoric acid. II. The action of ethyl metaphosphate
on alcohols, ammonia, and some amino-compounds, J. Chem. Soc., 292, 1929.

Jencks, W. P. and Gilchrist, M., Reactions of nucleophilic reagents with phosphoramidate, J. Am. Chem.
Soc., 87, 3199, 1965.

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

98

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

149a.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

CRC Critical Reviews in Biochemistry

Rathlev, T. and Rosenberg, T., Non-enzymic formation and rupture of phosphorus to nitrogen linkages
in phosphoramido derivatives, Arch. Biochem Biophys., 65, 319, 1956.

Hultquist, D. E., Moyer, R. W., and Boyer, P. D., The preparation and characterization of 1-phos-
phohistidine and 3-phosphohistidine, Biochemistry, 5, 322, 1966.

Nordmann, J. and Mattioda, G., Nouveau Médicament a Propriétés Antifatigues et Cardiotoniques,
French Patent M3936, 1966.

Steiner, A. W., Helander, E. R., Fujitaki, J. M., Smith, L. S.,and Smith, R. A., High-performance
liquid chromatography of acid-stable and acid-labile phosphoamino acids, J. Chromatogr., 202, 263, 1980.
Fujitaki, J. M., Fung, G., Oh, E. Y., and Smith, R. A., Characterization of chemical and enzymatic
acid-labile phosphorylation of histone H4 using phosphorus-31 nuclear magnetic resonance, Biochemistry,
20, 3658, 1981.

Gassner, M., Stehlik, D., Schrecker, O., Hengstenberg, W., Maurer, W. and Riiterjans, H., The
phosphoenolpyruvate-dependent phosphotransferase system of Staphylococcus aureus. I1. 'H and *'P nuclear-
magnetic-resonance studies on the phosphocarrier protein HPr, phosphohistidines and phosphorylated HPr,
Eur. J. Biochem., 75, 287, 1977.

Stevens-Clark, J. R., Conklin, K. A., Fujimoto, A., and Smith, R. A., Phosphoramidates. VII. De-
termination of kinetic parameters and substrate interrelationships for the phosphoryl transfer enzyme from
Escherichia coli, J. Biol. Chem., 243, 4474, 1968.

Rosenberg, T., A simple preparation method for diphosphoimidazole, Arch. Biochem. Biophys., 105, 315,
1964.

Guibé-Jampel, E., Wakselman, M., and Vilkas, M., Dérivés ‘‘acylés’’ du N-méthyl imidazole. [.
Réaction du chlorure de N-phosphoryl N'-méthyl imidazolium avec les amines. Préparation de monophos-
phoramides e milieu aqueux, Bull. Soc. Chim. Fr., 1308, 1971.

Rosenberg, E. T., Diphosphoimidazoles, U.S. Patent 2,917,517, 1959.

Felcht, U. and Regitz, M., Phosphorylierung mit |-Phosphoryipyrazolen, IIl. N-Phosphorylierng von
Aminen, Glycin-ethylester, Hydrazin, Hydrazonen und Natriumazid, Ann. Chem., 1309, 1977.
Trapmann, H., Phosphatabspaltung bei N-phosphorylierten Aminoséuren in Gegenwart von Ionen seltener
Erdmetalle, Naturwissenschaften, 46, 141, 1959.

Sakhatskaya, T. S., Heat changes of hydrolysis of phosphorylated carnosine, B-alanine, and L-histidine
(Russ.), Biokhimiya, 12, 163, 1947.

Rozhanskii, M. E., Determination of hydrolysis constants of some phosphoamino acids and phosphodi-
peptides (Russ.), Biokhimiya, 17, 222, 1952.

'Bylund, D. B. and Huang, T. S., Decomposition of phosphoserine and phosphothreonine during acid
hydrolysis, Anal. Biochem., 73, 477, 1976.

Schaffer, N. K. and Balakir, R. A., Decomposition of serine during acid hydrolysis of phosphorylserine,
Anal. Biochem., 14, 167, 1966.

Bamann, E., Trapmann, H., and Schuegraf, A., Metallkatalytische Spaltung von Phosphoproteiden,
Chem. Ber., 88, 1726, 1955.

Belec, J. and Jenness, R., Dephosphorization of phosvitin and caseins by heating, Biochim. Biophys.
Acta, 63, 512, 1962.

Daley, L. S. and Bidwell, R. G. S., Separation of phosphohydroxypyruvate, 3-phosphoglyceric acid and
O-phosphoserine by paper chromatography and chemical derivatization, J. Chromatogr., 147, 233, 1978.
White, A., Effect of pH on fluorescence of tyrosine, tryptophan and related compounds, Biochem. J., 71,
217, 1959.

Morita, M., Kakuta, I., and Fujimaki, M., Radiation-induced cleavage of esters of phosphoric acid in
aqueous solutions, Agric. Biol. Chem., 36, 1069, 1972.

Samuni, A. and Neta, P., Hydroxyl radical reaction with phosphate esters and the mechanism of phosphate
cleavage, J. Phys. Chem., 77, 2425, 1973.

Mohan, M. S. and Abbott, E. H., Metal complexes of amino acid phosphate esters, Inorg. Chem., 17,
2203, 1978.

Mohan, M. S., Bancroft, D., and Abbott, E. H., Mixed-ligand complexes of O-phospho-DL-serine,
Inorg. Chem., 18, 2468, 1979.

Hendrickson, H. S. and Fullington, J. G., Stabilities of metal complexes of phospholipids: Ca(ll), Mg(1l),
and Ni(Ily complexes of phosphatidylserine and triphosphoinositide, Biochemistry, 4, 1599, 1965.
Childs, C. W., Calcium(II) and magnesium(Il} binding by L-serine orthophosphate in aqueous solutions,
Can. J. Chem., 49, 2359, 1971.

Merrill, D. K., McAlexander, J. C., and Guynn, R. W., Equilibrium constants under physiological
conditions for the reactions of D-3-phosphoglycerate dehydrogenase and L-phosphoserine aminotransferase,
Arch. Biochem. Biophys., 212, 717, 1981.

Osterberg, R., Calcium, magnesium, and manganese(Il) complexes of some O-phosphorylated peptides,
Acta Chem. Scand., 16, 2434, 1962.

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.
185.

186.

187.

188.

189.

190.

Volume 16, Issue 1 99

Osterberg, R., The metal complexes of peptides and related compounds. II. Copper(Il) complexes of O-
phosphorylserylglycine in aqueous solution, Arkiv. Kemi, 25, 177, 1965.

Osterberg, R., The metal complexes of peptides and related compounds. 1. Copper(II) complexes of O-
phosphorylserylglutamic acid in aqueous solution, Acta Chem. Scand., 19, 1445, 1965.

Che, T. M. and Kustin, K., Kinetics of Ni(II) and Co(II) monocomplex formation with O-phospho-pL-
serine, J. Inorg. Biochem., 13, 267, 1980.

Gresh, N., Intermolecular chelation of two serine phosphates by Ca2* and Mg?*. A theoretical structural
investigation, Biochim. Biophys. Acta, 597, 345, 1980.

Tatsumoto, K., Martell, A. E., and Motekaikis, R. J., Reaction kinetics and equilibria of 3-elimination
of some Schiff base complexes, J. Am. Chem. Soc., 103, 6197, 1981.

Tatsumoto, K. and Martell, A, E., Catalysis of the B elimination of O-phosphoserine and $-chloroalanine
by pyridoxal and zinc(II) ion, J. Am. Chem. Soc., 99, 6082, 1977.

Longenecker, J. B. and Snell, E. E., The comparative activities of metal ions in promoting pyridoxal-
catalyzed reactions of amino acids, J. Am. Chem. Soc., 79, 142, 1957.

Longenecker, J. B. and Snell, E. E., Pyridoxal and metal ion catalysis of o, elimination reactions of
serine-3-phosphate and related compounds, J. Biol. Chem., 225, 409, 1957.

Thomas, J. H., Dodgson, K. S., and Tudball, N., The pyridoxal- and pyridoxal 5'-phosphate-catalysed
non-enzymic degradations of L-serine O-sulphate and related compounds, Biochem. J., 110, 687, 1968.
Mohan, M. 8., Siegel, R., and Abbott, E. H., Mixed metal ion catalysis of the elimination of phosphate
ion from phosphoserine-pyridoxal Schiff bases, Indian J. Chem. Sect. A, 19A, 363, 1980.

Murakami, Y., Kondo, H., and Martell, A. E., Catalysis of the 8-elimination of O-phosphothreonine
by pyridoxal and metal ions, J. Am. Chem. Soc., 95, 7138, 1973.

Dalling, D. K., Grant, D. M., Horton, W. J., and Sagers, R. D., Carbon 13 NMR study of nonenzymatic
reactions of pyridoxal 5'-phosphate with selected amino acids and of related reactions, J. Biol. Chem., 251,
7661, 1976.

Ratsisalovanina, O., Chapeville, F., and Fromageot, P., Synthéses d’acides aminés soufrés & partir de
cystéine, de sérine et de phosphosérine, catalysées par le pyridoxal et un métal, Biochim. Biophys. Acta,
49, 322, 1961.

Fromageot, P., Roderick, U. R., and Pouzat, J., Synthé¢se nonenzymatique de I’acide cystéique & partir
de quelques acides aminés B-substitués, de pyruvate, de sulfite et d’ions cuivre, Biochim. Biophys. Acta,
78, 126, 1963.

Griffin, M., Price, S. J., and Palmer, T., A rapid and sensitive procedure for the quantitative determination
of plasma amino acids, Clin. Chim. Acta, 125, 89, 1982.

Pogliani, L., Ziessow, D., and Kriiger, C., 'H and '*C NMR study of phosphopeptides. 1. Acetylphos-
phoserine and acetylphosphothreonine, Tetrahedron, 35, 2867, 1979.

Cherbuliez, E., Espejo, O., Willhalm, B., and Rabinowitz, J., Recherches. LXXIX. Sur la réaction de
I'isothiocyanate d’o-methoxycarbonyl-phényle avec divers acides et I'acide sérinephosphorique, Helv. Chim.
Acta, 51, 241, 1968.

Shieh, J.-J. and Desiderio, D. M., Derivatives for characterization of phosphoserine and phosphothreonine
by gas chromatography-mass spectrometry, Anal. Lert., 10, 831, 1977.

Putkey, E. and Sundaralingam, M., Molecular structures of amino acids and peptides. I. The crystal
structure and conformation of DL-O-serine phosphate monohydrate. Very short phosphate-phosphate hy-
drogen bonds, Acta Crystallogr., B26, 782, 1970.

Sundaralingam, M. and Putkey, E. F., Molecular structures of amino acids and peptides. II. A redeter-
mination of the crystal structure of L-O-serine phosphate. A very short phosphate-carboxyl hydrogen bond,
Acta Crystallogr., B26, 790, 1970.

Hirtz, J., Bouthors, D., Gerardin, A. and Vassort, P., Application de la thermogravimétrie a 1’étude
de la solvatation des produits organiques d’intérét pharmaceutique, Ann. Pharm. Fr., 26, 749, 1968.
Anon., Sadiler Standard Spectra, Sadtler Research Laboratories, Philadelphia, 1982.

Mitchell, H. K., Chen, P. S.,and Hadorn, E., Tyrosine phosphate on paper chromatograms of Drosophila
melanogaster, Experientia, 16, 410, 1960.

Asso, M., Etude par RMN des complexes de la phosphosérine et de la phosphoéthanolamine avec les
lanthanides, Rev. Chim. Miner., 12, 120, 1975.

Asso, M., Mossoyan, J., Benlian, D., and Frangois, A., Conformation des complexes de lanthanides
avec la L-phosphosérine et la phosphoéthanolamine en phase aqueuse, J. Chim. Phys. Phys.-Chim. Biol.,
73, 315, 1976.

Pogliani, L., Ziessow, D., and Kriger, C., Conformational study of phosphoserine in aqueous solutions.
II. 'H N.m.r. results, Org. Magn. Resonance, 10, 26, 1977.

Bolton, P. H., Investigation of phosphoserine and cytidine 5'-phosphate by heteronuclear two-dimensional
spectroscopy: Samples with strong proton coupling, J. Magn. Resonance, 45, 239, 1981.

Pogliani, L. and Ziessow, D., Conformational study of phosphothreonine in aqueous solution. 'H and "*C
NMR results, Org. Magn. Resonance, 11, 319, 1978.

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

100

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208..

209.

210.

211,

212.

213.

214.

215.

216.

217.

CRC Critical Reviews in Biochemistry

Bolton, P. H., Heteronuclear two-dimensional NMR as a conformational probe of cellular phosphates,
presented at the Symp. Biomolec. Stereodynamics, Albany, N.Y., April 26 to 29, 1981, 437.

Vogel, H. J. and Bridger, W. A., A phosphorus 31 nuclear magnetic resonance study of the intermediates
of the Escherichia coli succinyl coenzyme A synthetase reaction. Evidence for substrate synergism and
catalytic cooperativity, J. Biol. Chem., 257, 4834, 1982.

Rao, B. D. N. and Cohn, M., *'P nuclear magnetic resonance of bound substrates of arginine kinase
reaction. Chemical shifts in binary, ternary, quaternary, and transition state analog complexes, J. Biol.
Chem., 252, 3344, 1977.

Ho, C. and Kurland, R. J., Phosphorus nuclear magnetic resonance study of phosphoproteins. I. Chemical
nature of phosphorus atoms in bovine a,-casein, J. Biol. Chem., 241, 3002, 1966.

Ho, C., Magnusen, J. A., Wilsen, J. B., Magnuson, N. S. and Kurland, R. J., Phosphorus nuclear
magnetic resonance studies of phosphoproteins and phosphorylated molecules. II. Chemical nature of
phosphorus atoms in o,-casein B and phosvitin, Biochemistry, 8, 2074, 1969. .
Chlebowski, J. F., Armitage, I. M., Tusa, P. P., and Coleman, J. E., *’P NMR of phosphate and
phosphonate complexes of metalloalkaline phosphatases, J. Biol. Chem., 251, 1207, 1976.

Kohler, S. J. and Klein, M. P., *'P Nuclear magnetic resonance chemical shielding tensors of phos-
phorylethanolamine, lecithin, and related compounds: Applications to head-group motion in model mem-
branes, Biochemistry, 15, 967, 1976.

Kohler, S. J. and Klein, M. P., Phosphorus-31 nuclear magnetic resonance chemical shielding tensors
of L-O-serine phosphate and 3'-cytidine monophosphate, J. Am. Chem. Soc., 99, 8290, 1977.

Pogliani, L., Ziessow, D., and Kriiger, C., Confomational study of phosphoserine in aqueous solution.
1. ®C N.m.r. results, Org. Magn. Resonance, 9, 504, 1977.

James, T. L. and Noggle, J. H., »Na NMR studies of sodium ion interactions: Phosphatidyl serine,
phosphoserine, and phosphoethanolamine, Anal. Biochem., 49, 208, 1972.

Kostelnik, R. J. and Bothner-By, A. A., Cadmium-113 nuclear magnetic resonance studies of cad-
mium(ID)-ligand binding in aqueous solutions. I. The effect of diverse ligands on the cadmium-113 chemical
shift, J. Magn. Resonance, 14, 141, 1974.

Vogel, H. J., Bridger, W, A., and Sykes, B. D., Frequency-dependent phosphorus-31 nuclear magnetic
resonance studies of the phosphohistidine residue of succinyl-CoA synthetase and the phosphoserine residue
of glycogen phosphorylase a, Biochemistry, 21, 1126, 1982.

McCallum, G. H., Robertson, J. M. and Sim, G. A., Crystal structure of L-serine phosphate, Nature
(London), 184, 1863, 1959.

Pelavin, M., Hendrickson, D. N., Hollander, J. M., and Jolly, W. L., Phosphorus 2p electron binding
energies. Correlation with extended Hiickel charges, J. Phys. Chem., 74, 1116, 1970.

Dent, C. E., A study of the behaviour of some sixty amino-acids and other ninhydrin-reacting substances
on phenol-‘collidine’ filter-paper chromatograms, with notes, Biochem. J., 43, 169, 1948.

Zajac, J., Separation of phosphate esters of ethanolamine, serine, and threonine using chromatography
and paper electrophoresis, Chem. Anal. (Warsaw), 7, 995, 1962.

Fink, K., Cline, R. E. and Fink, R. M., Paper chromatography of several classes of compounds: Correlated
R, values in a variety of solvent systems, Anal. Chem., 35, 389, 1963.

Shkel’nik, R. Ya., Doman, N. G., and Lobas, 1. G., Additional data on the chromatographic separation
of products of metabolism into fractions (Russ.), Biokhimiya, 30,265, 1965.

Reio, L., Third supplement for the paper chromatographic separation and identification of phenol derivatives
and related compounds of biochemical interest using a ‘‘reference system,”’ J. Chromatogr., 47, 60, 1970.
Schumacher, G. and Sandermann, H., Jr., Solubility of phospholipid polar group model compounds in
water, Biochim. Biophys. Acta, 448, 642, 1976.

Fahn, S., Albers, R. W., and Kowal, G. J., Thin-layer chromatography for the separation of nucleotides,
Anal. Biochem., 10, 468, 1965.

Chiari, D., Roehr, M., and Widtmann, G., Cellulose powders for the determination of amino acids by
thin-layer chromatography, Mikrokhim. Ichnoanal. Acta, 669, 1965.

Wober, W. and Thiele, O. W., Trennung phosphorhaltiger Abbauprodukte von Phosphatiden auf Cel-
luloseplatten, Biochim. Biophys. Acta, 116, 163, 1966.

Manai, M. and Cozzone, A. J., Two-dimensional separation of phosphoamino acids from nucleoside
monophosphates, Anal. Biochem., 124, 12, 1982.

Walinder, O., Identification and isolation of 1-*?P-phosphohistidine, 3-32P-phosphohistidine, and N,e-32P-
phospholysine from erythrocytic nucleoside diphosphate kinase, incubated with adenosine triphosphate->P,
J. Biol. Chem., 243, 3947, 1968.

Kennedy, E. P. and Smith, S. W., The isolation of radioactive phosphoserine from *‘phosphoprotein’’
of the Ehrlich ascites tumor, J. Biol. Chem., 207, 153, 1954.

Moore, S. and Stein, W. H., Procedures for the chromatographic determination of amino acids on four
per cent cross-linked sulfonated polystyrene resins, J. Biol. Chem., 211, 893, 1954.

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

218.

219.

220.

221.

222,

223.

224,

225.

226.

2217.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

Volume 16, Issue 1 101

Schormiiller, J., Belitz, H.-D., and Lehmann, K., Uber die Trennung und quantitative Bestimmung von
Phosphoserin, Phosphothreonin, Serin und Threonin, Z. Lebensm.-Untersuch. u -Forsch., 105, 474, 1957.
Spackman, D. H., Stein, W. H., and Moore, S., Automatic recording apparatus for use in the chro-
matography of amino acids, Anal. Chem., 30, 1190, 1958.

Strid, L., Separation of some O-phosphorylated amino acids and peptides on anion exchange resin, Acta
Chem. Scand., 13, 1787, 1959.

Hamilton, P. B., lon exchange chromatography of amino acids. A single column, high resolving, fully
automatic procedure, Anal. Chem., 35, 2055, 1963.

Weinstein, L. H., Bozarth, R. F., Porter, C. A., Mandl, R. H., and Tweedy, B. G., Automated
analysis of phosphorus containing compounds in biological materials. I. A quantitative procedure, Contrib.
Boyce Thompson Inst., 22, 389, 1964.

DeMarco, C., Coletta, M., and Cavallini, D., Column chromatography of phosphoserine, phospho-
ethanolamine and S-sulfoglutathione and their identification in the presence of other acidic amino acids, J.
Chromatrogr., 20, 500, 1965.

Borner, K., Analysis of amino acids by column chromatography with anion exchangers (Germ.), Z. Klin.
Chem., 4, 212, 1966.

Kurahashi, K., Aboed, L. G., and Gombos, G., lon exchange chromatography of some acidic and
aromatic amino acids, J. Chromatogr., 24, 264, 1966,

Niece, R. L., Automated single-column analysis of amino acids using ascorbic acid as reductant for air-
stable ninhydrin, J. Chromarogr., 103, 25, 1975.

Kinnier, W. J. and Wilson, J. E., Complete analysis of protein hydrolysates containing phosphoserine
and phosphothreonine using the amino acid analyzer, J. Chromatogr., 135, 508, 1977.

Egly, J. M. and Porath, J., Charge-transfer and water-mediated chromatography. II. Adsorption of
nucleotide and related compounds on acriflavin-Sephadex, J. Chromatogr., 168, 35, 1979.

Werum, L. N., Gordon, H. T., and Thornburg, W., Rapid paper ionophoresis using organic buffers in
water-formamide and water-urea, J. Chromatogr., 3, 125, 1960.

Sanecka-Obacz, M., Sacharuk, M., and Radwan, P., Simple method for detecting phosphoserine and
phosphothreonine in proteins (Pol.), Aan. Univ. Mariae Curie-Sklodowska, 34D, 47, 1979.

Makitie, O. and Mirttinen, S., Acid strengths of some esters of orthophosphoric acid, Suom. Kemistilehti,
44B, 155, 1971.

Verbert, A., Nowogrocki, G., and Wozniak, M., Determination des constantes d’acidite de diacides
moyennement forts, Talanta, 27, 436, 1980.

Laboratoires Sobio, S. A., N-Phosphoryl Aspartic Acid Salts for Treating Psychic and Physic Asthenia,
French Patent M6430, 1968.

Koboshi, S., Processing of Silver Halide Color Photographic Materials, Japanese Patent 161,932, 1979.
Boissier, J. R. and Combes, G. A., Sels Organo-Phosphoriques de Calcium, French Patent M3196, 1965.
Kohler, F., Arzneimittel zur therapeutischen Verwendung in der Dermatologie und Chirurgie, German
Patent 2,216,000, 1973.

Mouries, C., Vangien, B., Prat, G., and Pontagnier, H., Diisopropylamine Salts with Activity with
Respect to the Central Nervous System, French Patent 2,461,725, 1981.

Gresh, N. and Pullman, B., A theoretical study of the binding of sodium to serine phosphate, presented
at the Int. Symp. Biomolec. Structure, Conformation, Function and Evolution, Madras, Jan. 4 to 7, 1978,
575.

Fioretti, M., Sull‘acido etilendiammino tetracetico ed alcuni sali di interesse farmaceuntico, Ann. Chim.
(Rome}, 53, 1161, 1963.

Pietrogrande, A. and Dalla Fini, G., Microdetermination of carbon-hydrogen in organic derivatives of
phosphoric acid (Ital.), Atri Ist Veneto Sci., Lett. Arti, Cl. Sci. Mat. Nat., 134, 189, 1976.

RIGHTS

i,



