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Inclusion Volume Solid-phase Synthesis 
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Abstract: Solid-phase synthesis of peptides was carried out using only the volume of the solvent included in the 
swollen solid-phase resin beads [inclusion volume synthesis). This approach enables (i) the use of higher 
concentrations of activated amino acids, resulting in increased coupling rates, (ii) drastically decreased 
consumption of solvents, and (iii) the construction of multiple peptide synthesizers having virtually no reaction 
vessels. 
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INTRODUCTION 

The success and potential of solid-phase synthesis 
111 relies upon the immobilization of the initial 
reactive component to an insoluble polymeric carrier, 
which enables all excess reactants to be removed by 
simple wash procedures. The excess of later incom- 
ing reactants is crucial in solid-phase synthesis in 
order to achieve high (i.e. > 99%) coupling yields, 
since, in contrast to solution synthesis, no purifica- 
tion of intermediates is involved in the solid-phase 
methods. The concentration of reactants, however, is 
more important for high reaction rates than is the 
molar excess. Therefore, it is rational to work with as 
little volume as possible with of as highly concen- 
trated solutions as possible in order to achieve the 
highest coupling rates with as little activated incom- 
ing reagent as possible. This concept has been 
utilized for the peptide synthesis using cotton as the 
solid support [2]. The use of only the volumes equal to 
the inclusion volume of the cotton carrier is possible 
for all steps of the synthesis (i.e. coupling, wash and 
deprotection). An important prerequisite for success- 
ful inclusion volume synthesis (WS) is an efficient 
means of liquid removal, since, if one solution is not 
removed from the solid support, the support cannot 
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be soaked with the next incoming solution. I t  has 
been shown that DMF, a solvent commonly used for 
Fmoc-based peptide synthesis, can be efficiently (up 
to 96Oh) removed from the cotton carrier by centrifu- 
gation, thus enabling the construction of a new type 
of automated multiple peptide synthesizer [3, 41, in 
which the solid support seves not only as the solid 
support, but also as the reaction vessel itself. Another 
efficient means of solvent removal after the last wash 
prior to the deprotection or coupling is evaporation, 
which can be expedited by vacuum and/or elevated 
temperature. The inclusion volume concept of solid- 
phase peptide synthesis has also been partially 
utilized (i.e. for the coupling step) in another arrange- 
ment of peptide synthesis on cellulose-based carriers, 
termed ‘spot synthesis’ 151. 

In the current study, we have used the inclusion 
volume method in combination with a traditional 
resin-type solid support, thus extending the applic- 
ability of this method to the most commonly used 
types of solid support. The results of the IVS are 
compared with the synthesis results of standard 
manual and automated solid-phase peptide synth- 
esis. 

MATERIALS AND METHODS 

General 
Fmoc-amino acids (Fmoc-AA) (side-chain protection: 
tBu for Asp, Glu, Ser, Thr, Tyr; Trt for His, Asn; Boc 
for Lys; Pmc for Arg) were obtained from Bachem 
California (Torrance, CAI or from Advanced Chem- 
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Tech (Louisville, KY). N-hydroxybenzotriazole (HOBt), 
spectroscopic grade dimethylformamide (DMF), di- 
methylacetamide (DMA) , diisopropylethylamine 
(DIEA), trifluoroacetic acid (’IFA) and piperidine were 
purchased from Aldrich (Milwaukee, WI), and Fmoc- 
2,4 - dimethoxy -4’- (carboxymethy1oxy)-benzhydryla- 
mine from Bachem Bioscience, Inc. (Philadelphia, 
PA). 2-(1H-benzotriazol-l-yl)-l, 1,3,3-tetramethylur- 
onium hexafluorophosphate (HBTU) was obtained 
from Advanced ChemTech (Louisville, KY). TentaGel 
resin was from Rapp Polyrnere Wbingen, Germany), 
dilsopropylcarbodiimide (DIC) from Chem-Impex 
(Wood Dale, IL) and triisobutylsilane from Fluka 
(Ronkonkoma, NJ).  All chemicals were used as 
received. Standard techniques of solid-phase synth- 
esis were employed (for a review see 161. 

Matrix-assisted laser desorption ionization was 
used for the generation of mass spectra on a MALDI 
instrument from Kratos Analytical (Ramsey, NJ). 
HPLC chromatograms were obtained using a System 
Gold instrument from Beckman (Fullerton, CA). 

Manual ‘Tea Bag’ Synthesis 

TentaGel resin (0.3 mmol/g, 90 Fm) was contained in 
polypropylene mesh bags (100 mg resin per bag) 171. 
The synthesis was carried out by vigorously shaking 
the resin-filled bags in the respective coupling, wash 
and deprotection solutions. The following protocol 
was used: 

1. 

2. 
3. 
4. 
5. 

6. 
7. 

Coupling (0.1 M Fmoc-AA/DIC/HOBt, 1.5 ml/bag 
(60 min 
Wash (DMF, 3 ml/bag) 3 x 1 min 
Re-coupling (see 1) 
Wash (DMF, 3 ml/bag) 5 x 1 min 
Deprotection (20% piperidine/DMF, 3 &/bag) 
5+ 15 min 
Wash (DMF, 3 ml/bag)3 x 1 min 
Wash (DCM, 3 ml/bag) 2 x 1 min 

Automated Inclusion Volume Synthesis 

TentaGel resin was contained in polypropylene mesh 
bags (80 mg/bag), which were sealed to polypropy- 
lene frames used for the automated multiple peptide 
synthesizer COMPAS 242 (Spyder Instruments Inc., 
San Diego, CA). The frames were mounted on the 
perimeter of a centrifugal plate. Amino acid solutions 
were added by pneumatically operated spray pumps. 
All other reagent and wash solutions were added in 
independent lines by gear pumps. Reagent and wash 

solutions were removed from the resin by centrifuga- 
tion. The following protocol was used: 

1. Coupling (0.3 M Fmoc-AA/DIC/HOBt, 0.4 ml/bag) 

2. Wash (DMF, 0.4 ml/bag) 3 x  
3. Re-coupling (see 1) 
4. Wash (DMF, 0.4)ml/bag) 5x 
5. Deprotection (20% piperidine/DMF, 0.4 ml/bagl 

6. Wash (DMF, 0.4 ml/bag) 5 x  

60 min 

20 min 

Regular Automated Synthesis 

Peptides were synthesized on TentaGel(lO0 mg/pep- 
tide) using the automated multiple peptide synthesi- 
zer ACT-396 (Advanced ChemTech, Louisville, KY). 
The following protocol was used: 

1. 

2. 
3. 
4. 
5. 
6. 
7. 

8. 
9. 

Coupling (0.5 ml 0.5 M Fmoc-AA/HOBt in DMA, 
followed by 0.5 ml 0.5 M HBTU in DMF+ 0.25 ml 
2 M DIEA in DMF) 25 min 
Wash (DMF) 1 ml 
Re-coupling (see 1) 
Wash (DMF) 1 ml 
Wash (methanol) 1 ml 
Wash (DMF) 2 x 1 ml 
Deprotection (50% piperidine/DMF, 1.5 ml) 
30 sec + 10 min 
Wash (methanol) 1 ml 
Wash (DMF) 7 x 1 ml 

In all three syntheses, a TFA-cleavable linker (Fmoc- 
2,4-dimethoxy-4’- (carboxymethyloxy) - benzhydryla- 
mine) [8] was coupled to the resin prior to assembling 
the peptide sequence. 

Cleavage from the Resin 

The peptideresins from the manual ‘tea bag’ and 
inclusion volume syntheses were taken out of the 
polypropylene bags and placed into ‘Quik-Snap’ 
plastic tubes (5 ml. Isolab, Inc., Akron, OH) equipped 
with a sintered bottom disc. The peptides were 
cleaved as their C-terminal amides in 1.5 ml 
of a mixture of TFA/DCM/water/triisobutylsilae 
70:20:5:5 for 3 h at room temperature. The tips of 
the tubes were snapped off, and the cleavage 
solutions added to centrifugation tubes containing 
30 ml of cold tert-butylmethylether. The resins were 
washed with 2 ml of TFA, and the wash solution 
added to the tert-butylmethylether. The precipitated 
peptides were collected by centrifugation, washed 
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with 10 ml of cold tert-butylmethylether, dissolved in 
water and lyophilized. 

For the peptide-resins from the ACT-396 synth- 
esis, mixture K (TFA/phenol/water/ 1,2-ethane- 
dithiol/thioanisole 82.5:5:2.5:5) [9] was used as the 
cleavage mixture. The crude peptides were charac- 
terized by mass spectrometry and analytical HPLC 
(Vydac C-18, 4 x 250 mm, 5 pm particle size, gradi- 
ent of acetonitrile in 0.1% TFA in water, 0430% in 
60 min). 

RESULTS AND DISCUSSION 

Nine peptides, ranging in length from 7 to 13 amino 
acids (Table 1) were synthesized on polyoxyethylene- 
grafted polystyrene resin (TentaGel) [ 101 using three 
different methods. The first set was synthesized 
manually using the ‘tea bag’ method of multiple 
peptide synthesis 171. In this synthesis, five equiva- 
lents of activated amino acids were used for the 
couplings at 0.1 M concentration. The second set of 
peptides was synthesized by the inclusion volume 
method using the automated multiple peptide 
synthesizer COMPAS 242 [3]. As for the first set, 
the resin was contained in polypropylene mesh bags, 
and five equivalents of activated amino acids were 
used for the couplings. The concentration of acti- 
vated amino acids, however, was 0.3 M, so that the 
volume of coupling solutions was three times less 
than in the first set. The volumes of deprotection and 
wash solutions used for the second set were eight 
times lower than in the first set. Thus, the consump- 
tion of solvents was 7.5 times lower in the second set 

(inclusion volume method, 6.4 ml/peptide/cycle) 
than in the first set (standard method, 48 ml/pep- 
tide/cycle). The third set was synthesized using 
another automated multiple peptide synthesizer 
(ACT 396). The protocol that had been previously 
found to be optimal for this instrument was used for 
the third synthesis. The solvent consumption in this 
synthesis (18.5 ml/peptide/cycle) was almost three 
times higher than in the inclusion volume synthesis. 
I t  should be noted that the ACT 396 synthesizer 
works with 8.3 equivalents of activated amino acid 
for the couplings as compared to 5 equivalents used 
in the ‘tea bag’ and inclusion volume syntheses. The 
synthesis on the ACT 396 instrument was repeated 
after several months and the results of both syn- 
theses were compared. 

One could argue that in order to obtain truly 
comparable results, exactly identical conditions 
should have been used in all three synthetic ar- 
rangements. This, however, would mean that non- 
optimal conditions would have been used for at least 
two of the three methods. Lower concentration of 
Fmoc amino acids would lead to incomplete coupl- 
ings in the inclusion volume synthesis, because the 
concentration inside the beads would be too low. 
Higher concentration in the tea bag method, on the 
other hand, would be a waste of amino acids and 
would not represent the real situation. The condi- 
tions used for the synthesis on the ACT 396 
synthesizer had previously been optimized by trial 
and error during the synthesis of hundreds of 
peptides. These conditions include the use of HBTU 
as a coupling reagent, which provided consistently 
better results than DIC. Therefore, the experimental 

Table 1 Purity of Crude Peptidesa Synthesized Using Three Different Methods of Multiple Synthesis 

Sequence 

1 YAFGYPS-NH2 
2 DPAFNSWG-NH2 
3 YGGFMRRV-NHz 
4 WAGGDASGE-NH2 
5 GNLWATGHFM-NH2 
6 ARPGYLAFPRM-NH2 
7 LEEEEEAYGWMDF-NH2 
8 INLKALAAW(KILNH2 
9 YMFHLMD-NH2 

Manual tea bag’ 
method 

Automated inclusion 
volume method 

Automated 
synthesizer 

87.3 
60.3 
72.1 
68.7 
41.2 
40.8 
31.0 
14.1 
65.8 

75.0 
67.8 
81.8 
92.3 
74.8 
79.4 
58.3‘ 
44.5 
67.5 

91.0 (89.5)b 
35.6 (44.2) 
83.1 (76.8) 
71,3 (73.2) 
62.4 (64.1) 
68.1 (66.8) 
51.3= (49.67 
30.6 (32.4) 
56.7 (58.2) 

Average 53.5 71.3 61.1 (61.6) 

a Determined by HPLC. 
Results of repeated synthesis in parentheses. 
Sulphoxide form. 
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Figure 1 HPLC proflles of crude peptide 2 (see Table 1) 
synthesized by: (a)-‘tea bag’ method; @) automated inclu- 
sion volume method; (c) Standard automated Synthesizer 
(ACT 396). 

design for the comparative syntheses was based on 
the best conditions for each of the three methods, 
keeping constant only the resin and the sequences of 
the synthesized peptides. 

The results of all syntheses with regard to purity of 
the crude peptides are listed in Table 1.  On average, 
the purity of the peptides synthesized by IVS (7 1.3%) 
was higher than the peptides prepared by manual 
‘tea bag’ synthesis (53.5Yo) or peptides prepared by 
automated multiple synthesis (61 .1  or 61.6%). Seven 
out of the nine peptides had the highest purity when 
synthesized by the inclusion volume method, 
whereas only two peptides were the purest when 
synthesized by automated multiple synthesis. The 
HPLC profiles of the same peptide synthesized by the 
three different methods (Figure 1) show the correct 
peptide as the main peak: the patterns of impurities, 
however, are clearly different. 

CONCLUSIONS 

Inclusion volume synthesis (IVS), as illustrated for 
the synthesis of peptides, yielded peptides of equal or 
higher purity compared with other manual or auto- 
mated solid-phase synthesis methods. The IVS 
consumes sigruficantly (7.5 times) less solvent than 
manual ‘tea bags’ synthesis, and almost three times 
less than the synthesis using a standard multiple 
peptide synthesizer. This is noteworthy not only from 
the economic purity but also the environmental point 
of view. Furthermore, IVS makes possible the con- 
struction of mechanically simplified automated mul- 
tiple peptide synthesizers with no separate reaction 
vessels, since the solid carriers themselves serve as 
the reaction vessels. 
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