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Abstract 

Study of the selectivity of s-l’-subsite of alcalase catalyzed reaction in t-butanol shows that the rate of product 

formation depends on the size of the nucleophiles. D- and L-amino acids as nucleophile form the product with the 

same reaction rate. Interpretation of this selectivity by molecular modeling using crystal structure of subtilisin 

Carl&erg complexed with it’s substrate gives clear evidence. 

Recently, the search for proteases that are stable in organic solvents for peptide synthesis has been the 

subject of extensive investigation.’ Several studies have demonstrated that it is possible to use proteases to 

catalyse peptide synthesis in organic solvents.* ln a previous study, we have found that the alcalase is very active 

and stable in anhydrous alcoholic solvents and usable as a catalyst in a kinetically controlled peptide bond 

formations. Here we report the s-l’ subsite selectivity of alcalase catalyzed peptide bond formation in anhydrous 

t-butanol using a kinetically controlled approach. Knowledge of the s’-subsite selectivity of alcalase is necessary 

for planning its use as a biocatalyst in peptide synthesis. 

Alcalase is a proteolytic enzyme prepared from the submerged formation of a selective strain of Bucillus 

licknifirmk4 The major enzyme component of alcalase is the serine protease subtilisin carlsberg (alkaline 

protease A), which is widely used as an additive in detergents as a digesting enzyme. Alcalase has high protease 

activity and is inexpensive.’ Kinetically controlled peptide synthesis catalyzed by serine or cysteine protease is 

widely used, since short reaction times and low enxyme concentrations are requM6 Scheme 1 shows a typical 

reaction path for this approach. The initiahy formed acyl-enxyme inuzmediate [R-C(=O)-Ez] can be deacylated by 

water or by an amine nucleophile [NH&“]. lf the reaction takes place under anhydrous conditions, hydrolysis 

will not occur. The effiiiency of various nucleophiles in the deacylation of acyl enzymes reflects the s-l’ subsite 

selectivity of the alcalase in anhydrous t-butanol. A series of amino acid derivatives and peptides were used as 

nucleophiles to study the effkkncy of peptide bond formation. The X-ray crystah structum of subtilisin Carl&erg 

was used to interprete the selectivity of the alcalase catalysed reaction by fitting the substrates, which have D- or 

L-amino acid residue at the p-l’ position, into the 3-D structure of the enzyme’s active site using the computer 

program Insightll on a Silicon Graphic work station. The volume of the s-l’subsite of subtilisin Carl&erg was 

measured by InsightII using “Dktance Measure”. 
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Scheme 1 

Results and discussion. 

Enzyme kinetics measured in anhydrous t-butanol are very rare. We used Cbz-Phe-GCP (GCP: p- 

chlorophenol ester ) as an acyl-donor’ and amides of various amino acids or peptides which have different 

side-chains as a nucleophile. In a typical reaction, to one equivalent of Cbz-Phe-GCP and three equivalents of 

nucleophile in t-butanol was added alcalase (pm-washed with t-butanol for three times; see experimental part) to 

start the reaction. The time course was monitored by hplc, and the initial reaction rate was determined from 

time-dependent plots of the increasing 

concentration of the product. Figure 1 shows 

the time course of Cbz-Phe-Gly-NY, Cbz- 

Phe-Gly-Gly-w, Cbz-Phe-Leu-m, Cbz- 

Phe-Phe-NH,, and Cbz-Phe-D-Phe-N&. 

The smallest amino acid, Gly, formed the 

product more rapidly than dipeptide the Gly- 

Gly did. The amino acids which have bulk 

side-chains such as Phe, and Leu formed the 

products slower than did Gly and Gly-Gly. 

Studying the enantiomeric selectivity of the 

nucleophile, using L-Phe-NH, and D-Phe- 

NH, as substrates, respectively, both 

nucleopliles deacylation of the acyl-enzyme 

to fotm the products, Cbz-L-Phe-L-Phe-NH, 

and Cbz-L-Phe-D-Phe-w, at the same rate. 
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Figure 1. Time course for alcalase catalyzed peptide 
bond formation in t-butanol. 

The s-l’ subsite of alcalase could accept both D- and L form amino acid residues as a nucleopiles. 

Several crystab structures of the alkaline protease and of the enzymes complexed with inhibitors have been 

determined in high resolution.* This forms a good basic modeling of different enzyme-substrate intermediates. 

Figure 2 shows the stereo-view of the 3-D structure of the enzyme-substrate complex. 9 The substrate Ro-Phe-Ala 

was situated in the corresponding subsites (s-2, s-l, s-l’). The s-l’ subsite were surrounded by the amino acids 

of Thr-220, Gly-219, Asn-218, Leu-217 and His-64, with the Thr-220, and Gly-219 at the bottom of the s-l’ 

subsite, and the Asn-218 and Leu-217 on the lower-left side. L-Ala was put in the s-l’ subsite. Figure 3 shows 

the top-view of the s-l’ subsite; the substrate in the s-l’ subsite was deleted. Figure 4 shows the side-view of the 
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s-l subsite rotated 90” in y-axis of.the top view. The volume of the s-l’ subsite is denoted by the array (in Fig-3 

and Fig-Q.). D- or Gnucleophiles could 6ee.l~ attack the Acyl-enzyme intermediate. 

In a representive preparative scale reaction, alcalase (2 ttL. 5.0 AU, prewashed with 10 mL of t-butanol 

for three tunes), acyl-donor (10 mmol), nucleophile (30 mmol), and t-butanol(30 mL) were stirred at 35°C until 

all the acyl-donors had been consumed (hplc, see table 1). To the reaction mixture was added ethyl acetate (250 

mL), and the resulting mixture was washed with 0.1 A4 HCI (3x30 mL). 0.5 M NaHCO, (3x30 mL), and then 

water (3x30 mL). The organic solution was concentrated, and ether was added to it to precipitate the crude 

product. It was mcrystalked with ethyl acetate/hexane (3:l) to give pure product. Amino acid amides and peptide 

amides, which have different side chains, were used as nucleophiles and matted. For preparation of poly-amino 

acids and poly-oligopeptides, esters of N-terminal-free amino acid or peptides were used as substrates and the 

same procedure was followed. The results are summarkd in table 1. ‘Ihe physical properties of the products were 

confirmed by NMR, amino acid analysis of peptide hydrolysate, Fab mass and its physical properties. 

The entire preparative scale reaction was completed withii 2 hours, and the yields ranged from 100% to 

64%. The shorter the reaction was, the higher was the yield. In synthesis of N-terminal-free poly-amino acids or 

poly-oliiopeptide, the products were precipitated in the reaction solution during chain-elongation. Using Cbz-Ser- 

OBzl as the substrate, the hydroxy-group of serine could react as a nucleophile; thus the reaction was 

transester5cation.‘” Polyethyleneglycol-mod&d papain has been used in polymerization of amino acids in low 

water organic solvents.” Using alcalase the modification procedure is not necessary. Several of the peptides 

prepared are biologicaily active. For example, (Ala-Ala-ThrJ is a antifkexe peptide of fish,’ a AspD-Ala-OR” is a 

novel sweetner, ’ 3 and (Glu),, is a liquid crystalline materM” The subtilisin pmtease has very broad specificity at 

its s-l subsite. Both D- and L peptides and amino acids are accepted as nucleophiles at the s-l’ subsite. perhaps 

many biologically active peptide derivatives, particularly those containing unusual amino acids, can be made using 

this enxymatic method. The use of alkaline pmteases to catalyxe peptide bond formation in anhydmus solvents has 

been limited. This new enzymatic process has several advantages: 1) the high turnover rate and low cost of the 

enzyme make enzyme immobilixation unnecessary; 2) the enzyme is stable in alcoholic solvent, thus allowing 

operation at high substrate concentration; and 3) the reaction is highly selective for ester hydrolysis, and the 

peptidebondsremainintact. 

Experimental Section 

Q Al&We 25L (1.0 mL) and anhydKW t-butan01(10 mL) were 

addcdtoacentrifugetube(20mL),andthemixturewasagitatedonasuper-mixa~lOminutes.ThePesulting 

mixture was centrifuged (3fMlO rpm) for 15 minutes to spin down the enzyme, and the supernatant was decanted. 

t-Butanol(l0mL)wasaddedagain,and thesameprocedurewasmpeatedthreethnesuntilthewaterwas 

removed completely. 

lnt-buQBQl.CbzPheR-~asane&@n& _ _ 

Cbz-Phe-OCP (10 mmol, 4.1og), D-Leu-NH, (30 mmol, 3.!JOg), and alcalase 2.5L (2.0 mL, prewashed 

with t-butanol three times) were added to anhydrous t-butanol (SO mL). The mixture was shaken at 35°C for 2 

hours. Small samples were taken in known time intervals and analyzed by hplc to measure the concentration of 
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product formation. After the substrate was consumed, the resuking mixture was then diluted with ethyl acetate 

(300 mL) and washed with OSN NaHCO,, 5% cjtric acid, and water. After the organic solvent was evaporated 

under reduced pressure, Cbz-Phe-D-Leu-NH, was obtained (3.58g, 87%): mp 159-16o”C, [a~], = +19.30, (c 1 

M&@. 
. 

sN=is of Dcw#swJ w i&.(poly ~~~n~~~ as example). 

To a mixture of t-butanol(2U n-k) containing Glu(‘Bzl)-Bzl.HCl(5 rnrnol, 1.82g)Jtiethyfamine (5 nunol, 

0.71 mL), was added alcalase 2.X Il.0 tnL, prewashed with t-butanol for three times). The mixture was shaken 

at 35°C. The reaction solution became gradually turbii and the product precipitate after 30 min. Until the substrate 

was consumed (1.5 h), the resulting solution was centrifuged and the precipitated washed with 0.5 M sodium 

bicarbonate (3 x 50 n&j and with distilled water (3x 20 mL). The precipitate was dried under vacuum, and the 

{Glu-Bzl),-BzI was obtained as a white mnorphous solid (1.54g, 64%). The product was further characterized by 

FAB Mass- 

Table 1. Alcalase catalyzed synthesis of peptides and polyamino acids. 

acyl donor nucleophile prodIt& rwctionthne yield 

ml % “C c 1,MeGH 

CBz-phe-CC?+ GlY-MI, Cbz-Phe-Gly-NH, (u 1 100 127-128 -3.53 
1, 

II 

I, 

t, 

It 

II 

II 

Cbz-Asp@zl)-Bzl 

Ala-Ala-Thr-Bzl 

Glu@zl)-Bzi 

Gly-Gly-NH2 Cbz-Phe-G#y-Gly-NH@ 1.5 96 

Leu-NH, Cbz-Phe-Lcu-NH,Q,) 1 100 

D-L.eu-MH, Cbz-Phe-D-Leu-NH,(P) 1.5 87 

Phe+E& Cbz-Fhc-Phe-NHz w 1 79 

D-Phe-NH, Cbz-Phe-D-Phe-NH,&,) 2 8 f. 
Gly-Leu-NH, Cbz-Phe-Gly-Leu-Na 1 59 

Gly-Phe-NH2 Cbz-Phe-Gly-Fhe-N(jjj 1 57 

D-Ala-cW Cbz-Asp(Bzl)-D-Ala-GI?r”@,I 2 67 

Ala-Ala-Thr-Bzl (Ala-Ala--Ihi-)“-Bz,ln=4-6 UQ) 1.5 68” 

Glu@zf)-3r.l [Glu(Btij],-Bti n=6- 1Oa 1.5 64’ 

187-188 

186-187 

159-160 

225-227 

202-204 

196-198 

193-195 

92-93 
- 

-3.33 

-20.95 

+19*30 

-8.46 

+8,57 

-13.48 

J-1.74 

+1.69 

Cbz-Ser-BZT Cbz-Ser-Bzl poty(zSer ester) n=5-8 u2f 1.5 78 - 

a: No acyIation-pmduct was found under #he reaclion lxmdition without the addition of ale_ 

+: GCP =p-chlorophenol. “: yield was calculated using the bighest MW peptides as basis. 
‘H-mm @Mso_ad of products faQJJ, 6, X69-3.05 (m ZIWQ, 3.62-3.66 (m 2H), 4.2G4.26 (m lH), 4.92 (s 2H). 7.09 (s 2H), 
7.17-7.31 (m IOrr). 7.55-7.57 Cd IHI, 8.22 (t W; Lzt. 6,270-3.07 (m 2HL X62-3.64 (m 2H), 3.74-3.76 (m 2H& 4.22-4.30 (m 
IH), 4.98 (s 2H). 7-W (s 2w), 7.17-7.35 (m IOH), 7.56-7.59 (d lH), 8.00 (t 1H). 8.35 (t IN): m. 6,0.82-0.84 (d 3H), 0.86-0.88 (d 
3Hh 1.43-1.47 tm 2H), 1.54-1.61 (m 1HL 2.68-3.03 (m ZH), 4.20-4.25 (m 2H), 4.93 (s 2H), 6.97 (s 2H) 7.18-7.31 (m KM), 
7.47-7.50 (d W, 7.94-7.9’7 (d 1H); i,& &0.71-0.74 (d 3I-i’). 0.77-0.80 (d 3H), 1.20-1.31 (m IH), 1.31-1.38 (m 2H), 2-69.2,% (m 
2w), 4.08-4.36 (m 2H), 4.94 (s 2HJ 7.00 (s 2H), 7.19-7.41 (m iOH), 7.54-7.58 (d lH), 8,12-8-16 (d IH): &,6,2.63-3.04 (m 4H), 
4.18-4.26 (m IHI, 4.42-4.51 (m lw), 4.92 (s 2H), 7.09 (s 2H), 7.18-7.37 (m 15H), 7-45-7.48 (d lH), 7.99-8.02 (d IS); a S, 
2.64-2.80 (m w), 2.97-3.07 (m 2Hh 4.16-4.29 (m 1Hk 4.43-4.58 (m lw), 4.90 (s 2H). 7.13-7.33 (m 15H). 7.37-7.41 (d lH), 
828-8.32 (d 1Hik;531, 6,0.81-0.83 (d 3W, 0.85-0.87 (d 3H). 1.43-1.48 (m 2H), 1.51-1.59 (m 1H). 2.70-3.05 (m 2H), 3.39-3.48 (m 
lH), 3.64-3.83 <m 2H’h 4.184.25 (m IHI, 4.93 (s 2Hh 7.00 (s ZH), 7.17-7.35 (m LOIS), 7S-7.59 (d lH), 7.77-7.80 (d lH), 
8.26-8.30 ft 1W f&L S, 2.67-3.05 (m w), 3.55-3.81 (m 2HL 4.18-4.27 hn lH), 4.38-4.47 (m lH), 4.92 (s 2H), 7.10 @2HJ, 
7.14-7.31 C l5II), 7.54-7.57 (d tH). 823-8.24 (t 1H); Lkl S, 0.91 (t ?Ei), 1.34 fd 3H), f.57-1.68 (m 2H& 2.70 (dd IH), 2.88 @I 
lw), 3.76 is 3@, 3.994.08 (m 2H). 4.35 (q lHj, 4.58 (q Hi), 5.00 (s 2Hj, 5.08 (s 2H), 6.86 Cd 2Hf, 7.25-7-33 fm 7H). Fab Mass of 
psodwts for: LLQt, Mw+‘= 1657.3 w MwQ298.7, m Mw11989.7. 
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Figure 2. The X-ray crystal structure of subtilisin Carl&erg was modeled on a Silicon Graphic work station using 

the computer program Insight II. The model of the substrate, Pro-Phe-Ala, was built using standard bond lengths 

and bond angles and was fitted into the active site to make the three amino acid residues of the substrate 

inargulated in the subsites of s-2, s-l, and s-l’ of subtilisin Carlsberg. The nucleophile of oxygen atom of the 

Ser-221 was labelled with yellow color. The amino acids that aruound the S-l’ subsite, was labelled with white 

ribbon on backbond. 

Figure 3. Top view of the s- 1’ subsite Figure 4. Side-view of the s-l’ subsite of 

of subtilisin Carlsberg. s~btilisin Carlsberg that rotated 90” 

in y-axis from the top view. 
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