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Summary. In this paper, the analog of arginine residues in peptides was

synthesized and characterized by ESI-MS=MS (electrospray ionization

with tandem mass spectrometry), 31P NMR, 1H NMR, IR and high-

resolution mass spectrometry. When the Todd reaction activity of the

guanidino group in free arginine and the arginine peptide analog were

compared, it was found that the proton affinity of the guanidino group

was decreased when both the N- and the C-terminal were blocked. As

a result, the guanidino group of arginine residues in peptides could

be phosphorylated under the Todd reaction condition, but not the free

arginine. This result was further proved by the theoretical calculation

of their proton affinity.
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Introduction

O-phosphorylation of proteins plays a vital role in many

biological processes, due to its regulative effect on the en-

zyme activities. It has been reported that phosphorylation

and dephosphorylation of proteins (Ju et al., 1995; Zhao

et al., 1993) might go through high-coordination phospho-

ric intermediates for many enzyme catalytic mechanisms

(Lee et al., 1996; Bernstein et al., 1997). Nevertheless,

N-phosphoryl amino acids and peptides also exhibit some

biomimetic reactivity (Xue et al., 1988; Ma et al., 1989),

such as peptide formation (Zhang et al., 1994; Li et al.,

1992), ester formation (Ma and Zhao, 1992), ester exchange

on phosphorus (Li et al., 1993; Ma and Zhao, 1989), and

oligonucleotide formation (Zhou et al., 1996). Hence, un-

derstanding the intrinsic relationship between the phos-

phoryl groups and the amino acid residues in peptide is

of significance.

The modified Todd reaction has already been success-

fully applied to the synthesis of N-phosphoryl amino acids

(Ji et al., 1988). It was reported that among the twenty

natural amino acids, the side-chains of the basic amino

acids, such as lysine and histidine, could also be phos-

phorylated in the modified Todd reaction process (Yin

et al., 1993a, b; Li et al., 1993; Zhou et al., 1996). The

present paper examines whether this also applies to the

other basic amino acid, arginine. In Scheme 1, a CCl4
solution of diisopropyl phosphite (DIPPH, 15 mmol) was

added in drops to a suspension of arginine (3 mmol) in

Et3N (2 ml), H2O (10 ml) and EtOH (2 ml), followed by

vigorous stirring on an ice-water bath. After this addition,

the reaction proceeded for 4 h at room temperature, and

was then quenched by acidifying the mixture to pH 2–3

with dilute HCl. Then it was extracted with ethyl acetate,

dried with anhydrous MgSO4, and analyzed by ESI-MS.

The mass spectra (Fig. 1) showed that no di-phosphor-

ylated product was detected even with the presence of

excess DIPPH.

The implication of Scheme 1 is that the guanidino group

of free arginine could not be phosphorylated under Todd

reaction conditions even though arginine was protected

on the N-terminal. The guanidino group of arginine with

pKa 12.48 is the strongest basic group among the twenty

a-amino acids, and is easily protonated under Todd reac-

tion conditions with pH¼ 9–9.5. Consequently, it is a poor

nucleophile for the phosphorylation reaction.

However, when Growth Hormone Releasing Factor

(GRF1-29 amino acids: NH2- Arg- Ser- Met- Ile- Asp-



Gln- Leu- Leu- Lys- Arg- Ala- Ser- Leu- Gln- Gly- Leu-

Val- Lys- Arg- Tyr- Ser- Asn- Thr- Phe- Ile- Ala- Asp-

Ala- Tyr-OH) was reacted with DIPPH under a modified

Todd reaction condition, it was worth noting that the argi-

nine residues in the GRF could be phosphorylated (Liu et al.,

2005). Thus, the guanidino groups of arginine residues in

peptides behaved differently from the free arginine under

the Todd reaction condition. To investigate this phenom-

enon further, in the present paper, the target product com-

pound 3 was designed and prepared in a lower yield

(Scheme 2), which was used to simulate the arginine residue

in peptide. The structure of compound 3 was characterized

through ESI-MS=MS, HRMS and NMR (31P, 1H and 13C).

Materials and methods

Materials and equipment

Arginine, Boc-anhydride (di-tert-butyl dicarbonate), DCC (N0N-carbonyl-

diimidazole) and HOBt (1-hydroxybenzotriazole) were purchased from

GL Biochem (Shanghai, China) Ltd. Benzylamine was acquired from a

local company. Diisopropyloxyphosphite was prepared in our laboratory.

All other chemicals were analytical grade.

The mass spectra were obtained using a Bruker ESQUIRE 3000 plus

ion trap spectrometer equipped with an ESI ion source. Operating

conditions for ESI in the positive ion mode were as follows: spray

voltage: 4000 V; capillary temperature: 300 �C; dry gas (N2): 4 l=min;

Nebulizer (N2): 7 psi. Using a Varian Unity plus 500 MHz NMR

spectrometers, 31P, 1H and 13C NMR spectra were recorded. The 31P

NMR spectrum was calibrated externally using 85% phosphoric acid as

a reference.

Scheme1. Synthesis pathway of N-diisopropyl-

oxyphosphoryl arginine

Fig. 1. ESI-MS spectrum of the organic layer in the reaction products from Scheme 1
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Synthesis of compounds

(1-Benzylcarbamoyl-4-guanidino-butyl)-carbamic acid

tert-butyl ester (Compound 2)

Arginine (10 mmol) was dissolved in 20 ml aqueous solution with a pH of

8–10 by adding 2 mmol=l sodium hydroxide solution (5 ml) on an ice-

water bath, and then adding 10 ml 1,4-dioxane. Then 1.1 equivalent of

Boc-anhydride (di-tert-butyl dicarbonate, 11 mmol) was added in drops,

and stirred at room temperature for two hours. The solvent was then

removed under reduced pressure. The resulting solution was acidified to

pH 3 with dilute HCl, and the aqueous phase was washed with ethyl ace-

tate (3� 20 ml). White crystal slurry was then separated from the aqueous

layer after depositing it at room temperature for 4 h. The crystals were

filtered, washed and dried in vacuo at room temperature to yield 2.26 g of

compound 1 (Boc-Arginine HCl) in 73% yield.

Following this, under the protection of N2, compound 1 (5 mmol)

suspended in 60 ml anhydrous 1,4-dioxane, HOBt (1-hydroxybenzotria-

zole, 5.5 mmol) was added to the suspension solution on an ice-water

bath. DCC (N0N-carbonyldiimidazole, 5.5 mmol) in 9 ml anhydrous

1,4-dioxane was added in drops to the above mixture and stirred for 2 h.

Then, benzylamine (5.5 mmol) in 2 ml anhydrous 1,4-dioxane was

added to the activation system and stirred overnight. After filtering

the white precipitate, the yellowy solvent was evaporated. The residue

was purified by column chromatography on silica gel using chloroform=

methanol (V=V¼ 10:1) as an eluent and compound 2 was obtained in

32% yield.

(1-Benzylcarbamoyl-4-[N-diisopropyloxyphosphoryl

guanidino]-butyl)-carbamic acid tert-butyl ester (Compound 3)

To the stirred solution of compound 2 (0.275 mmol) in a mixture of water

(0.6 ml), EtOH (1 ml) and Et3N (0.5 ml) on an ice-water bath, a solu-

tion of diisopropyloxyphosphite (DIPPH, 0.302 mmol) in CCl4 (0.5 ml)

was added, and then stirred for 4 h at room temperature. The solvent

was evaporated and the residue was purified by column chroma-

tography on silica gel using dichloromethanol=cyclohexane=methanol

(V=V¼ 10:1.5:1) as an eluent to give the final product, compound 3, in

12% yield as an oil. Spectral data for compound 3: HRMS: calc. mass for

C24H42N5O6P [MþH]þ: m=z 528.2951. Found: m=z 528.2949. 31P NMR

(CDCl3, 202 MHz, ppm): 6.796. 1H NMR (CDCl3, 500 MHz, ppm): 1.27

(m, 12H, 4CH3), 1.41(d, 9H, 3CH3), 1.62 (m, 2H, CH2), 1.85 (m, 2H,

CH2), 3.22 (m, 2H, CH2), 4.18 (m, 1H, CH–CO), 4.43 (m, 2H, 2CH), 4.53

(m, 2H, CH2-Ph), 5.75 (br, 3H, 3NH), 7.25 (m, 5H, Harom), 7.43 (br, 1H,

NH), 7.86 (br, 1H, NH). IR (NaCl windows): 1242 cm�1 (P¼O vibra-

tion), 1007 cm�1 (P–O vibration).

Results and discussion

Characterization of the structure of compound 3

with ESI-MS=MS

It is well known that electrospray ionization with tandem

mass spectrometry (ESI-MS=MS) is a very powerful tool

for structural elucidation. Therefore, the structure of com-

pound 3 was first analyzed by ESI-MS=MS. The [MþHþ]

ion at m=z 528 of compound 3 was activated and disso-

ciated through collision with collision gas (collision in-

duced dissociation, CID) in an ion trap (Fig. 2). Special

neutral molecules, such as isobutene, carbon dioxide, pro-

pene and benzylamine, were lost from precursor ions to

produce a series of fragment ions at m=z 428, 386, 344,

264, 247, 157 and 140. From the cleavage pathway

described in Scheme 3, it was observed that the [MþH]þ

ion at m=z 528 of compound 3 lost one molecule of iso-

butene and carbon dioxide to yield the [M-56-44þH]þ ion

at m=z 428, which indicated that compound 3 contained

Scheme2. Synthesis pathway of the target compound 3

Variation in proton affinity 147



Boc-group. The loss of two propene molecules one after

the other from the fragment ion at m=z 428 indicated the

existence of diisopropyloxyphosphoryl group in the com-

pound (Jiang et al., 2000). Similarly, one benzylamine

molecule was lost from the fragment ion at m=z 264 to

yield ion m=z 157, from which it is implied that the ana-

lyzed compound contained the fragment of benzylamine.

According to the above discussion, from the structure of

compound 3 it was proved that the side-chain guanidino

group of the arginine residues was phosphorylated under

Todd reaction conditions. In other words, when both the

amino group and the carboxy group of the arginine were

fixed, as in compound 2, an analog for peptide, the gua-

nidino group could be phosphorylated.

Calculation of the difference of proton affinity (PA)

between free and blocked arginine

For free arginine, the pKa of the guanidino group is 12.48.

Under Todd reaction conditions with a pH of 9–9.5,

the guanidino group is predominantly protonated and it

could not act as a nucleophile. The question we sought to

answer, however, was how compound 2 could be phos-

phorylated under such conditions. It was deduced that the

basicity of the guanidino group in compound 2 changed

when both the N- and the C-terminals of the free arginine

were blocked. Hence the basicity of a protonable group

could be varied as a function of its environment. It is pos-

sible to measure the pKa experimentally, but this is gen-

erally not an easy task. In a gas phase environment, the

proton affinity (PA) can be used to describe the ability of

a molecule to accept a proton. Hence, we used the PA

quantity to describe the nucleophilicity difference between

guanidino groups containing arginine residues in peptides

and those with free arginine.

The proton affinity for the reaction AþHþ ! AHþ is

defined as the negative of the reaction enthalpy at 298.15 K,

and hence:

PA ¼ ��H ¼ ��E þ RT ð1Þ

where T¼ temperature, R¼ ideal gas constant.

In order to simplify the calculation process, both the N-

and the C-terminals of free arginine were blocked with

methyl group to simulate the arginine residue in peptide.

If only the guanidino groups of the free and blocked argi-

nine are protonated, their PA is described as following

Eqs. (2) and (3), respectively:

PAðAÞ ¼ ��EðAÞ þ RT ¼ �½EðAHþÞ � EðAÞ� þ RT

ð2Þ

PAðBÞ ¼ ��EðBÞ þ RT ¼ �½EðBHþÞ � EðBÞ� þ RT

ð3Þ

Fig. 2. ESI-MSn spectra of the compound 3 [MþH]þ ion at m=z 528 (n¼ 2–5) in positive mode
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Therefore,

�PA ¼ PAðAÞ � PAðBÞ ¼ ��EðAÞ þ RT � ð��EðBÞ
þ RTÞ ¼ �EðBÞ ��EðAÞ ð4Þ

Arginine, protonated arginine, blocked arginine and its

protonated structure were built manually on an SGI work-

station, using the Tripos builder module, respectively.

Then, their minimum conformations were searched using

a random search method. On the basis of their respective

minimum conformations, E (arginine), E (protonated-

arginine), E (blocked-arginine) and E (protonated

blocked-arginine) were calculated at HF=6-31G� level

using the GAUSSIAN98 software (Frisch et al., 1998).

The corresponding results of �EðBÞ and �EðAÞ are shown

as follows:

�EðBÞ ¼ Eðprotonated blocked arginine;RHFÞ
� Eðblocked arginine;RHFÞ ¼ �0:3569 au

�EðAÞ ¼ Eðprotonated arginine;RHFÞ
� Eðarginine; RHFÞ ¼ �0:3674 au

Putting the values of �EðBÞ and �EðAÞ into Eq. (4), the

value of �PA is 0.0105 au. If atom energy unity is con-

verted to kJ �mol�1, the value of �PA is 27.67 kJ �mol�1.

The results of this calculation gave us the important infor-

mation that the basic property of the guanidino group in

the arginine residue of peptides is weaker than that of the

guanidino group in free arginine.

Conclusion

In conclusion, the experiments described above showed

that the chemical environment in peptides or proteins

causes variations in the PA of the amino acid side chain.

For instance, when arginine residue is situated in peptide,

its guanidino group has a weaker PA than free arginine.

As a result, the unprotonated guanidino group could be

phosphorylated under modified Todd reaction conditions,

while the guanidino group of the free arginine has a stron-

ger PA to prevent the phosphorylation. Yollete et al. re-

ported that arginine residues have emerged as general

Scheme3. ESI mass spectral fragmentation pathway of compound 3 in positive mode
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bases in several enzymes, such as IMP dehydrogenase,

pectate=pectin lyases, fumarate reductase, and L-aspartate

oxidase (Schlippe and Hedstrom, 2005). It is also indi-

cated that the chemical environment in peptides or pro-

teins has an important effect on the proton affinity of the

guanidino group in arginine residues.

Acknowledgements

The authors would like to thank the Chinese National Science Foundation

(No. 20572061) and the Ministry of Education (Key Project 104201) for

their financial support.

References

Bernstein BE, Machels PAM, Hol WGJ (1997) Synergistic effects of

substrate-induced conformational changes in phosphoglycerate kinase

activation. Nature 385: 275–278

Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA, Cheeseman

JR, Zakrzewski VG, Montgomery JA Jr, Stratmann RE, Burant JC,

Dapprich S, Millam JM, Daniels AD, Kudin KN, Strain MC,

Farkas O, Tomasi J, Barone V, Cossi M, Cammi R, Mennucci B,

Pomelli C, Adamo C, Clifford S, Ochterski J, Petersson GA, Ayala PY,

Cui Q, Morokuma K, Malick DK, Rabuck AD, Raghavachari K,

Foresman JB, Cioslowski J, Ortiz JV, Stefanov BB, Liu G, Liashenko

A, Piskorz P, Komaromi I, Gomperts R, Martin RL, Fox DJ, Keith T, Al-

Laham MA, Peng CY, Nanayakkara A, Gonzalez C, Challacombe M,

Gill PMW, Johnson BG, Chen W, Wong MW, Andres JL, Head-Gordon

M, Replogle ES, Pople JA (1998) Gaussian 98. Gaussian Inc.,

Pittsburgh, PA

Ji GJ, Xue CB, Zeng JN, Li LP, Chai WG, Zhao YF (1988) Synthesis of

N-(diisopropyloxyphosphoryl)amino acids and peptides. Synthesis 6:

444–448

Jiang Y, Fu H, Xu L, Lu Q, Wang JZ, Zhao YF (2000) Identification of

self-assembly products from N-phosphoamino acids by electrospray

ionization mass spectrometry. Rapid Commun Mass Spectrom 14:

1491–1493

Ju Y, Zhao YF, Sha YW, Tan B (1995) Phosphoryl promotion and

differentiation effect on amino acids and prebiotic synthesis of protein.

Phosphorus Sulfur Silicon Relat Elem 101: 117–123

Lee YH, Ogata C, Pflugrath JW, Levitt DG, Sarma R, Banaszak LJ, Pilkis

SJ (1996) Crystal structure of the rat liver fructose-2, 6-bisphosphatase

based on selenomethionine multiwavelength anomalous dispersion

phases. Biochemistry 35: 6010–6019

Li YC, Tan B, Zhao YF (1993) Phosphoryl transfer reaction of phos-

phohistidine. Heteroatom Chemistry 4: 415–419

Li YM, Yin YW, Zhao YF (1992) Phosphoryl group participation leads to

peptide formation from N-phosphorylamino acids. Int J Peptide Protein

Res 39: 375–381

Liu Y, Xu PX, Hou JB, Yang LF, Chen JA, Zhao YF (2005) Chemical

modification of insulin by N-phosphorylation. Int J Peptide Res

Therapeutics 11: 167–175

Ma XB, Zhao YF (1989) The synthesis and novel properties of

N-phosphoryl peptides. J Org Chem 54: 4005–4008

Ma XB, Zhao YF (1992) Phosphoryl group participation in the reactions

of N-phosphoryldipeptide acids. Phosphorus Sulfur Silicon 66:

107–114

Schlippe YG, Hedstrom L (2005) A twisted base? The role of arginine in

enzyme-catalyzed proton abstractions. Arch Biochem Biophys 433:

266–278

Xue CB, Yin YW, Zhao YF (1988) Studies on phosphoserine and

phosphothreonine derivatives. Tetrahedron Lett 29: 1145–1148

Yin YW, Chen Y, Zhao YF (1993a) N-selective phosphorylation with

chlorophosphoryl dialkylesters prepared from dialkylphosphite=

CCl4=NEt3. Phosphorus Sulfur Silicon 82: 67–72

Yin YW, Yang XQ, Chen Y, Li LP, Zhao YF (1993b) Selective phosphor-

ylation of amino and hydroxyl group by dialkyl phosphates. Phosphorus

Sulfur Silicon 77: 171

Zhang BZ, Zhang GT, Zhao YF (1994) The reactivity study of N-(O,O-

dialkyl) phosphoryl alanine with alcohol. J Chin Sci Technol Univ

24: 496–499

Zhao YF, Li YM, Yin YW, Li YC (1993) The regulation effect of

phosphoryl group on amino acid side chain. Sci China Ser B 36:

1451–1458

Zhou WH, Li YF, Zhao YF (1996) The different chemical properties of

two phosphoryl groups in Na, N"-bis(O,O-diisoproyl) phospholysine.

Phosphorus Sulfur Silicon 116: 57–64

Authors’ address: Yu-Fen Zhao, The Key Laboratory for Chemical

Biology of Fujian Province, Department of Chemistry, College of Chem-

istry and Chemical Engineering, Xiamen University, Xiamen 361005,

P.R. China,

Fax: þ86-592-2185780, E-mail: yfzhao@xmu.edu.cn

150 Y. Liu et al.: Variation in proton affinity


