
J. Org. Chem. 1996,60, 3967-3974 3967 

Development of Efficient Two-Step Deprotection Methodology for 
Dimethyl-Protected Phosphoamino Acid-Containing Peptide 

Resins and Its Application to the Practical Synthesis of 
Phosphopeptidesl 

Akira Otaka,* Kengo Miyoshi, Midori Kaneko, Hirokazu Tamamura, and Nobutaka Fujii 

Faculty of Pharmaceutical Sciences, Kyoto University, Sakyo-ku, Kyoto 606-01, Japan 

Motoyoshi Nomizu, Terrence R. Burke, Jr., and Peter P. Roller 

Laboratory of Medicinal Chemistry, Developmental Therapeutics Program, DCT, National Cancer 
Institute, National Institutes of Health, Bethesda, Maryland 20892 

Received March 6, 1995" 

A protocol has been developed for the synthesis of peptides containing 0-phosphorylated tyrosines, 
serines, and/or threonines, The procedure involves incorporation of dimethyl-protected 0- 
phosphorylated amino acid derivatives (1-3) into peptides using standard Boc chemistry and 
subsequent removal of Me groups using a two-step deprotection method consisting of high-acidic 
and low-acidic treatments. Optimized deprotection conditions for the protected resins (4-6) were 
established, which consist of a combination of the first-step reagent (1 M TMSOW-thioanisole in 
TFA (loo), m-cresol (5), EDT (5), (v/v)) and the second-step reagent (first-step reagent (110) + 
DMS-TMSOTf(30:20 to 40:10), (v/v)). The two-step deprotection protocol can be conducted in one 
pot by appropriate modification of the first-step reagent. The second deprotection step proceeds 
by an S N ~  mechanism with little tendency to induce side reactions resulting from harsh acid 
treatment. A 19-residue MAP-kinase peptide 10 possessing not only two phosphoamino acids but 
also Met and Trp was subjected to this synthetic procedure and was obtained in 24% yield based 
on the protected resin. The present synthetic method afforded phosphoamino acid-containing 
peptides in high yield without significant accompanying side reactions (e.g., loss of phosphate groups, 
migration of phosphate groups, or alkylation of Met and Trp residues). 

Introduction 

Protein phosphorylation provides structural and func- 
tional changes for proteins involved in intracellular signal 
transduction pathways.2 For example, the protein ty- 
rosine kinase (PTK)-mediated generation of phosphoty- 
rosy1 (pTyr) residues within discrete amino acid se- 
quences of signalling proteins allows for the recognition 
and binding of these proteins with src homology 2 (SH2) 
domains. These pTyr-dependent protein-protein as- 
sociations with SH2 domains are known to be crucial for 
signal transduction triggered by PTKs.~ Furthermore, 
phosphorylatioddephosphorylation of Ser residues in the 
NF-AT transcription factor regulates its translocation 
from the cytosol into the n u ~ l e u s . ~  

Due to the important role of phosphorylatioddephos- 
phorylation in biology, phosphopeptides have received 
much attention as useful biological and biochemical tools 
to elucidate various cellular processes including signal 
transduction and have been the object of intense syn- 
thetic activity. Two synthetic strategies, one being a 
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preassembly phosphorylation method5 and the other a 
postassembly phosphorylation method: have been ap- 
plied to the synthesis of phosphopeptides (Figure 1). 

The postassembly phosphorylation method involves the 
preparation of protected peptide resins containing un- 
protected hydroxyl-bearing amino acids (Tyr, Ser, and/ 
or Thr) followed by chemical phosphorylation of the free 
hydroxyl groups. The syntheses of relatively small and 
less complicated phosphopeptides have been achieved 
using this method; however, the postassembly phospho- 
rylation method can be accompanied by difficulties. The 
use of side chain-unprotected Tyr, Ser, and Thr deriva- 
tives can result in 0-acylation during chain elongation, 
and this is especially problematic for longer sequences 
having these amino acids a t  the C-terminal portions. For 
phosphorylation of the free hydroxyl groups, the phos- 
phoramidate method, consisting of phosphitylation and 
oxidation, has been preferred due to its high reactivity. 
Nevertheless, phosphitylation proceeds incompletely when 
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Figure 1. General synthetic routes for phosphopeptides. 
AA: amino acids. R: side chain protecting groups. 

hydroxyl amino acids are located in the spatially hindered 
regions of  peptide^.^ Additionally, the oxidation of P(II1) 
species can cause side reactions to oxidant-sensitive 
amino acids such as Trp, Met, and CYS,~  and the fonna- 
tion of H-phosphonate is On the other hand, 
the preassembly phosphorylation method involves incor- 
poration into the protected peptide resins of phospho- 
amino acid derivatives having dialkyl or diary1 phosphate 
protection followed by the final deprotection steps. A 
number of studies have been reported where this strategy 
has been utilized to synthesize phosphopeptides, espe- 
cially pTyr-containing peptides. However, except for a 
few examples, efficient synthetic methodologies with wide 
applicability for phosphoserine (pSer)- and phosphothreo- 
nine (pThr)-containing peptides have not yet been re- 
ported. For example, the use of a preassembly phospho- 
rylation strategy can involve laborious deprotections in 
two different modeslo (e.g., acidolytic + hydrogenolytic 
deprotection), which may result in the partial splitting 
off of the phosphate groups during acidolytic deprotec- 
tion." The development by Wakamiya et al.12 ofNa-(tert- 
butoxycarbonyl)-O-[bis(4-nitrobenzyl)phosphonolserine/ 
threonine, Boc-Ser/Thr[OP0~(4-NO~Bzl)~l-OH, and Na- 
(tert-butoxycarbony1)-0-( dicyclohexylphosphono)serine/ 
threonine, Bo~-Ser/"rhr(OPO3cHex~)-OH, with practical 
applications to the synthesis of phosphopeptides may 
circumvent some of the phosphopeptides synthesis dif- 
ficulties; however, its application has been restricted to 
short and less complicated peptides, and the protected 
amino acids have to be synthesized by researchers 
themselves. The same situation is encountered when 
using Wakamiya's efficient alternative method,13 which 
utilizes a combination of monoalkyl phosphate protection 
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Figure 2. Structures of dimethyl-protected phosphoamino 
acid derivatives. 

and Fmoc-based solid-phase techniques. We have re- 
ported on the synthesis of 4-phosphono(difluoromethyl)- 
phenylalanine (F2Pmp)-containing peptides14 and 2-amino- 
4-(difluoromethyl)butanoic acid (FzPab)-containing pep- 
tide@ as nonhydrolyzable pTyr- and pSer-peptide mi- 
metics, respectively. In these syntheses, diethyl-protect- 
ed phosphonate derivatives (FzPmp(0Et)z and F2Pab- 
(0Et)Z) were utilized as  the protected amino acid species. 
We found that phosphonate ethyl protection was ef- 
ficiently removed with 1 M TMSOTf-thioanisole in TFA + DMS or 1 M TMSOTf-2 M DMS in TFA.16 On the 
other hand, the use of HF,17 1 M TMSOTf-thioanisole 
in TFA,18 or 1 M TFMSA-thioanisole in TFAlg systems, 
which are more acidic than the former systems, led to 
no deprotection or incomplete deprotection of the ethyl 
groups. This prompted us to examine whether the 
dimethyl phosphate protection of pSer, pThr, and pTyr 
would behave in a fashion similar to that  of ethyl 
protection on FzPmp and FzPab. 
N"-(tert-Butoxycarbonyl)-O-(dimethylphosphono)serine/ 

threonine, Boc-Ser/Thr(OP03Me2)-OH (1 and 2, respec- 
tively), are commercially available derivatives (Figure 2). 
Nevertheless, these derivatives have rarely been em- 
ployed for the practical synthesis of phosphopeptides. 
This may be attributed to the fact that harsh acid 
treatment resulting in side reactions is thought to be 
required for complete removal of these methyl groups.2o 
Na-(tert-Butoxycarbonyl)-O-( dimethy1phosphono)ty- 
rosine, Boc-Tyr(OPOsMez)-OH (31, has been successfully 
used in the synthesis of pTyr-containing peptides.21s22 
However, practical deprotection protocols with general 
applicability toward Me groups and other protecting 
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Figure 3. Protected peptide sequences of three model pep- 
tides. 
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groups employed in the solid-phase synthesis of peptides 
also containing pSer and pThr have not yet been devel- 
oped. Herein, we report on the evaluation of several 
deprotection methods for SerPThrPryr(OPOaMe2) (1, 2, 
and 3) residues in peptides with application of these 
methods to the practical synthesis of phosphopeptides. 

Results and Discussion 

Initially, in order to evaluate the general applicability 
of several acidic reagent systems for the final deprotec- 
tion of dimethyl-protected phosphoamino acid-containing 
peptide resins, three model peptide resins (4, 5, and 6 
corresponding to the partial sequences of the CAMP- 
dependent protein kinase regulatory domain,23 the EGF 

respectively) were pre- 
pared using standard Boc-based solid-phase techniques26 
because Fmoc techniques are incompatible with the 
synthetic method using dimethyl-protected phospho- 
amino acids (1 and 2) due to the instability of the 
phosphate group resulting from @-elimination during 
piperidine treatment for Fmoc deprotection13 (Figure 3). 
Starting from appropriate Boc-protected amino acid 
resins (Boc-Glu(OBz1)-Merrifield resin for 4 and 6 and 
Boc-Leu-PAM resin27 for 51, the protected peptide resins 
were synthesized using manual Boc methodology with a 
combination of TFA-mediated Boc deprotection followed 
by neutralization with DIPEA and DIPCDVHOBt-medi- 
ated coupling of Boc amino acids. The following side 
chain protecting groups were utilized: Mts for Arg,28 Bzl 
for Glu, C1Z for L Y S , ~ ~  and Me for the phosphoamino 
acids. In our preliminary work,l we showed that  the Me 
groups on a pSer residue were efficiently removed by a 
two-step deprotection involving treatment with 1 M 
TMSOTf-thioanisole (molar ratio of 1: l )  in TFA system 
followed by the addition of DMS. Although this system 
worked efficiently a t  room temperature, it was incompat- 

and a Src 
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system than the Tos group.18 Other protecting groups (BrZ for Tyr, 
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for this deprotection system;lsJ0 however, deprotection of the secondaq 
alcohol type protecting groups such as AspfOcHex) with 1 M TMSOTf- 
thioanisole in TFA system sometimes leads to incomplete deprotection. 
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I 

H-Thr-Glu-Pro-GIn-Tyr-GIn-Pro-Gly-GIu-OH 

Figure 4. Possible phosphopeptide products obtained by 
acidolytic deprotections. 

ible with the Thr(OP03Me2)-containing peptide resin due 
to its low ability to remove Me groups on the pThr 
residue. We found that  the addition of DMS along with 
TMSOTf was more effective for the removal of Me groups 
on pThr residues than was the addition of DMS itself. 
Therefore, we attempted to establish the best conditions 
which were compatible with all three dimethyl-protected 
phosphoamino acid derivatives and then compare the 
TMSOTf-mediated method with other acidolytic depro- 
tection systems. 

We first established the reaction conditions of the first 
deprotection step (1 M TMSOTf-thioanisole in TFA, 
m-cresol, EDT) needed to cleave the peptides from the 
resins (4-6) with concomitant removal of the Mts, ClZ, 
and Bzl groups. This method has been reported to be 
effective for the final acidolytic deprotection of other 
protected peptide resins.30 After treating 4-6 with the 
first-step reagent for 1.5 h a t  4 "C, we added composite 
additives (DMS + TMSOM in different mixing ratios. 
Herein, additives a t  50% (4-6) or 25% (4) volume of the 
first-step reagent system except for m-cresol and EDT 
were added. The progress of deprotection was monitored 
by HPLC and IS-MS analyses of the crude deprotected 
peptides. The ratios of components (7a:7b:7c for 4,8a: 
8b:8c for 5, and 9a:9b:9c for 6, Figure 4) in the crude 
deprotected peptides were estimated by comparison of the 
relative HPLC peak areas. In the case of 4 and 6, 
removal of the pSer and the pTyr residue Me groups was 
completed by a second-step treatment (4 "C, 3 h) involv- 
ing the addition of composite additives (DMS:TMSOTf 
= 30:20 to 40:10, v/v for 4, Figure 5; DMS:TMSOTf = 
30:20 to 50:0, vlv for 6, Figure 6).31 

Although the peptide resin 5 was less susceptible than 
4 and 6 to the second stage deprotection reagents, the 
Me groups on the pThr residue were completely depro- 
tected using the second-step reagent containing DMS- 
TMSOTf (30:20 to 40:10, v/v) as additives (4 "C, 2 h + 
room temperature, 1 h)  (Figure 7). IS-MS analysis of 
partly deprotected pSer or pThr peptides indicated that  
the remaining methyl groups were located on the phos- 
phate groups, since the observed @-elimination fragment 
gave the same m l z  value as was found with the com- 
pletely deprotected peptides.32 

(30) Nomizu, M.; Inagaki, Y.; Yamashita, T.; Ohkubo, A.; Otaka, 
A.; Fujii, N.; Roller, P. P.; Yajima, H. Int. J.  Pept. Protein Res. 1991, 
37,145. Nomizu, M.; Inagaki, Y.; Iwamatsu, A,; Kashiwabara, T.; Ohta, 
H.; Morita, A.; Nishikori, K.; Otaka, A.; Fujii, N.; Roller, P. P. Int. J.  
Pept. Protein Res. 1991, 38, 580. 

(31) In the TMSOTf system, neither 7c nor 9c was detected on 
HPLC since one Me group on the Ser(OPOsMe2) and Tyr(OPOsMe2) 
residues was completely removed. The half-lives for the cleavage with 
the TMSOTf-thioanisole system of the first Me group on %(OPos- 
Mez) residues was reported to be 7 min in the literature.21 
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Figure 5. Ratio o f  components in crude deprotected peptide 
obtained by treatment of 4 with 1 M TMSOTf-thioanisole in 
TFA 14 "C, 1.5 hl  followed by addition of additives (DMS + 
TMSOTn with additional stirring for 1 h (A) and 3 h IR)  at 4 
"C. 

I#/ I,, , I,, IO 0 ' , ,  

DMS : TMSOTI 
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Figure 6. Ratio of components in crude deprotected peptide 
obtained by treatment o f 6  with 1 M TMSOTf-thioanisole in 
TFA (4 "C, 1.5 hl followed by addition of additives (DMS + 
TMSOTn with additional stirring for 1 h (AI and 3 h (91 a t  4 
"C. 

The HPLC analysis of crude peptides revealed no 
significant side reactions under the above deprotection 

1321Medzihradszky. D.: Chen. S. L.; Kenyon. G. I,.; Gibson. B. W. 
.I. Am. C / w m  SOP. 1994, 116. 9413. 

Otaka et al. 

DMS : TMSOTt E 8 a  8 b  E] 8 c  

0 50 '\\ \\\\ \,\I 0 

in 40 ,, \\\ ~: \: 
20 3n 

A 30 20 

3s I S  

B 30 20 

35 15 
7 , .  __ 40 10- " < . : 32 

50 n- "yc* I .. ........ 
-...-I 

. . . . . . . . . . . . .  
' ra ..- 

. . __._____I . .  _ _  -. .. -. .. -. . - . .  N 0 3 d d i l i w s ~  

I1 

Figure 7. Ratio of compuncnts in crude deprotected peptide 
ohtained by treatment o f 5  with 1 M TMSCYrI-thw:tniwlc ~n 
TFA 4 'C. 1.5 hi  fOllOwQd hy addition of additiw.; DMS - 
TllSOTn with additiunal sorring for 2 h at 4 .C ( A ,  and 2 h 
at 4 'C T 1 h at room temperature !B 

conditions. Furthermore, the addition of reagents at SOV 
volume of the first-step reagent was shown to be more 
effective than addition a t  2 5 9  volume (the best results 
were 7a:7b = 94:6 and DMSTMSOTf = 20:s. vlvr. These 
results indicate that the addition of composite additives 
with ratios(v/vl of3OtDMS .20(TMSOTfi to 40(DMSr10- 
(TMSOTf) to the 1 M TMSOTf-thioanisole in TFA 
system is critically important for removal of the Me 
groups on dimethyl-protected phosphoamino acids. Cen- 
erally, the addition of DMS is known to change the 
reaction mode of acid-catalyzed dealkylations from high- 
acidic ( S y l  or Syl/S\2 (which represents an  intermediate 
between SUI and Ss2)J to low-acidic t S s 2 ~  conditions." 
In this case, since we added DMS along with TMSOTf. 
we examined the acidity of the second-step deprotection. 
Using protected amino acids and protected amino acid- 
linked resins, the effectiveness of the second-step reagent 
mixture (1 M TMSOTf-thioanisole in TFA t100r. m- 
cresol (SJ, EDT (51  T DMS i30i-TMSOTf t2OJ ( V / V J J  for 
effecting the removal of the side chain proterting groups 
and the release of amino acids from the resins was 
examined (Table 11. 

These renults indicate that the serond-step reagent 
mixture operates at milder conditions than the first-step 
one. Judgmg from the S \2  deprotection data," the 
second-step deprotection reagent mixture may also oper- 
ate via a n  S,2 mechanism. I.'nder such Sy2 conditions, 
attack of a soft nucleophile such as DMS on the methyl 

t331Tam. J. P.; Heath. W. F.; Merrifield. R. R. J .  Am. C h e m  Soe. 
1986. 108. 5242. Tam, J. P.; Heath. W,. F.: Merrifield. R. R.  d.  Am. 
Chrm. Soc. 1983. fll.5, 6442. Tam, J. P.: Mcrrifield. R. H .  In Tire 
Prplides. Analysis. Synlhesis. Riologv: Meienhofer. J.. UdcnIyiend. S., 
Eds.; Academic Press: New York. 1987: Vol. 9. pp 1R5-24% Tam. J. 
P. In Maemmoleculor Sequencing and Syn/hesis. Sdertrd Mchod.~  end 
Applirotio,zs: Sehlrsinger, D. H.. Ed.: Alan R. Iiss, Ine.: Nrw York. 
1988; pp 353-184. 



Efficient Two-step Deprotection Methodology 

50 0- 

J.  Org. Chem., Vol. 60, No. 13, 1995 3971 

\\\\\\\\\\\\\\\y ** 

Figure 8. HPLC profiles of crude 7a (A), 8a (91, and Sa (C). (A and C): column, JcBondasphere 5uC1~-100 6, (3.9 x 150 mm); 
buffer A, 0.1% aqueous TFA; 9, MeCN (0.1% TFA); linear gradient, 0-30% B over 30 min; flow rate, 1.0 mWmin; detector, 220 
nm. (9): buffer A, 0.1% aqueous TFA; 9. MeCN (0.1% TFA); linear gradient, 10-40% B over 30 min; otherwise, the same conditions 
as in parts A and C 

Table 1. Examination of the Acidity of the Second-Step 
Reagent System” 

regeneration (%I of 
free amino acidsb 

30min 1 h 2 h  
Boe-ArdMtsl-OH 15.2 24.3 42.7 ~~~~ ~ ~~~ ~~~ 

Boc-Trif Mtsj-OH 23.8 36.8 60.2 
Boc-Lys(CIZ)-OH 84.4 91.2 95.9 
Boc-TyrfClrBzI)-OH 91.3 89.8 93.0 

Bae-Glu(OBzl)-Merrifield resin 24.1 34.6 48.9 
Boc-Asp(OBzl )-OH 100 100 100 

Bac-Leu-PAM resin 4.0 6.6 10.9 
1 M TMSOTf-thioanisole in TFA (loo), m-cresolf5). EDT (5) 

+ DMS (30)-TMSOTf(20) ( d v )  = TMSOTf(25) + thioanisole (7) 
+ DMS (19) + TFA (43) + m-cresol (3)  + EDT (3) (v/v). From 
the corresponding protected derivatives (4 “C). 

carbon in a (CHs0)2P0 moiety along with silylation on 
the 0 atom by a hard acid (TMSOM would facilitate 
removal of the Me Because SN2 reagent 
systems have insufficient acidity for the removal of some 
protecting groups and linkers employed in Boc methodol- 
ogy, this two-step deprotection protocol employing the 
Syl /Sy2 (high acidity)-S~2 (low acidity) combination is 
reasonable and crucial for deprotection and cleavage of 
dimethyl-protected phosphoamino acid-containing pep- 
tide resins prepared by Boc methodology. Of note is the 
fact that  this two-step deprotection can be conducted as 
a one-pot reaction. Since treatment of protected phos- 
phoamino acid derivatives with acid sometimes results 
in the loss of phosphate groups,” we examined the 
stability of the phosphate groups during the two-step 
deprotection. The amino acid derivatives 1-3 were 
treated with the above two-step reagent system. Aliquots 
from the reaction mixture were subjected to amino acid 
analysis to detect Ser, Thr, and Tyr resulting from the 
loss of phosphate groups. No loss of phosphate was 
encountered during the two-step deprotection. Using 
these optimized conditions, we obtained HPLC-purified 
phosphopeptides 7a, Ea, and Sa in 81,69, and 81% yields, 
respectively, based on the corresponding protected pep- 
tide resins (Figure 8). 

(34) Kim, Y.; Nakamura. S.; Ito, K, Ukawa, K.: Kitagawa, K: Akita. 
T.; Moritoki. H.  J. Chem. Soe.. Chem. Commun. 1979. 971. 
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Figure 9. Ratio of components in crude deprotected peptide 
obtained by treatment of 4 with 1 M TFMSA-thioanisole in 
TFA (4 “C, 1.5 h)  followed by addition of additives (DMS + 
TFMSA) with additional stirring for 1 h (A) and 3 h fBI at 4 
“C. 

Next, we examined the efficiency of other reagent 
systems for deprotection of the Me groups. We camed 
out the acidolytic deprotection of 4 using TFMSA in a 
manner similar to  that  described for the above TMSOTf- 
mediated deprotection. In this case, complete removal 
of the Me groups cannot be achieved (Figure 9). 

The “Low-TFMSA” (TFMSA-DMS-TFA-m-cresol(10 
3050:10, v/v)),”’ which was reported by Tam et al. to 
operate by an  SNZ mechanism, was successfully applied 
to  the deprotection of Tyr(OPOsMe2)-containing pep- 
tides.21.2’ However, application of this methodology to 
the deprotection of Ser(OPOsMe2)- and Thr(0PO:’Me2)- 
containing peptide resins has not been shown. Therefore, 
we attempted a two-step deprotection involving a Low- 
TFMSA procedure as the second-step treatment. For the 
first-step deprotection, a “High-TFMSA” system’:’ 
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(TFMSA-TFA-m-creso1(5:50: 10, v/v)) was utilized. We 
conducted this high-low method in one pot. The treat- 
ment of protected peptide resin 4 with High-TFMSA (4 
"C, 1.5 h) followed by the addition of DMS + TFMSA 
(Low-TFMSA, 4 "C, 3 h) gave crude peptide in a ratio of 
7a:7b:7c (56:41:3). From these results, we concluded 
that the two-step deprotection protocol involving treat- 
ment with 1 M TMSOTf-thioanisole in TFA, m-cresol, 
and EDT followed by the addition of additives (DMS: 
TMSOTf = 30:20 to 40:10, v/v) was the most preferable 
for deprotection of the dimethyl-protected phosphoamino 
acid-containing peptide resins examined so far. Among 
the acidic systems examined here, the deprotection 
system having combinations of TMSOTf (hard acid) and 
DMS or DMS + thioanisole (soft nucleophile) in the ratio 
described above most efficiently accelerated the removal 
of Me groups under the S N ~  or "push-pull" mechanism.34 

In order to verify the general applicability of the two- 
step deprotection protocol, we attempted the synthesis 
of H-Phe-Leu-pThr-Glu-pTyr-Val-Ala-Thr-Arg-Trp-Tyr- 
Arg-Ala-Pro-Glu-Ile-Met-Leu-Asn-NHZ (10, a partial se- 
quence of the M A P - k i n a ~ e ~ ~  1. Starting from MBHA 
resin,36 the protected peptide chain was elongated using 
standard Boc methodology. For side chain protection, the 
following protecting groups were utilized Bzl for Thr and 
Glu, ClzBzl for Tyr,37 Mts for Arg and Trp,38 and Me for 
pTyr and pThr. This peptide sequence contained not only 
two different phosphoamino acids but also Met and Trp, 
which are problematic when postassembly phosphoryla- 
tion procedures are being used. The treatment of the 
completed resin with 1 M TMSOTf-thioanisole in TFA, 
m-cresol, and EDT (4 "C, 1.5 h)  followed by the addition 
of DMS-TMSOTf (3515, v/v) with additional stirring for 
4 h a t  4 "C resulted in the release of the peptide from 
the resin with concomitant removal of all protecting 
groups, including Me groups on the pTyr and pThr 
residues. The analyses of crude deprotected peptide by 
HPLC and IS-MS showed that  no significant side reac- 
tions were encountered (Figure 10). 

After HPLC purification, the purified peptide was 
obtained in 24% yield based on the protected peptide 
resin. Purified peptide was characterized by amino acid 
analysis of the 6 N HC1-hydrolysate and by IS-MS. In 
order to determine the position of the phosphate groups, 
we subjected the purified peptide to enzymatic digestion 
using trypsin to obtain a phosphopeptide fragment (H- 
Trp-Tyr-Arg-OH, 1 la, H-Phe-Leu-Thr(OPO3H~)-Glu-Tyr- 
(OP03Hz)-Val-Ala-Thr-Arg-OH, llb, and H-Ala-Pro-Glu- 
Ile-Met-Leu-Asn-NHz, 1 IC). The phosphopeptide fragment 
llb was characterized by IS-MS/MS.39 These results 
indicated that the two-step deprotection protocol has wide 
applicability to the synthesis of phosphopeptides using 
multiple dimethyl-protected phosphoamino acids. 

In conclusion, the use of dimethyl-protected phospho- 
amino acid derivatives in conjunction with two-step 
deprotection protocols involving the combination of high- 
acidic and low-acidic deprotection provides a general and 

Otaka et al. 

(35) Payne, D. M.; Rossomando, A. J.; Martino, P.; Erickson, A. K; 
Her, J.-H.; Shabanowitz, J.; Hunt, D. F.; Weber, M. J.; Sturgill, T. W. 
EMBO J. 1991,10, 885. 

(36) Rivier, J.; Vale, W.; Burgus, R.; Ling, N.; Amoss, M.; Blackwell, 
R.; Guillemin, R. J. Med. Chem. 1973, 16, 545. 

(37) Erickson, B. W.; Merrifield, R. B. J. Am. Chem. Soc. 1973,95, 
3750. 
(38) Fujii, N.; Futaki, S.; Yasumura, K.; Yajima, H. Chem. Pharm. 

(39) Cam, S. A.; Hemling, M. E.; Bean, M. F.; Roberts, G. D. Anal. 
Bull. 1984, 32, 2660. 

Chem. 1991,63,2802. 
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Figure 10. HPLC profile of crude 10. An asterisk denotes 
the desired peptide: column, pBondasphere 5pC1~-100 A (3.9 
x 150 mm); buffer A, 0.1% aqueous TFA B, MeCN (0.1% TFA); 
linear gradient, 15-50% B over 30 min; flow rate, 1.0 m u  
min; detector, 220 nm. 

efficient procedure for the practical synthesis of phos- 
phopeptides. The methodology described here features 
the use of commercially available dimethylphosphono 
amino acid derivatives, which are compatible with stan- 
dard Boc-based solid-phase techniques, and one-pot 
deprotection with an  appropriately modified TMSOTf 
deprotection system. Furthermore, the second-step depro- 
tection operates via an  S N ~  mechanism with little ten- 
dency to induce side reactions which could result from 
harsh acid treatment. Using this methodology, we 
achieved the synthesis of the MAP-kinase peptide pos- 
sessing two phosphoamino acids as well as Met and Trp. 
Finally, the present methodology allows for the synthesis 
of phosphopeptides in a manner similar to that used for 
nonmodified peptides. 

Experimental Section 
General Procedure. HPLC separations were carried out 

using either a pBondasphere 5,u CIS-100 A analytical (3.9 x 
150 mm) or a Cosmosil ~CIS-AR preparative column (20 x 250 
mm). Eluting products were detected by UV at 220 nm. 
Solvent A was 0.1% TFA (v/v) in water, and solvent B was 
0.1% TFA in acetonitrile. A flow rate of 1 mumin was used 
for all analytical separations and a 7 mumin flow rate for 
preparative runs. In all cases, linear gradient programs were 
utilized. Ion spray and tandem mass spectra were obtained 
with a Sciex API Z U E  triple quadrupole mass spectrometer. 
In the triple quadrupole system, argon was used as the 
collision gas. Protected amino acids, Merrifield and PAM 
resin-coupled amino acids, MBHA resin, and other peptide 
synthesis chemicals were purchased from Peninsula Labora- 
tories, Inc., Peptide Institute, Inc. or Watanabe Chemical Inc. 
All the other chemicals were purchased from either Nakarai 
Tesque Inc. or Wako Pure Chemical Industries, Ltd. 

Synthesis of Protected Peptide Resins (4-6). Protected 
peptide resins were manually constructed using the Boc-based 
solid-phase method on appropriate Boc-amino acid resins (0.2 
mmol scale each, Boc-Glu(OBz1)-Merrifield resin (0.67 mmol 
Gldg) for 4 and 6, Boc-Leu-PAM resin (0.5 mmol of Ledg) for 
5). Boc deprotection was achieved using 50% TFA-2% anisole 
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in CH2Cl2 (1 x 1 min, 1 x 15 min). DIPEA (5%) in CHzCl2 (2 
x 1 min) was used for neutralization of the TFA salts. The 
Boc-protected amino acids (2.5-fold molar excess, 0.5 mmol) 
were sequentially condensed using DIPCDI (0.5 "01)-HOBt 
(0.5 mmol) in DMF. 

Treatment of 4,5, or 6 with the Two-step Deprotec- 
tion System. (a) TMSOTf System. To each protected resin 
(10 mg each of 4 (3.7 pmol), 5 (2.7 pmol), or 6 (3.7 pmol)) were 
added thioanisole (117 pL), m-cresol(50 pL), and EDT (50 pL). 
After stirring for 5 min at room temperature, each reaction 
mixture was cooled in an ice-chilled bath, and then precooled 
TFA (0.69 mL) and TMSOTf (194pL) were successively added. 
After stirring for 1.5 h at 4 "C, the reaction mixture was 
divided into several portions (110 pL each). To these divided 
reaction mixtures were successively added either DMS and 
TMSOTf (50:O to 050, v/v (50 pL) for 4-6 or  2 5 0  to 0:25, v/v 
(25 pL) for 4) at 4 "C or no additives. In the case of 4 and 6, 
the reactions were carried out at 4 "C, and aliquots (60 pL 
each) were withdrawn at specified intervals (1 and 3 h). To 
each reaction mixture aliquot was added ether (1 mL) to afford 
a powder. The resulting powders were washed with ether 
(three times) and dissolved in HzO (500 pL). After filtration, 
the crude peptide-containing solutions were subjected to HPLC 
analysis using analytical HPLC (B, 0 - 30% over 30 min for 
4 and 6; B, 10 - 40% over 30 min for 5). Each component, 
corresponding to 7a,b and 9a,b obtained by analytical HPLC 
purification, was identified using IS-MS analysis. The ratios 
of components were determined by comparison of peak areas. 
In all cases, no significant side reactions were observed which 
could prevent the comparison of the peak areas. In the case 
of 5, reactions were carried out a t  4 "C for 2 h and allowed to 
proceed at room temperature for 1 h. Aliquots (60 pL each) 
were withdrawn from the reaction mixtures at specified 
intervals (2 and 3 h). A workup similar to that previously 
described was utilized to determine the ratio of components 
(8a-8c) in the crude peptides and to characterize the products. 
IS-MS (reconstructed): m / z  966.24 (966.99 calcd for 
C36H67N14015P (Tal), 868.98 (868.70 calcd for C36He4N14011 
(7a-H3P04)), 980.24 (981.02 calcd for C37H.~gN14015P (7b)), 
868.98 (868.70 calcd for C36H~N14011(7b--HzP04Me)), 1134.74 
(1135.33 calcd for C4&1N18013P (8a)), 1037.0 (1037.33 calcd 
for C46H~~N1809 (8a-H3P04)), 1148.24 (1149.35 calcd for 
C47H93N18013P (8b)), 1036.24 (1037.33 calcd for C ~ ~ H S ~ N ~ ~ O S  
(8b-H2P04Me)), 1162.49 (1163.38 calcd for C48H95N18013P 
(8c)), 1036.49 (1037.33 calcd for C46H88N1809 (BC-HPO~M~~)), 
1127.24 (1128.06 calcd for C&H&11021P (gal), 1141.24 (1142.09 
calcd for C46H68N11021P (9b)). 

(b) TFMSA System. The two-step deprotection of 4 with 
the TFMSA system was conducted in a manner similar to that 
previously described for the TMSOTf system. The protected 
peptide resin 4 (10 mg, 3.7 pmol) was treated with 1 M 
TFMSA-thioanisole in TFA (1 mL) in the presence of m-cresol 
(50 pL) and EDT (50 pL) at 4 "C for 1.5 h. After the mixture 
was divided into several portions (110 pL), additional treat- 
ment (4 "C, 3 h) with or without DMS-TFMSA (50 pL, 50:O 
to 050, v/v) afforded the crude deprotected peptides. The ratio 
of components was determined as already described. IS-MS 
(reconstructed): m / z  996.24 (995.05 calcd for C38H71N14015P 
(7c)), 868.98 (868.70 calcd for C36H64N14011 (7c-HPOdMez)). 

(c) High-TFMSA + Low-TFMSA. Protected peptide resin 
4 (1.5 mg, 0.55 pmol) was initially treated with High-TFMSA 
(130 pL, TFMSA:TFA:m-cresol = 5:50:10, v/v) for 1.5 h at 4 
"C. Subsequently, DMS (60 pL) and TFMSA (10 pL) were 
added to the reaction mixture to change the reaction mode 
from High-TFMSA to  Low-TFMSA, and the reaction was 
continued for 3 h at 4 "C. A procedure identical to that already 
described was utilized to obtained the crude peptides and to 
determine the ratio of products. 

Examination of Acidity of the Second-Step Reagent. 
A mixture of Boc-Arg(Mts)-OH (10.0 pmol), Boc-Lys(C1Z)-OH 
(10.2 pmol), Boc-Trp(Mts)-OH (9.9 pmol), Boc-Tyr(ClzBzl)-OH 
(8.4 pmol), Boc-Asp(OBz1)-OH (12.1 pmol), Boc-Glu(OBz1)- 
Merrifield resin (9.5 pmol), Boc-Leu-PAM resin (9.2 pmol), and 
H-Ala-OH (8.2 pmol, internal standard) was treated with the 
second-step reagent mixture (1 M TMSOTf-thioanisole in TFA 
(2 mL), m-cresol(100 pL), and EDT (100 pL) + DMS-TMSOTf 
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(1 mL, 30:20, v/v)) at 4 "C. At specified intervals (30 min, 1 
h, 2 h), aliquots (30 pL) were sampled and diluted with H2O 
(1 mL). The amount of each amino acid in solution (50 pL) 
was quantified using an amino acid analyzer. 

Stability of Phosphate Groups during the Two-step 
Deprotection. The protected phosphoamino acids 1-3 (15 
pmol each) were treated with 1 M TMSOTf-thioanisole in TFA 
(1 mL), m-cresol (50 pL), and EDT (50 pL) for 1.5 h at 4 "C. 
Following the addition of DMS-TMSOTf (0.5 mL, 30:20, v/v) 
with additional stirring for 3 h at 4 "C, aliquots (20 pL) were 
sampled and diluted with H2O (1 mL). The amounts of Ser, 
Thr, and Tyr resulting from the loss of phosphate groups was 
quantified using an amino acid analyzer. The results of these 
studies indicated that no detectable Ser, Thr, or Tyr was 
present. 

Synthesis of H-Arg-ArgVal-Ser(OPOsH&Val-Ala-Ala- 
Glu-OH (7a). The protected peptide resin 4 (20 mg, 7.4 pmol) 
was treated with 1 M TMSOTf-thioanisole in TFA (1 mL), 
m-cresol(50 pL), and EDT (50 pL) at 4 "C. After 1.5 h, DMS 
(300 pL) and TMSOTf (200 pL) were successively added to  the 
reaction mixture, and the reaction was continued for 2 h at  4 
"C. After removal of the resin by filtration, ether (12 mL) was 
added to the filtrate to precipitate the crude product. The 
precipitate was collected by centrifugation and washed with 
ether (12 mL, three times) to  remove scavengers. HPLC 
purification (linear gradient of B: 11-15% over 30 min) of the 
crude peptide gave the pure 7a as a white powder with a yield 
of 7.8 mg (81% based on the protected peptide resin 4). Amino 
acid ratios after 6 N HCl-0.1% phenol hydrolysis (values in 
parentheses are theoretical) were as follows: Ser, 0.82 (1); Glu, 
1.02 (1); Ala, 2.0 (2); Val, 2.06 (2); and Arg, 2.19 (2). IS-MS/ 
MS analysis was utilized for further characterization of the 
synthetic peptide. The fragment ion nomenclature as previ- 
ously reported3s was utilized. Positive-ion mode: 966.8 (M + 
H), 887.2 (M + H - HP03), 869.2 (M + H - H3P04), 156.8 
(bl), 313.2 (bz), 412.0 (b3), 579.6 (b4), 678.2 (b5), 384.4 (as), 551.4 
(841, 219.0 (YZ), 290.6 ( ~ 3 ) .  

Synthesis of H-Lys-ArgThr(OPOsH&Leu-Arg-Arg 
Leu-Leu-OH (8a). The protected peptide resin 5 (31 mg, 8.3 
pmol) was treated with 1 M TMSOTf-thioanisole in TFA (2.5 
mL), m-cresol (125 pL), and EDT (125 pL) at 4 "C for 1.5 h, 
followed by the addition of DMS (0.75 mL) and TMSOTf (0.5 
mL). After additional stirring for 3 h at 4 "C followed by 1 h 
at room temperature, a work up similar to that previously 
mentioned was utilized to obtain the crude peptide. HPLC 
purification (linear gradient of B: 20-24% over 30 min) of the 
crude peptide gave pure 8a as a white powder with a yield of 
9.7 mg (69% based on the protected peptide resin 5). The 
amino acid ratios after 6 N HCl-0.1% phenol hydrolysis 
(values in parentheses are theoretical) were as follows: Thr, 
0.53 (1); Leu, 3.00 (3); Lys, 0.92 (1); Arg, 2.82 (3). IS-MS/MS 
analysis (positive-ion mode): 1136.0 (M + H), 1056.0 (M + H 

(b3), 735.4 (b5), 401.4 ( ~ 3 ) ~  557.2 ( ~ 4 1 ,  670.4 ( ~ 5 ) .  
Synthesis of H-Thr-Glu-Pro-Gln-T(OPOsHz)-Gln-Pro- 

Gly-Glu-OH (9a). The protected peptide resin 6 (29 mg, 11 
pmol) was treated with 1 M TMSOTf-thioanisole in TFA (2.0 
mL), m-cresol (100 pL), and EDT (100 pL) at 4 "C for 1.5 h, 
followed by the addition of DMS (0.6 mL) and TMSOTf (0.4 
mL) with additional stirring for 2 h at 4 "C. A workup similar 
to that already mentioned was utilized to  obtain the crude 
peptide. HPLC purification (linear gradient of B: 5 1 5 %  over 
30 min) of the crude peptide gave pure 9a as a white powder 
with a yield of 10.9 mg (81% based on the protected peptide 
resin 6). Amino acid ratios after 6 N HCl-O.l% phenol 
hydrolysis (values in parentheses are theoretical) were as 
follows: Thr, 0.93 (1); Glu, 4.21 (4); Pro, 1.85 (2); Gly, 1.00 
(1); Tyr, 0.95 (1). IS-MS/MS analysis (positive-ion mode): 

- HP03), 1037.8 (M + H - &Pod), 129.2 (bi), 285.2 (bz), 466.0 

1128.2 (M + H), 231.0 (bz), 328.2 (b31, 456.2 (b4), 699.0 (b5), 
827.2 (be), 302.0 ( ~ 3 1 ,  430.2 (y4), 673.0 (y5), 898.4 (y7). 

Synthesis of H-Phe-Leu-Thr(OPOsH2)-Glu-Tyr(OPOsH2)- 
Val-Ala-Thr-Arg-Trp-Tyr-Arg-Ala-Pro-Glu-Ile-Met-Leu- 
Asn-NHz (10). A protected peptide resin corresponding to the 
MAP-kinase peptide 10 was prepared by standard Boc-based 
solid-phase techniques on MBHA resin (0.05 mmol, NHz 0.24 
mmol/g) as previously described. The completed resin (32 mg, 
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4.1 pmol) was treated with 1 M TMSOTf-thioanisole in TFA 
(2.0 mL), m-cresol(lO0 pL), and EDT (100 pL) at 4 "C for 1.5 
h, followed by the addition of DMS (0.7 mL) and TMSOTf(0.3 
mL) with additional stirring for 4 h at 4 "C. A workup similar 
to that already mentioned was utilized to obtain the crude 
peptide. HPLC purification (linear gradient of B: 30-40% 
over 30 min) of the crude product gave the pure peptide 10 as 
a white powder with a yield of 2.8 mg (24% based on the 
protected peptide resin). IS-MS (reconstructed): m / z  2531.98 
(2532.75 calcd for ClllH16~N28034SPz (10)). h i n o  acid ratios 
after 6 N HCl-O.l% phenol hydrolysis (values in parentheses 
are theoretical) were as follows: Asp, 1.05 (1); Thr, 1.60 (2); 
Glu, 2.10 (2); Pro, 1.00 (1); Ala, 2.00 (2); Val, 0.98 (1); Met, 
0.98 (1); Leu, 2.07 (2); Ile, 1.00 (1); Phe, 1.02 (1); Tyr, 2.07 (2); 
Trp, ND (1); Arg, 2.00 (2). The position of the phosphate 
groups in 10 was determined from IS-MS/MS measurement 
of the phosphopeptide fragment derived from the tryptic digest 
of the intact peptide. An HPLC-purified peptide 10 (300 pg) 
was digested with trypsin for 20 h at 37 "C using an enzyme- 
to-substrate ratio of 1 : l O O  (w/w) in 600 pL of 0.2 M AcONH4 
(pH 8.4). The digest was separated using an analytical HPLC 
(linear gradient of B: 0-30% over 30 min), followed by 
characterization of each peptide fragment using IS-MS mea- 
surement. IS-MS (reconstructed): m / z  522.99 (523.60 calcd 
for C26H3&05 (Ila, retention time 25.3 min)), 1259.48 
(1259.22 calcd for C57H80N120z1P2 (l lb,  retention time 28.8 
min)), 785.24 (785.96 calcd for C34H59N9010S (l lc,  retention 
time 29.2 min)). Phosphopeptide fragment l lb  was further 
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characterized using IS-MSiMS. Characteristic fragment ions 
are from MSiMS analysis of l lb.  Positive-ion mode: 629.8 
(M + 2H), 261.0 (bz), 442.2 (b3), 175.0 (yi), 276.4 (yz), 347.2 
(Yd, 446.2 (y4), 689.0 ( Y d ,  818.2 (Y6), 999.2 (y7). 

Abbreviations. All amino acids are of the L-configuration. 
TMSOTf = trimethylsilyl trifluoromethanesulfonate, TFMSA 
= trifluoromethanesulfonic acid, TFA = trifluoroacetic acid, 
DMS = dimethyl sulfide, EDT = 1,2-ethanedithiol, DMF = 
N,N-dimethylformamide, IS-MS = ion-spray mass spectrom- 
etry, MS/MS = tandem mass spectrometry, Mts = mesitylene- 
2-sulfonyl, Tos = p-toluenesulfonyl, C1Z = 2-chlorobenzylox- 
ycarbonyl, ClzBzl = 2,6-dichlorobenzyl, BrZ = 2-bromo- 
benzyloxycarbonyl, MBzl = p-methoxybenzyl, cHex = cyclo- 
hexyl, PAM = 4-(oxymethyl)phenylacetamidomethyl, MBHA 
= 4-methylbenzhydrylamine, DIPCDI = N,N-diisopropylcar- 
bodiimide, HOBt = 1-hydroxybenzotriazole, DIPEA = N,N- 
diisopropylethylamine, NF-AT = nuclear factor of activated 
T cells, and MAP = mitogen-activated protein. 

Supporting Information Available: HPLC charts of the 
progress of the deprotection reactions (9 pages). This material 
is contained in libraries on microfiche, immediately follows this 
article in the microfilm version of the journal, and can be 
ordered from the ACS; see any current masthead page for 
ordering information. 
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