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Abstract Protein phosphorylation is a common signal-

ling mechanism in both prokaryotic and eukaryotic

organisms. Whilst the focus of protein phosphorylation

research has primarily been on protein serine/threonine or

tyrosine phosphorylation, there are other phosphoamino

acids that are also biologically important. Two of the

phosphoamino acids that are functionally involved in the

biochemistry of protein phosphorylation and signalling

pathways are phosphoaspartate and phosphoglutamate, and

this review focuses on their chemistry and biochemistry. In

particular, we cover the biological aspects of phosphoas-

partate and phosphoglutamate in signalling pathways and

as phosphoenzyme intermediates. In addition, we examine

the synthesis of both of these phosphoamino acids and the

chemistry of the acyl phosphate group. Although phos-

phoaspartate is a major component of prokaryotic two-

component signalling pathways, this review casts its net

wider to include reports of phosphoaspartate in eukaryotic

cells. Reports of phosphoglutamate, although limited,

appear to be more common as free phosphoglutamate than

those found in phosphoprotein form.

Keywords Phosphoaspartate � Phosphoglutamate �
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Introduction

Phosphoamino acids, when referred to in the context of

phosphoproteins in biochemical textbooks, are usually only

mentioned in terms of the phosphoesters, phosphoserine (1)

threonine (2) and tyrosine (3) (Fig. 1). This is certainly true

with respect to eukaryotic biochemistry. However, there

are many other less common but equally important phos-

phoamino acids, but the nature of their phosphoryl linkage

makes them difficult to study. One example of these other

phosphoamino acids is the phosphoramidates (containing

P–N bonds), phosphohistidine (4, 5), phosphoarginine (6)

and phospholysine (7) (Fig. 1). The N-linked phosphoryl

group of phosphoramidate phosphoamino acids makes

them labile under acidic conditions, a subject that has been

extensively reviewed elsewhere (Attwood et al. 2007;

Besant et al. 2009).

What this review focuses on, to some, might be termed

the ‘lesser’ known phosphoamino acids, these being the

phosphoanhydrides or acyl phosphates, phosphoaspartate

(b-aspartyl phosphate) (8) and phosphoglutamate (c-glutamyl

phosphate) (9) (Fig. 2).

One of the best-known occurrences of nature’s use of

phosphoanhydrides of amino acids as reactive intermediates

is in the biosynthesis of aminoacyl-tRNAs. Here, the car-

boxyl group of an amino acid attacks the a-phosphorous of

ATP to form the aminoacyl-adenylate containing the mixed

anhydride. This primes the carboxyl carbon for attack by the

ribosyl hydroxyl oxygen of tRNA. Here, however, we want

to concentrate on the phosphorylation of the side chain

carboxyl groups of aspartate and glutamate, although the

formation and chemistry of the mixed anhydride is central

to the functional roles of these phosphoamino acids.

The phosphoanhydride groups of phosphoaspartate and

phosphoglutamate are unstable under neutral, acidic and

P. V. Attwood � P. G. Besant � M. J. Piggott (&)

Chemistry, M313, School of Biomedical,

Biomolecular and Chemical Sciences,

The University of Western Australia,

35 Stirling Highway, Crawley, Perth 6009, Australia

e-mail: piggott@cyllene.uwa.edu.au

123

Amino Acids (2011) 40:1035–1051

DOI 10.1007/s00726-010-0738-5



alkaline conditions, as described in more detail below

(‘‘Chemistry of mixed anhydrides’’). This instability has

meant that studying the biochemistry of protein aspartate/

glutamate phosphorylation and the associated protein

kinases has been challenging. This review covers the

chemistry of phosphoaspartate and phosphoglutamate, how

they can be synthesised, purified, identified and their

kinetic and thermodynamic stabilities. We examine how

phosphoaspartate and phosphoglutamate have been identi-

fied as enzymatic intermediates in numerous biochemical

reactions and how both play a functional role in biosyn-

thetic pathways. Furthermore, we highlight how this

chemistry relates to the roles of phosphoaspartate and

phosphoglutamate in other biological functions.

Chemistry of mixed anhydrides

Phosphoaspartate and phosphoglutamate are mixed car-

boxylic–phosphoric anhydrides, which can be thought of

conceptually as being derived from dehydrative combina-

tion of hydrogen phosphate and the side chain carboxyl

group of the amino acid. This modification kinetically and

thermodynamically activates both the carboxyl and phos-

phoryl groups towards nucleophilic substitution, and nature

takes advantage of this mode of activation to achieve step-

wise chemical transformations that are impossible to

achieve from a direct reaction of the carboxylate (or

phosphate) with nucleophiles. There are very close analo-

gies in the synthetic chemistry lab, where acyl and phos-

phoryl chlorides, anhydrides and related activated species

are used to make carboxylic and phosphoric acid deriva-

tives (such as amides/phosphoramides and carboxylic/

phosphoric esters), reactions that can normally only

otherwise be achieved at very high temperatures or low pH.

Kinetic activation and stability

With respect to the carboxyl group of acyl phosphates,

kinetic activation towards nucleophilic substitution is

imparted in several ways. At physiological pH, carboxyl

groups are primarily ionised and the negative charge on the

carboxylate oxygen increases the electron density on the

carbonyl carbon and repels the approach of electron-rich

nucleophiles. In contrast, in a mixed carboxylic–phosphoric

anhydride 10 (Scheme 1), the carboxyl oxygens have no

formal charge. Indeed, the phosphoryl group, perhaps best

represented in structure 10b (Denehy et al. 2007), is elec-

tron withdrawing, and inductively pulls electron density

away from the carbonyl carbon. This also makes delocal-

isation of the lone pair of electrons on the bridging oxygen

onto the carbonyl carbon less effective. Both of these

effects increase the electrophilicity of the carbonyl carbon,
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enhancing the rate of the first step in the substitution

mechanism—nucleophilic attack on the sp2-hybridised

carbon. The second step of the mechanism, elimination of

the leaving group from the tetrahedral intermediate 11, is

also accelerated as the phosphate group is better leaving

group than hydroxide, because the phosphoryl group is

better (than a proton) at stabilising the developing negative

charge on the bridging oxygen in the transition state 12.

Similar arguments can be posited for the kinetic activation

of the phosphoryl group, although in this case the mechanism

of substitution is quite different, and involves a single,

concerted, SN2-like step (Jencks 1992) (Scheme 2); the

electron-withdrawing acyl group increases the electrophi-

licity of the phosphorus atom in 10a and lowers the energy of

the transition-state 13 by stabilising the incipient negative

charge on the carboxylate oxygen in the leaving group.

Clearly, activation of the carboxyl/phosphoryl groups in

acyl phosphates also reduces their stability towards hydro-

lysis and nucleophilic attack by other adventitious nucleo-

philes. At neutral pH, the free phosphoamino acids

phosphoaspartate and phosphoglutamate hydrolyse readily,

polymerise, and react with organic bases such as hydroxyl-

amine, which can also catalyse polymerisation (Katchalsky

and Paecht 1954). At 30�C in the pH range 4–10, phospho-

aspartate is approximately 30% hydrolysed after 30 min

(Black and Wright 1953), but is reported to be ‘‘relatively

stable’’ for several hours under similar conditions at 15�C.

Presumably, hydrolytic stability could be enhanced by the

immediate chemical environment of phosphoaspartate/glu-

tamate residues in proteins (Wolfenden and Liang 1989).

Importantly, in the prototype acetyl phosphate (10a,

R = Me, Schemes 1, 2), it has been demonstrated that

hydrolysis occurs predominantly by cleavage of the C–O

bond at high or low pH (Koshland 1952; Phillips and Fife

1968), but by P–O cleavage at near-neutral pH (Koshland

1952). At high pH, attack of hydroxide at the phosphorus

atom is no doubt repelled by the negatively charged

phosphoryl group (Westheimer 1987). Thus, enzyme-cat-

alysed reactions involving phosphoaspartate/glutamate as

substrates could take advantage of acid or base catalysis to

effect acyl substitution rather than the phosphoryl transfer

that occurs when the corresponding phosphorylated amino

acid residues in proteins are intermediates. However, in

both cases, it is more likely that substrate alignment and/or

steric hindrance (Koshland 1952) are the key factors in

directing the attack of nucleophiles specifically to one of

the electrophilic sites.
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Although phosphoryl groups are usually represented as an octet-

violating structure having a p-like double bond, the p-bonding is

weak at best and an octet-conforming structure with a formal positive
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P
O

O O
ONu

δ−O
P

OO
Nu

13

O
R

O O
Rδ−

Nu
P
O

O
O

O

O

R
+

10a
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Fig. 3 The effect of pH on rate of hydrolysis of acetyl phosphate

(L mol-1 min-1) (reprinted with permission from Koshland 1952).

Copyright 1952, American Chemical Society
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The rate of hydrolysis of acetyl phosphate is fairly

constant over the pH range 5–10, but accelerates rapidly at

higher pH (Fig. 3) (Koshland 1952). The profile in the pH

region 1–5 resembles a titration curve with significant

increases in reaction rate between pH 5 and 4, and a slower

rate acceleration over the pH range 4–1, corresponding to

protonations to give the monoanion and neutral species,

respectively. Below pH 1, the rate of hydrolysis increases

dramatically, and is proportional to hydrogen ion concen-

tration (Koshland 1952). Phosphoaspartate and phosphog-

lutamate are likely to display a similar pH-dependent

hydrolysis rate profile.

Magnesium ion also dramatically accelerates the

hydrolysis of acetyl phosphate at near-neutral pH where

the dianion predominates, but not at lower pHs where the

monoanion or neutral species are more abundant (Koshland

1952). Other studies on the effects of various metal ions

and other cations have been reported (Kurz and Gutsche

1960; Oestreich and Jones 1966; Briggs et al. 1970),

including isotope labelling experiments that show that both

P–O and C–O bond cleavage occurs, but P–O bond

cleavage predominates with Mg2?, whereas C–O bond

cleavage is the major pathway in the presence of Ca2?

(Klinman and Samuel 1971). Bivalent metal ions, Mn2?

and/or Mg2? in particular, are essential to the role of many

enzymes involving acyl phosphates as substrates, products

or intermediates.

Thermodynamic activation and stability

Acyl phosphates are high-energy biochemical species used

as intermediates to drive thermodynamically unfavourable

reactions. Thermodynamic stability and, therefore, relative

phosphoryl transfer capacity is most commonly compared

with other energy-rich species via the free energy of

hydrolysis. The free energy of hydrolysis of phosphoas-

partate and phosphoglutamate appears not to have been

determined, but the calorimetrically measured heats of

hydrolysis were reported to be of the order of 20 kcal

mol-1 (Katchalsky and Paecht 1954), although the authors

noted difficulties in determining these values accurately.

Indeed, the heat of hydrolysis of acetyl phosphate at pH 5.6

and 33�C is only 7.2 kcal mol-1 (Meyerhof and Shatas

1952), so *20 k cal mol-1 does seem to be a significant

overestimate.

Most thermodynamic studies have been undertaken on

acetyl phosphate, which serves as a prototype for all acyl

phosphates, including phosphoaspartate and phosphoglu-

tamate. The standard free energy of hydrolysis of acetyl

phosphate is approximately -10 kcal mol-1 (Carpenter

1960; Wurmser 1967). Although it is understood that the

free energies of hydrolysis of phosphorylated compounds

under standard conditions are different from those in

biological systems (Ruben et al. 2008), this value does

indicate that acetyl phosphate and (therefore) other acyl

phosphates have a substantially greater thermodynamic

propensity to transfer their phosphoryl group than does

ATP [DG�0hydrolysis � �7:3 kcal mol�1 (Ruben et al. 2008);

DG�0hydrolysis (MgATP) is even lower &6–71 kcal mol-1

(Guynn and Veech 1973)].

The origin of the large negative free energy of hydro-

lysis and phosphoryl transfer capacity of acyl phosphates

and related energy-rich compounds has been the subject of

much interest and conjecture (Hayes et al. 1978). With

respect to the high free energy of hydrolysis of acyl

phosphates, two factors appear to be most important:

decreased electron delocalisation (resonance) and solva-

tion, relative to their hydrolysis products.

A once-popular explanation for the large negative free

energy of hydrolysis of acyl phosphates was opposing

resonance. This would predicate that the lone pair of

electrons of the bridging oxygen in 10a is delocalised onto

both carbonyl (10c) and phosphoryl oxygens (10d)

(Scheme 3). As both groups ‘compete’ for the lone pair of

electrons, delocalisation in either direction is less effective

and, as delocalisation of electrons is usually a stabilising

phenomenon, the molecule is higher in energy relative to

its hydrolysed counterparts in which there is no

competition.

Given that it has been demonstrated that the phosphoryl

group has little p-character (Denehy et al. 2007), and

therefore limited ability to partake in resonance, perhaps a

better explanation is illustrated in Scheme 4. Assuming

octet-rule conformity, when acetyl phosphate is represented

by its more accurate Lewis structure 10b, delocalisation of

the bridging oxygen’s lone pair of electrons onto the phos-

phoryl group is not possible. However, the positively

charged phosphorus atom would draw electron density away

from the bridging oxygen inductively (through the r-bond),

lowering the energy of the lone pair of electrons and making

delocalisation onto the carbonyl oxygen (10e) less effective.

This rationalisation is supported by ab initio calculations

(Uchimaru et al. 2003) on the free energy of hydrolysis of

trifluoromethyl acetate 14 (Scheme 4). The trifluoromethyl
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1 Guynn and Veech (1973) detail a range of values for the DG�0hydrolysis

of MgATP in tabular form sourced from other research cited in the

literature.
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group can only withdraw electron density from the bridging

ester oxygen inductively and yet the free energy of hydro-

lysis of trifluoromethyl acetate (*-7 kcal mol-1) is pre-

dicted to be significantly more negative than that of methyl

acetate (*?4 kcal mol-1) (Uchimaru et al. 2003).

Whichever model one chooses to accept, calculations

have suggested that reduction of delocalisation of the

bridging oxygen’s lone pair of electrons is at least partly

responsible for the large negative free energy of hydrolysis

of acyl phosphates (Hayes et al. 1978).

Most recently, it has been proposed that an anomeric

effect—a bonding interaction of the phosphoryl oxygen

lone pair electrons with the r* orbital of the P–O bond—is

primarily responsible for the destabilisation of the scissile

P–O bond and that, as the strength of this interaction cor-

relates with free energy of hydrolysis, there is likely to be a

causal connection (Ruben et al. 2008). This seems difficult

to reconcile, however, as the same authors state that the

anomeric effect lowers the ground state energy of acetyl

phosphate, so even if it does destabilise the P–O bond, it

stabilises the molecule, and cannot increase (i.e. make

more negative) the free energy of hydrolysis.

As with ATP and the phosphagens, enhanced solvation

of the products of hydrolysis relative to the starting

materials is a major (if not the most important) factor in

determining the large negative free energy of hydrolysis

of acyl phosphates (Hayes et al. 1978; Wolfenden and

Liang 1989). What seems to have been largely over-

looked is the energy released from the neutralisation of

the acid produced upon hydrolysis (Scheme 5) (Carpenter

1960).

Chemical synthesis of phosphoaspartate

and phosphoglutamate

The first chemical synthesis of phosphoaspartate began

with the protected aspartic acid derivative 15 (Scheme 6)

(Black and Wright 1953, 1955). Reaction of this acid

chloride with silver phosphate gave the acyl phosphate 16

in about 80% yield. Deprotection by hydrogenolysis in cold

aqueous potassium bicarbonate gave the free phosphoa-

mino acid 8a in solution in 28% yield, as determined by its

reaction with hydroxamic acid (described below). Thus

prepared, the solution of phosphoaspartate at approxi-

mately pH 6.5 and -20�C deteriorated slowly, but

remained useful for several weeks (Black and Wright

1955).

Due to the lability of the phosphoaspartate, attempts to

purify the substance as a silver, lithium, potassium or

barium salt, or using ion-exchange columns, were unsuc-

cessful. However, it was possible to remove most of the

contaminating inorganic phosphate by treatment with 1 M

silver nitrate, whilst maintaining the pH at 6–7 with small

additions of potassium hydroxide (Black and Wright 1955).

The other literature synthesis of phosphoaspartate, which

was also applied to the only reported chemical synthesis of

phosphoglutamate (9b), involves the initial reaction of the

silver carboxylate of the protected amino acid derivatives

17 with dibenzyl chlorophosphate, providing fully protected

phosphoamino acids 18 in excellent yields (Scheme 7)
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(Katchalsky and Paecht 1954). Protonolysis with anhydrous

hydrogen bromide gave the zwitterionic free amino acids

8b/9b, which were shown by conversion to the corre-

sponding hydroxamic acids and subsequent colourimetric

assay, to be 92% pure, the major impurity being benzyl

bromide. Attempts to remove the benzyl bromide led to

extensive decomposition.

Detection of acyl phosphates: phosphoaspartate

and phosphoglutamate

Colourimetric assays on the hydroxamic acid

derivatives

As indicated above, the original assay developed for

detection of the unstable phosphoaspartate and phosphog-

lutamate involved treatment with hydroxylamine, and

colourimetric determination of the resultant hydroxamic

acids, i.e. N-hydroxy-asparagine and -glutamine (19)

(Black and Wright 1953; Katchalsky and Paecht 1954)

(Scheme 8). The hydroxamic acids are stable and can be

used for chromatographic comparison (Black and Wright

1955). They also form strongly red-coloured complexes

with iron(III) (Shuaib et al. 2002), which can be used for

qualitative and quantitative measurements (Katchalsky and

Paecht 1954; Black and Wright 1955).

Simple hydroxamates form bidentate octahedral coor-

dination complexes with iron(III). The chelates formed

with N-hydroxy-asparagine and -glutamine are tridentate

and more complex, involving co-coordination by the car-

boxylate residue (Farkas and Buglyo 1990; Farkas et al.

1993; Shuaib et al. 2002).

The detection of acyl phosphates via their hydroxamic

acid derivatives now seems to have been largely supplanted

by reductive cleavage.

Sodium borohydride reductive cleavage

The most commonly used method of detection of free or

protein-bound phosphoaspartate and phosphoglutamate

involves the reductive cleavage of these phosphoamino

acids with NaBH4, in a method originally described by

Degani and Boyer (1973) in a study of the sarcoplasmic

reticulum Ca2?-ATPase (EC 3.6.3.8), and later more gen-

erally reviewed by Purich 2002. The phosphoaspartate and

phosphoglutamate react with sodium borohydride to give

homoserine (20) and 4-hydroxy-1-aminovaleric acid (21),

respectively (Scheme 9), whereas aspartate and glutamate

are resistant to reduction under these conditions.

Often, [3H]NaBH3 is used so as to produce the tritiated

derivatives. If the phosphoamino acid residue is part of a

protein polypeptide chain, the reduced products are then

released as the free amino acids by acid hydrolysis of the

protein. The free homoserine (20) or d-hydroxy-a-amin-

ovalerate (21) is then separated by paper electrophoresis

or thin layer chromatography (Purich 2002) and their

positions usually detected by the radioactivity from the
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incorporated tritium. Collet et al. (1999) have used the

NaBH4 reductive cleavage method coupled with tandem

mass spectrometry to identify the phosphorylated aspartate

in the active site of phosphoserine phosphatase (EC

3.1.3.3).

Direct detection of phosphoaspartate

in phosphoenzyme intermediates and phosphopeptides

Fourier transform infrared spectroscopy has been used to

detect phosphoaspartate in the active site of the Ca2?-

ATPase and the effects of enzymic conformational transi-

tions on the phosphorylated residue (Barth and Mäntele

1998; Andersson and Barth 2006). In these studies, the

vibrations of both the phosphoaspartyl C=O bond and the

PO3
2- bonds were studied amongst a background of 50,000

protein vibrations, and led to the conclusion that hydrolysis

is catalysed by distortion of the acyl phosphate moiety

towards the dissociative transition state, in which the

PO3
2- moiety is trigonal and a partial negative charge

develops on the leaving bridging oxygen (Barth and Bez-

lyepkina 2004) (see structure 13, Scheme 2—a dissociative

transition state is one in which P–O bond cleavage is sig-

nificantly in advance of P–?OH2 bond formation, although

the process is still concerted). Interactions with a coordi-

nated Mg2? and active-site lysine residue are thought to be

particularly important in lengthening the bridging P–O

bond, and therefore weakening it by about 20%, compared

to that in the model compound acetyl phosphate. In addi-

tion, the O–P–O bond angles are larger and there is more

electron density on the bridging acyl oxygen.

In one instance, phosphoaspartate has been directly

observed in an X-ray crystallographic structure of the

phosphoenzyme intermediate of b-phosphoglucomutase

(EC 5.4.2.6) (Lahiri et al. 2002). The acyl phosphate

moiety is stabilised by ionic/hydrogen-bonding interactions

with serine and lysine residues and an octahedrally coor-

dinated Mg2? ion (Fig. 4).

A model peptide, GlyGly(Asp-P)Ala, which was gen-

erated by in situ phosphorylation of the aspartate residue,

has been characterised by 31P NMR spectroscopy. The

chemical shift varied between -6.45 and -1.27 ppm at

low pH (1.5) and high pH (8.0), respectively, and a pKa2

value of 4.6 was determined for the acyl phosphate group

(Schlemmer et al. 1988).

Phosphoaspartate in biological systems

Free phosphoaspartate

As discussed above, phosphorylation of the side chain

carboxyl group (b-carboxyl) of free aspartate (22) to form

the mixed anhydride activates it, rendering the carboxyl

carbon susceptible to nucleophilic attack. Phosphoaspartate

(8) is formed in a reaction with ATP catalysed by aspartate

kinase (aspartokinase; EC 2.7.2.4) and is itself a substrate

for the enzyme aspartate-semialdehyde dehydrogenase

(ASADH) (b-aspartyl-semialdehyde dehydrogenase; EC

1.2.1.11) (Scheme 10). Aspartate-semialdehyde (23) is a

key intermediate in the biosynthesis of the essential amino

acids threonine (26) and methionine (27), via homoserine
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(20) (Scheme 10), and lysine (25), via meso-diaminopimelic

acid (24), which is also a cross-linking agent in the cell walls

of bacteria. Accordingly, ASADH is an attractive target for

antibiotics.

Phosphoaspartate in proteins

Enzyme-catalysed reactions in which an active-site

aspartate is phosphorylated as an intermediate

in the reaction

Phosphoaspartate also occurs as an enzymic intermediate

in a number of enzyme-catalysed reactions; most promi-

nent amongst these enzymes are members of the haloacid

dehalogenase (HAD) superfamily (Ridder and Dijkstra

1999; Allen and Dunaway-Mariano 2004). These include

the P-type ATPases, which are ion pumps that include

Ca2?-ATPase, H?-ATPase (EC 3.6.3.6), and Na?/K?-

ATPase (EC 3.6.3.9) (Scarborough 1999; Jorgensen et al.

2001; Wiedemuller and Hauser 2009). In addition, there

are phosphatases such as phosphoserine phosphatase

(Collet et al. 1999), phosphomutases such as b-phospho-

glucomutase (Dai et al. 2006) and phosphonoacetaldehyde

hydrolase (3.11.1.1) (Morais et al. 2004; Allen and Dun-

away-Mariano 2004; Szefczyk 2008). All of these enzymes

contain a conserved active-site sequence motif: DXXX(T/V),

where the first aspartate residue is phosphorylated (Ridder and

Dijkstra 1999; Collet et al. 1999).

The general mechanism of the ATPases, phosphatases,

b-phosphoglucomutase and phosphonoacetaldehyde hydro-

lase enzymes involves nucleophilic attack of an oxygen

nucleophile on the phosphorus in the key phosphoaspartate

residue (29) (Scheme 11).

In contrast, catalytic hydrolysis of a-haloacids by the

HAD enzymes involves attack on the ester carbonyl carbon

of intermediate 31 (Scheme 12), regenerating the catalytic

aspartate residue (28).

The enzyme phosphonoacetaldehyde hydrolase uses

nucleophilic catalysis by an aspartate residue to catalyse a

chemically difficult C–P bond cleavage (Scheme 13). The

free energy released upon hydrolysis of the phosphoas-

partate intermediate in the subsequent step thermodynam-

ically drives the overall transformation. The substrate is

first activated by formation of the imine with Lys53, which

is then attacked by the aspartate (Asp12) and, subse-

quently, hydrolysis of the phosphoaspartate is facilitated by

general base catalysis by the resultant enamine (Morais

et al. 2004). This mechanism of substrate activation by

formation of the imine has recently been questioned by

Szefczyk (2008), based on a quantum mechanics/molecular

mechanics (QM/MM) study, which suggested that phos-

phoryl transfer to the aspartate might occur directly from

the substrate, promoted by substrate protonation by Lys53.

Aspartate 8 in b-phosphoglucomutase also acts as a

nucleophilic catalyst for the transfer of phosphoryl groups

in the interconversion of glucose-1- and 6-phosphate. The

enzyme is ‘primed’ by initial phosphorylation of the active-

site aspartate by either b-glucose-1-phosphate or b-glucose-

1,6-bisphosphate. Consequently, the aspartate starts and

ends each catalytic cycle in the phosphorylated state

(Scheme 14). This suggests that the difference in thermo-

dynamic stability of the acyl phosphate versus the phosphate

ester is minimal inside the active site of the enzyme, and

again indicates the importance of solvation in determining

the large difference in free energy of hydrolysis between

these two species.

The general base (Asp10) (DXDX(T/V)) in the con-

served motif is only positioned correctly to assist
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phosphotransfer from the phosphoaspartate 8 when glu-

cose-1-phosphate is bound and not when water is bound.

Thus, hydrolysis of the phosphoaspartate intermediate is

minimised. Asp10 also acts as a general acid in phospho-

transfer from glucose-1,6-bisphosphate to Asp8 (Allen and

Dunaway-Mariano 2004).

There has been much conjecture about whether the

b-phosphoglucomutase-catalysed reaction involves a con-

certed transition state or a stabilised high energy interme-

diate. A paper by Lahiri et al. (2003) reported an X-ray

crystal structure with a captured high-energy pentavalent

phosphorus intermediate (a phosphorane) in the active site

(Fig. 5). However, this interpretation was immediately

challenged and it was proposed that the phosphorane had

been confused with a pentavalent magnesium trifluoride

with two additional coordinating oxygens, which acts as a

transition-state analogue (Blackburn et al. 2003). Although

the phosphorane-containing structure was defended (Allen

and Dunaway-Mariano 2003; Tremblay et al. 2005), sub-

sequent QM/MM calculations indicated that the phos-

phorane is an energy maximum—a transition state—and

could therefore not be observed crystallographically

(Webster 2004). The magnesium fluoride complex, on the

other hand, is an energy minimum, and therefore seems

more probable. Most recently, a reanalysis of the original

X-ray data along with 19F NMR characterisation appears to

have confirmed that the active site contains the magnesium

transition-state analogue structure (Baxter et al 2010).

In the P-type ATPases, although hydrolysis of the

phosphoaspartate intermediate is part of the catalytic cycle,

Asp12

O

O

Lys53

NH2

Enz

Enz

O

H
P
O

O
O

H

−H2O P
O

O
O

HN
Lys53 Enz

Asp12

O

O Enz

P
O

OO

HN

Lys53 Enz

H
O
H

Cap

Core
Asp12

O

O EnzPi

HN
Lys53 Enz Lys53

NH2

Enz

O H
H2O

Scheme 13 The proposed mechanism of C–P bond hydrolysis catalysed by phosphonoacetaldehyde hydrolase. Adapted from Allen and

Dunaway-Mariano (2004)

O

O
HO

HO
OH P

O
O

O

O

O

O
HO

HO
OH P

O
O

O

O
P

OO
O

O

O
HO

HO
OH P

O
O

O

O

P O
O
O

O

O

Asp8-EnzO Asp8-Enz

P
OO

O

O

OH
OH

O

O

OH

P
O

O
O

P
O

O
O

O

O

Asp8-Enz

O

O

Asp8-Enz

O

OH
OH

O

O

OH

P O
O
O

P
O

O
O

O

O

Asp8-EnzO

O

Asp8-Enz

P
OO

O

O

OH
OH

O

O

OH

P
O

O
O

dissociation, rotation
and reassociation of

-G-1,6-bisP

H O Asp10-Enz

O

H
O

Asp10-Enz

O

O

O Asp10-Enz

O

H

H

HO Asp10-Enz

O

O
Asp10-Enz

O

H
O

Asp10-Enz

O

1

Scheme 14 The mechanism of phosphoryl transfer in b-phosphoglucomutase. Adapted from Allen and Dunaway-Mariano (2004)

Focus on phosphoaspartate and phosphoglutamate 1043

123



it is relatively slow, at about 5 s-1 (Sorensen et al. 2000;

Clausen et al. 2001). This reduced rate of hydrolysis is

achieved by substitution of aspartate in the conserved motif

for the phosphatases by Thr (DXTXT/V) (Ridder and

Dijkstra 1999), which forms a hydrogen-bonding interac-

tion with the attacking water, rather than acting as a general

base catalyst in the way that the aspartate does in the

hydrolases (Clausen et al. 2001; Allen and Dunaway-

Mariano 2004). Allen and Dunaway-Mariano (2004)

suggested that the reduced rate of hydrolysis of the phos-

phoaspartate might provide a ‘pause’ to allow the confor-

mational transition that results in the release of the

translocated ions that the pump has carried across the

membrane. However, Toyoshima (2009) proposes that in

the sarcoplasmic reticulum ATPase, hydrolysis of phos-

phoaspartate is triggered by the positioning of Glu183 to

act as a general base, in a conformational change that

follows the release of its transported Ca2? ions (see below).

The structure and function of the sarcoplasmic Ca2?-

ATPase has been intensively studied (for reviews, see

Toyoshima et al. 2003; Møller et al. 2005; Toyoshima

2009). Scheme 15 shows how phosphotransfer events are

coupled to structural conformational changes that result in

the binding and release of Ca2? ions (Toyoshima 2009).

In Scheme 15, as protons are released from acidic res-

idues in the Ca2?-binding pocket, E2 is converted to E1

and allows the binding of two Ca2? ions from the cyto-

plasm to form E1.2Ca2?. At the same time, the trans-

membrane helices 1 and 5 are straightened, causing

movement of the N and A domains away from Asp351 in

the P domain. This allows the binding of MgATP to form

E1�ATP in which the P domain is bent and transmembrane

helix 1 is pulled up and bent, closing the cytoplasmic gate

of the Ca2? ion-binding site sequestering the bound Ca2?.

The movement of the N domain correctly positions the

ATP to phosphorylate Asp351. The phosphorylation of

Asp351 initiates the large rotation of the A domain, placing

the TGE loop between the N and P domains, across the top

of the phosphoaspartate, which protects it from bulk water

in the E2P conformation. The large A domain rotation, in

turn, causes drastic rearrangements in the transmembrane

helices, which result in the destruction of the Ca2?-binding

sites and opening of the lumenal gate of the binding site to

allow the Ca2? to exit into the sarcoplasmic reticulum

lumen. The empty Ca2?-binding sites are then occupied by

water and protons from the lumen. Further rotation of the A

domain results in the introduction of a single water mole-

cule and moves Glu183 into position to act as a general

base to catalyse the attack of the water on the phosphoas-

partate. Pi is released and the ATPase returns to the E2

state, ready for the next cycle of Ca2? transport and ATP

hydrolysis. Thus, both the phosphorylation of the active-

site aspartate and the hydrolysis of the phosphoaspartate

are coupled to large protein conformational changes that

result in the transfer of Ca2? ions from the cytoplasm into

the lumen of the sarcoplasmic reticulum. It is in this way

Scheme 15 Architecture of Ca2?-ATPase and its ion pumping

mechanism. A cartoon illustrating the structural changes of the

Ca2?-ATPase during the reaction cycle, based on the crystal

structures in seven different states (see text for full description).

The cytoplasmic domains shown are labelled A, N and P, a-helices in

the transmembrane domain are labelled 1, 2, 4L, 4C and 5. Ca2? ions

are solid circles (e.g. between transmembrane domains 4L and 5 in

E1�2Ca2?) whilst open circles are protons. The region in the

N domain that contains F487 is the adenosine-binding site (see

E1�ATP/E1P structure). The region labelled TGE is a loop in the

A domain that contains the sequence 181TGES. The aspartate (D351)

that is phosphorylated is in the P domain. Reproduced from

Toyoshima (2009) with permission from Elsevier
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The crystal structure was originally purported to contain a stabilised
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more likely that a pentavalent transition-state analogue (Y = Mg,

X = F) occupies the active site
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that the free energy of hydrolysis of ATP is used to drive

the movement of the Ca2? against the concentration gra-

dient that exists across the sarcoplasmic reticulum mem-

brane. It is anticipated that the other P-type ATPases

function in similar ways to the Ca2?-ATPase.

The role of phosphoaspartate in two-component histidine

kinase signalling systems

Two-component signalling systems, although most familiar in

microorganisms, also function in plants to regulate processes

such as ripening and circadian rhythms (Mizuno 2005). There

are numerous excellent reviews on two-component (and

multi-component) signalling systems (Wolanin et al. 2002;

West and Stock 2001), which adequately describe the bio-

logical pathways they control and regulate. Hence, this section

focuses only on the role of aspartate phosphorylation of the

response regulator in two-component systems.

In general, the role of phosphoaspartate in two-compo-

nent signalling systems is to relay the signal from the

sensor histidine kinase, via the response regulator, to the

DNA and, along with transcription factors, initiate tran-

scription of appropriate response genes. However, there are

exceptions like the bacterial chemotaxis-related protein

CheY and the yeast osmosensing pathway that activates a

MAP kinase cascade. The phosphorylated form of CheY

has an increased affinity for the flagellar switch protein

FliM that directly regulates flagellar rotation, turning it

from counter-clockwise to clockwise. CheY, although not a

transcription factor-like response regulator, has been

extensively studied and there are several crystal structures

of this protein from various different bacteria (Lam et al.

2010; Lee et al. 2001a, b).

Phosphoaspartate in the two-component signalling sys-

tem is found on the response regulator protein after the

transfer of the phosphoryl group from a conserved histidine

residue of the cognate histidine kinase (for a review on

phosphohistidine, see Attwood et al. 2007). In general,

most response regulator proteins can be divided into an

N-terminal regulatory domain containing the phospho-target

aspartate, and a C-terminal effector domain that interacts

with DNA as part of the response regulator’s transcrip-

tional role. The general mechanism for phosphorylation of

the canonical response regulator aspartate involves nucle-

ophilic attack on the phosphorus atom. In the structure of

the response regulator, the covalently bound phosphate

is hydrogen bonded to conserved threonine and lysine

residues. The phospho-transfer also requires a divalent

cation, (Mg2? or Mn2?), which is coordinated by two

well-conserved aspartate residues and an asparagine, with

the phosphoryl oxygen and two water molecules located in

the active-site pocket (for a detailed structure, see Lee et al.

2001a, b).

Activation of the response regulator as a result of the

aspartate being phosphorylated has been hotly debated and

there are several models that describe how this occurs. One

model, based on the crystal structure of CheY-P (or BeF3
-

activated CheY), suggests that the phosphate moiety causes

structural displacement of two (b4/a4 and b5/a5) domains

(Zhu et al. 1997; Lee et al. 2001a, b). There are numerous

amino acid conformational changes associated with either

aspartate phosphorylation or chemical activation and it is

these structural changes that are thought to act as the ‘‘on’’

switch for response regulator activation. However, Stock

and Da Re (2000) present several compelling arguments that

challenge the idea of this conformational change being the

defining component of the switching on mechanism. They

question how the structural a/b domain is able to convert

metabolic energy into regulatory outputs. The main point of

conjecture lies in the thermodynamic principles behind

aspartate phosphorylation (see ‘‘Chemistry of mixed anhy-

drides’’). They argue that although response regulator

phosphorylation does cause some perturbation to the struc-

ture, as is evident in the crystal structure models (Zhu et al.

1997; Lee et al. 2001a, b), these conformational changes are

not directly relevant to response regulator activation. This is

explained by a comparison between the structures of phos-

phorylated or mutationally activated response regulators and

unphosphorylated proteins where there appears to be little

difference in conformational change. Instead, Stock and Da

Re suggest that the energy released upon cleavage of the

aspartyl-phosphoanhydride of the phosphorylated response

regulator protein is used in binding to the target molecule and

this is the ‘‘on’’ switch in the activation pathway. Hence,

only when there is an interaction with the target, will the

high-energy phosphoanhydride be used to generate a struc-

tural rearrangement that leads to a response.

In its transcriptional role, the phosphorylation state of

the regulatory domain of the response regulator can act on

the effector domain eliciting either a positive or negative

transcriptional response. The regulatory role of aspartate

phosphorylation in this system appears to be counter-bal-

anced by autophosphatase activity of the response regulator

protein or by additional phosphatase proteins in the system.

The ease of hydrolysis of the mixed anhydride bond of

phosphoaspartate (see ‘‘Chemistry of mixed anhydrides’’)

enhances the non-enzymatic rate of hydrolysis, adding to the

existing autophosphatase activity of the response regulator.

The capacity for both phosphorylation and dephosphoryla-

tion by the response regulator allows rapid fine-tuning of the

signalling pathway according to the needs of the organism.

In some instances, response regulators such as CheY,

involved in chemotaxis, utilise the phosphatase activity of

a separate protein (i.e. CheZ) to enhance the dephospho-

rylation of CheY-P. CheY does possess some intrinsic

phosphatase activity but the dephosphorylation rate
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of CheY-P is increased through interaction with CheZ

(Wolanin et al. 2003). CheZ is thought to accelerate the

hydrolysis of the phosphoaspartyl group from CheY-P by

structurally orienting a water molecule for nucleophilic

attack (Zhao et al. 2002). However, it has also been sug-

gested that phosphoaspartate hydrolysis may occur via a

succinimide intermediate and that this may play a role in

the on/off activation mechanism of response regulator

proteins such as CheY (Napper et al. 2003).

Stable analogues of phosphoaspartate

Given the critical role of aspartate-semialdehyde dehy-

drogenase (ASADH) in bacterial amino acid and cell wall

biosynthesis (see ‘‘Free phosphoaspartate’’), and its

absence from mammalian biochemistry, analogues of

phosphoaspartate have been investigated as potential anti-

biotics. The first such compounds reported (Cox et al.

2001, 2002) have isosteric replacements of the bridging

mixed anhydride oxygen atom, as shown in Fig. 6. The

a,a-difluoro-b-ketophosphonate 32 and phosphoramidate,

c-N-phospho-L-asparagine (34), are indeed modest revers-

ible inhibitors of ASADH, with Ki values of the order of

0.09 mM. The b-ketophosphonate 31 also inhibited the

enzyme, but with much less potency, whilst the b-hy-

droxyanalogues 35 (mixtures of epimers at C4), which

were designed to mimic tetrahedral intermediate formed

when an active cysteine residue attacks the carbonyl carbon

of phosphoaspartate, were completely inactive.

A subsequent paper showed the a-fluorophosphonate 33

to irreversibly inhibit ASADH, but only with a Ki of

1.2 mM (Cox et al. 2005). The simple analogue with a

hydrocarbon linker between the phosphate and amino acid

groups 36 was inactive at the concentrations studied, as

were the E alkenes 37, which were designed as potential

Michael acceptors to irreversibly inhibit the enzyme by the

formation of a covalent bond with the active-site serine

residue. The Z alkene 38 was marginally active at 20 mM

and the acetylenic derivative 39 had a Ki of 1.3 mM, but

neither of these compounds were irreversible inhibitors,

indicating that the postulated conjugate addition of the

cysteine thiol had not occurred.

Protected analogues incorporating a cyclopropane moi-

ety have also been synthesised (Adams et al. 2004), with the

aim of rigidifying the side chain and therefore enhancing

binding affinity (by minimising entropic losses, for exam-

ple), however, deprotection of these compounds resulted in

decomposition and, consequently, the free phosphoamino

acids have not been evaluated as inhibitors of ASADH.

A stable phosphoaspartate analogue residue has also

been incorporated into a protein, the bacterial response

regulator methyl esterase CheB (Saxl et al. 2001). CheB is

activated by phosphorylation of Asp56; Saxl et al. prepared

a mutant in which the two native cysteine residues were

replaced by serine, and Asp56 was substituted by a cysteine

residue (D56C/C207S/C309S CheB). The Cys56 (40) was

then chemically modified by treatment with Ellman’s

reagent (41), followed by a second disulfide exchange of

the intermediate (42) with thiophosphate to give the

phosphoprotein (43) (Scheme 16), which had a half-life of

8, X = O
31, X = CH2
32, X = CF2
33, X = CHF
34, X = NH

35, X = CH2 or CF2

H3N

O

O

X

O

P
O

OO

H3N

O

O

X

HO

P
O

OO

H3N

O

O

P
O

OO

37, X = H or F

H3N
O

O

P
O

OO
X

36

H3N
O

O

P
O

O O

H3N
O

O

P
O

O O

38 39

Fig. 6 Stable analogues of phosphoaspartate (8) assessed as inhib-

itors of aspartate-semialdehyde dehydrogenase

H
N

O

N
H

O

O

P
O

OO

CheB
CheB

H
N

O

N
H

S

S
P

O

OO

CheB
CheB

H
N

O

N
H

S
S

CheB
CheB

NO2

CO2

H
N

O

N
H

HS

CheB
CheB

S

NO2

CO2

2

Cys56

41

HSPO3
2−

≈

2404

4344

Scheme 16 Synthesis of a stable analogue (43) of phosphorylated
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28 days and displayed activity equivalent the native

phosphorylated CheB (44).

Phosphoglutamate in biological systems

Free phosphoglutamate

The best-known form of phosphoglutamate is the free

amino acid, which is phosphorylated on its side chain

carboxyl group and is better know as c-glutamyl phosphate.

As with phosphoaspartate, the formation of this mixed

anhydride renders the carboxyl carbon more reactive and

makes c-glutamyl phosphate an important intermediate in

the biosynthesis of two amino acids. The first such reaction

involving phosphoglutamate is the amination of glutamate

to form glutamine, catalysed by glutamate-ammonia ligase

(glutamine synthetase; EC 6.3.1.2). The reaction involves

the formation of phosphoglutamate (9) by nucleophilic

attack of glutamate (45) on the c-phosphorous of ATP

(Scheme 17). Ammonia then attacks the carbonyl carbon

of 9, displacing phosphate and forming glutamine (46)

(see, e.g., Liaw and Eisenberg 1994). Glutamine, thus

formed, is a precursor for the synthesis of a number of

biologically important molecules, e.g. histidine, trypto-

phan, carbamoyl phosphate, AMP and CTP.

The second biosynthetic transformation involving

phosphoglutamate begins with the phosphorylation of

glutamate catalysed by glutamate 5-kinase (c-glutamyl

kinase; EC 2.7.2.11). The product is the substrate for glu-

tamate-5-semialdehyde dehydrogenase (c-glutamyl phos-

phate reductase; EC 1.2.1.41) leading to the formation of

glutamate-5-semialdehyde (47), which is a precursor for

the synthesis of proline (48) (Scheme 17). In plants and

animals, both reactions are catalysed by a bifunctional

enzyme, d-1-pyrroline-5-carboxylate synthetase (Hu et al.

1992; Aral et al. 1996).

The intermediate, phosphoglutamate (9), is also formed

in the reaction catalysed by glutamate-cysteine ligase

(c-glutamylcysteine synthetase; EC 6.3.2.2). The product,

c-glutamylcysteine (49), is subsequently converted into to

glutathione (see Griffith and Mulcahy 1999).

Phosphoglutamate in proteins

Unlike aspartate phosphorylation, we have found few ref-

erences to phosphorylation of glutamate residues in pro-

teins; most of these refer to prothymosin a (Trumbore et al.

1997; Wang et al. 1997; Tao et al. 1999). This nuclear

protein contains a very high proportion of acidic amino

acids (50%) and Berger and co-workers found that human

and monkey prothymosin a in cultured cells is phosphory-

lated on several glutamate residues. These workers postu-

lated that phosphorylated prothymosin a acts as an energy

reserve for nuclear processes (Trumbore et al. 1997) and

later obtained evidence of its role in the production, pro-

cessing or export of RNA (Tao et al. 1999). Apart from in

prothymosin a, phosphoglutamate has been reported to

occur in a2 chains of collagen (Cohen-Solal et al. 1979).

Stable analogues of phosphoglutamate

The first analogues of phosphoglutamate (9) were syn-

thesised and evaluated as inhibitors of glutamine synthe-

tase (GS) more than 30 years ago (Wedler and Horn 1976;

Wedler et al. 1980), at a time when the intermediacy of

phosphoglutamate was only postulated. The first reported,

3-(phosphonoacetylamido)-L-alanine (50) (Fig. 7), was

found to be a weak competitive inhibitor of E. coli. GS,

with a Ki (3 mM) similar to the substrate, glutamate

(2.5 mM) (Wedler and Horn 1976). In contrast, initial

binding of 50 to pea-seed GS was rapid and tenfold tighter

than with glutamate, and was followed by a slower but still

reversible, ‘very tight’ binding. In addition, the affinity of
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Focus on phosphoaspartate and phosphoglutamate 1047

123



50 for pea-seed GS was markedly enhanced (Ki = 18 lM)

by preincubation of the enzyme with MgADP, whereupon

inhibition became non-competitive.

The b-ketophosphonate 51 was subsequently investi-

gated and displayed a very similar interaction with pea-

seed GS. Again, inhibition of the E. coli enzyme was

competitive and the Ki was enhanced in the presence of

MgADP (4.8–1.6 mM). In contrast, inhibition of GS from

ovine brain by 51 was non-competitive and with about ten

times the affinity of glutamate (i.e. tenfold lower Ki).

More recently, the a,a-difluoro-b-ketophosphonate 52

(Scheme 18) was synthesised and evaluated as an inhibitor

of E. coli GS and c-glutamylcysteine synthetase (c-GCS)

(Hiratake et al. 2002). The incorporation of electron-

withdrawing fluorine atoms at the a-position is a common

ploy to enhance the electrophilicity of the carbonyl group

in non-hydrolysable analogues of carboxylic acid deriva-

tive enzyme substrates. In this case, the fluorine atoms also

lower the pKa of the phosphonate, bringing it closer to the

phosphoglutamate, and therefore better matching the

protonation state of the phosphono group in the analogue

with the phosphate group in phosphoglutamate at physio-

logical pH (Hiratake et al. 2002).

At pH 5.5 and 6, the difluorophosphonate analogue is

indeed a significantly more potent inhibitor of GS

(IC50 = 0.3 mM at pH 6) than 51, if the concentration of

the keto form 52 is taken into consideration. However,

even at this slightly acidic pH, the cyclic iminium form 52b

predominates, with minor amounts of the hydrate 52a also

present, and so the ‘real’ IC50 is much higher. At physio-

logical pH (7.5), the phosphoglutamate analogue exists

almost exclusively as the cyclic iminium 52b, and there is

no inhibition up to 6.9 mM. The epimeric mixture of

alcohols 53 is also inactive, suggesting that it is the keto

form 52 that is the active inhibitor, rather than the hydrate

52a (Hiratake et al. 2002).

Inhibitors of glutamine synthetase have recently been

reviewed (Berlicki 2008).

Conclusion

Acyl phosphates are nature’s equivalent to the synthetic

chemist’s acyl chlorides and anhydrides. The side chain

carboxyl groups of free glutamate and aspartate are acti-

vated by phosphorylation, facilitating carbonyl substitution

and reduction in a number of essential metabolic pathways.

Phosphorylation of active-site aspartate residues also pro-

vides reactive intermediates in several enzyme-catalysed

reactions. It is clear that in some cases both the phos-

phorylation and subsequent dephosphorylation of aspartate

residues are also involved in the induction of major con-

formational changes that correspond to different functional

states of the protein. In these instances, the thermody-

namics associated with changes in the phosphorylation

state are used as an integral part of the machinery of pro-

tein function. Why nature has evolved to favour aspartate

over glutamate for this purpose has not been explained.

Perhaps, it is simply that the reactive acyl phosphate must

not be too solvent-accessible to avoid adventitious hydro-

lysis, or that the shorter aspartate side chain constrains the

orientation of the acyl phosphate moiety to maximise

interactions with proximal amino acid residues and the

enzyme substrate(s). Alternatively, it may be that many

instances of protein glutamate phosphorylation are yet to

be identified.

The inherently instability of phosphoaspartate and

phosphoglutamate free amino acids and residues under

neutral, acidic and alkaline conditions has presented chal-

lenges for their study in biological systems. Robust tech-

niques now exist to detect transient aspartate or glutamate

phosphorylation in proteins. What is more demanding is

the study of how such phosphorylation affects protein
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conformation and function. In the future, hydrolytically

stable analogues may play a part in bringing into focus the

roles of phosphoaspartate and phosphoglutamate residues

in proteins, through their incorporation into proteins using

techniques such as chemical modification, native chemical

ligation and outright protein synthesis.

Finally, as a complement to mutation studies, chemical

biology could contribute to a better understanding of pro-

tein aspartate phosphorylation. The reactivity of acyl

phosphates may provide opportunities to intercept the

phosphorylated proteins with appropriate nucleophilic

small molecules. The inactivation of proteins by the for-

mation of covalently bound adducts should help elucidate

the associated signalling pathways and their role in normal

and abnormal systems.
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