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Substrate synthesis. The synthesis of the  tetra- and pentapeptides are outlined in Schemes S1 and

S2, respectively. Boc-L-Lys(Cbz) and other protected amino acids were from Sigma-Aldrich (Saint Louis,

MO) or Bachem (King of Prussia, PA). Reagents for syntheses of intermediates and inhibitors, and

general reagents and solvents, were from Sigma-Aldrich (St. Louis, MO). HPLC was performed on a

Hewlett-Packard series 1050 system equipped with a diode array detector on a C18 column (Econosphere

3.2 x 250 mm, 5.0 µm particles) at 0.6 mL/min using an elution gradient of; solvent A (0.1% TFA in

water) for 1 min, then 0 to 100% solvent B (0.1% TFA in 30% water, 70% acetonitrile) in 10 min, and

then 0% to 100% solvent C (0.1% of TFA in acetonitrile) in 5 min, and chromatograms monitored at

205 nm. Preparative HPLC of final substrates was performed on a preparative C18 column (Econosil,

22 x 250 mm, 10 µm particles) at 5 mL/min with an elution gradient of; 10% of solvent B initially, then

10-100% solvent B in 30 min, then 0-100% solvent C in 30 min. LCMS was carried out on an aQa

ThermoQuest (Finnigan) system equipped with an atmospheric pressure ionization (API) (electrospray)

source.

[Scheme S1]

Boc-D-Ala-D-Ala-OMe (1). A solution of 11.4 g of Boc-D-Ala (60 mmol) and 19.8 mL of N-

methylmorpholine (NMM) (180 mmol) in 75 mL THF was cooled in an ice/NaCl bath to -20 oC

followed by addition of 8.7 mL of isobutylchloroformate (IBCF) (66 mmol). After 20 min, 14 g of

HCl.D-Ala-OMe (60 mmol) in 25 mL of DMF was added and reaction mixture was allowed to warm

to room temperature. After 2hrs the reaction was quenched with 100 mL of 1M NaHCO3, and most

solvent removed by rotary evaporation at a temperature not exceeding 40 oC. Water (~75 mL) was then

added, followed by extraction with 3 x 75 mL of ethyl acetate. The combined organic extracts were

washed with small volumes of 1M HCl, and 1M NaHCO3. The organic layer was dried over anhydrous

MgSO4, filtered, and rotary evaporated to dryness. The product was recrystallized from ethyl

acetate/hexane, filtered, dried, and checked by HPLC (>98% pure, 76% yield). LC/MS: m/e 274.5

([M+H]+).

TFA.NH2-D-Ala-D-Ala-OMe (2). To 5.49 g of Boc-D-Ala-D-Ala-OMe (1) (20 mmol) was added

25 mL of ice cold TFA (trifluoroacetic acid), the reaction kept on ice for 10 min, and then at room

temperature for 20 min. The reaction mixture was rotary evaporated and then dried under vacuum. The



crude reaction product was dissolved in acetonitrile and used as is in the next reaction. LC/MS: m/e

174.4 ([M+H]+).

Boc-L-Lys(Cbz)-D-Ala-D-Ala-OMe (3). A solution of 7.6 g of Boc-L-Lys(Cbz) (20 mmol) and 6.62

mL of NMM (60 mmol) in 40 mL THF was cooled to -20 oC, followed by addition of 2.85 mL of IBCF

(22 mmol). After 20 min TFA NH2-D-Ala-D-Ala-OMe (2) (20 mmol) in acetonitrile was added and the

reaction mixture was allowed to warm to a room temperature. After 2 hrs at room temperature, the

reaction was quenched with 50 mL 1M NaHCO3, most of the solvent removed by rotary evaporation

at a temperature not exceeding 40 oC, and the product isolated as described for (1). The product was

recrystallized from ethyl acetate, filtered, dried, and checked by HPLC (>99% pure, 74% yield). LC/MS:

m/e 536.8 ([M+H]+).

Boc-D-γ-Glu(Bzl)-L-Lys(Cbz)-D-Ala-D-Ala-OMe (5). Boc deprotection of Boc-L

Lys(Cbz)-D-Ala-D-Ala-OMe (2 mmol) was performed as described for (2) to provide intermediate (4).

The resulting crude intermediate was dissolved in acetonitrile, coupled with Boc-γ-D-Glu-OBzl, and the

product isolated by extraction as described for (1). The product was recrystallized from ethyl acetate,

filtered, dried, and checked by HPLC (>98% pure, 76% yield). LC/MS: m/e 756.4 ([M+H]+).

Boc-D-IsoGln-L-Lys(Cbz)-D-Ala-D-Ala-OMe (6). Boc deprotection of Boc-L-

Lys(Cbz)-D-Ala-D-Ala-OMe (2 mmol) was performed as described for (2). The resulting intermediate

was dissolved in acetonitrile, coupled with Boc-D-Glu-NH2, and the product isolated by extraction as

described for (1). The product was recrystallized from ethyl acetate, filtered, dried, and checked by

HPLC (>98% pure, 68% yield). LC/MS: m/e 665.1 ([M+H]+).

Boc-D-γ-Glu-L-Lys(Cbz)-D-Ala-D-Ala-OH (7). Boc-γ-D-Glu(Bzl)-L-Lys(Cbz)-D-Ala-D-Ala-OMe

(5) (756 mg, 1 mmol) was dissolved in 150 mL of 1:1:1 methanol/acetonitrile/water and cooled to 0 oC

followed by addition of 138 mg of K2CO3 (1 mmol, 1 eq.). After dissolution of K2CO3 the reaction

mixture was kept at 4 oC. Additional 1 eq aliquots of K2CO3 were added to the reaction mixture after

12 hr and 24 hr. After 72 hr at 4 oC the reaction mixture was checked by LC/MS, which demonstrated

complete saponification of both the methyl and benzyl esters. Acetonitrile and methanol were removed

under reduced pressure, and the remaining aqueous phase (~50 mL) extracted with one equal volume

of ethyl acetate to remove traces of impurities. The pH of the aqueous layer was adjusted to 2 with 1

M HCl, and the product extracted with 3 x 75 mL of ethyl acetate. The combined ethyl acetate extracts

were dried over anhydrous MgSO4, filtered, and solvent removed by rotary evaporation and then under

vacuum. The residue was dissolved in methanol/water and titrated to pH 7 with 1 M NaOH, and



solvent removed under vacuum. The glassy/foamy residue was dissolved in warm ethyl acetate and

rotary evaporated three times to get a solid mass, which was dried under vacuum, and then scraped to

yield the sodium salt of the product as a white powder (>98% pure, 85% yield). LC/MS: m/e 652.1

([M+H]+).

Boc-D-IsoGln-L-Lys(Cbz)-D-Ala-D-Ala-OH (8). Hydrolysis of Boc-D-IsoGln-L-Lys(Cbz)-D-Ala-D-

Ala-OMe (6) (1 mmol) was performed as described for (7). After 72 hr, the reaction mixture was

checked by HPLC, which demonstrated complete saponification of the methyl ester. The hydrolysis

mixture was acidified to pH 2 with TFA, dried under vacuum, and purified by preparative HPLC. The

HPLC purified product was dried under vaccum, dissolved in methanol/water, titrated to pH 7 with

1 M NaOH, and solvent removed under vacuum to obtain the sodium salt of the product as a white

crystalline solid (>96% pure, 85% yield). LC/MS: m/e 651.1 ([M+H]+).

Boc-γ-D-Glu-L-Lys-D-Ala-D-Ala-OH (9). To a solution of 164 mg of Boc-γ-D-Glu-L-Lys(Cbz)-D-

Ala-D-Ala-OH (7) (0.25 mmol) in 10 mL 1:1 MeOH/H2O was added 17 mg 10% activated palladium

on charcoal (Pd/C), the flask flushed with N2 gas for 15 min, and the reaction mixture stirred under

hydrogen for 4 hrs. The reaction was checked by HPLC for completion, hydrogen was removed by a

nitrogen flush, Pd/C removed by filtration, and the reaction mixture rotary evaporated to dryness. The

residue was dissolved in 1:1 H2O:acetonitrile, acidified to pH 2 with TFA, and then purified by

preparative HPLC. The HPLC purified product was dried, dissolved in methanol/water, titrated to pH

7 with 1 M NaOH, and solvent removed under vacuum to obtain the sodium salt of the product as a

white crystalline powder (>96% pure, 90% yield). LC/MS: m/e 518.2 ([M+H]+).

Boc-D-IsoGln-L-Lys-D-Ala-D-Ala-OH (10). The Cbz group of Boc-D-IsoGln-L-Lys(Cbz)-D-Ala-D-

Ala-OH (8) (0.25 mmol) was removed by catalytic hydrogenation, and the product purified by HPLC

and converted to its sodium salt as described for (9). (>98% pure, 90% yield). LC/MS: m/e 517.1

([M+H]+).

[Scheme S2]

Boc-L-Ala-γ-D-Glu(Bzl)-L-Lys(Cbz)-D-Ala-D-Ala-OMe (11). Boc deprotection of

Boc-γ-D-Glu(Bzl)-L-Lys(Cbz)-D-Ala-D-Ala-OMe (5) (2 mmol) was performed as described for (2). The

resulting intermediate was coupled to Boc-L-Ala, and the product isolated by extraction following the

procedure described for (3). The product was recrystallized from ethyl acetate, filtered, dried, and



checked by HPLC (>98% pure, 74% yield). LC/MS: m/e 827.2 ([M+H]+).

Boc-L-Ala-D-IsoGln-L-Lys(Cbz)-D-Ala-D-Ala-OMe (12). Boc deprotection of Boc-D-IsoGln-L-

Lys(Cbz)-D-Ala-D-Ala-OMe (5) (2 mmol) was performed as described for (2). The resulting intermediate

was coupled to Boc-L-Ala, and the product isolated by extraction as described for (3). The product was

recrystallized from ethyl acetate, filtered, dried to obtain white crystalline powder, and checked by HPLC

(>98% pure, 63% yield). LC/MS: m/e 736.1 ([M+H]+).

Boc-L-Ala-γ-D-Glu-L-Lys(Cbz)-D-Ala-D-Ala-OH (13). Saponification of Boc-L-Ala-γ-D-Glu(Bzl)-L-

Lys(Cbz)-D-Ala-D-Ala-OMe (11) (1 mmol) was performed with K2CO3 as described for (7). After 72 hrs,

the reaction mixture was checked by HPLC, which demonstrated reaction completion. The reaction

mixture was rotary evaporated to dryness, and purified by HPLC. The HPLC purified product was dried

and dissolved in methanol/water and titrated to pH 7 with 1 M NaOH, and solvent was removed under

vacuum to obtain the sodium salt of the product as a white crystalline solid (98% purity, 85% yield).

LC/MS: m/e 723.1 ([M+H]+).

Boc-L-Ala-D-IsoGln-L-Lys(Cbz)-D-Ala-D-Ala-OH (14). Saponification of Boc-L-Ala-D-IsoGln-L-

Lys(Cbz)-D-Ala-D-Ala-OMe (12) (1 mmol) was performed with K2CO3 as described for (7). After 72

hrs, the reaction mixture was checked by HPLC, which demonstrated reaction completion. The reaction

mixture was acidified to pH 2.0 with TFA, rotary evaporated to dryness, and purified by HPLC. The

HPLC purified product was dried, dissolved in methanol/water, titrated to pH 7 with 1 M NaOH, and

solvent was removed under vacuum to obtain the sodium salt of the product as a white crystalline solid

(>98% purity, 85% yield). LC/MS: m/e 722.3 ([M+H]+).

Boc-L-Ala-γ-D-Glu-L-Lys-D-Ala-D-Ala-OH (15). Catalytic hydrogenation of Boc-L-Ala-γ-D-Glu-L-

Lys(Cbz)-D-Ala-D-Ala-OH (13) (0.25 mmol) was performed as described for (9). The product was

purified by HPLC and converted to its sodium salt as a white crystalline solid also as described for (9)

(>98% purity, 80% yield). LC/MS: m/e 589.2 ([M+H]+).

Boc-L-Ala-D-IsoGln-L-Lys-D-Ala-D-Ala-OH (16). Catalytic hydrogenation of

Boc-L-Ala-D-IsoGln-L-Lys(Cbz)-D-Ala-D-Ala-OH (14) (0.25 mmol), HPLC purification, and conversion

to the sodium salt of the product were performed as described for (9). The sodium salt was obtained

as a white crystalline solid (>98% pure, 78% yield). LC/MS: m/e 588.2 ([M+H]+).

Determination of racemic purity of peptide substrates using Marfey's reagent. Racemic purity of the peptide

products was assessed using a modification of Marfey’s method [1-3]. A 2 µL aliquot of a 50 mM

solution of tetra- or pentapeptide was hydrolyzed with 50 µL 6 N HCl for 4 hours at 110 oC in sealed



glass vials. The hydrolysate was dried under vacuum, and to the residue was added 14.3 µL per amino

acid of 1% solution Marfey's reagent (1-fluoro-2,4-dinitrophenyl-5-L-alanine amide) in acetone

(equivalent to 5 eq per amino acid in the original peptide), 4 µL of 1 M NaHCO3/amino acid, 6 µL of

water/amino acid, and the mixture kept at 37 oC for 90 min. The derivatization reactions were quenched

by the addition of 4 µL of 1 M HCl/amino acid. Samples were dried under vacuum and the residues

dissolved in 400 µL of 1:1 acetonitrile and water containing 0.1% of TFA. A 10 µL aliquot was analyzed

by HPLC analysis using a gradient of 10% to 40% of solvent B (70% acetonitrile/water with 0.09%

TFA) in solvent A (100% water with 0.1% TFA) over 40 min with a flow rate of 0.6 mL/min and

detection at 340 nm. The same derivatization procedure except for hydrolysis was followed for

standards for D-Ala, L-Ala, D-Glu, L-Glu, D-Lys and L-Lys (note that hydrolysis of IsoGln residues

yields Glu).

RESULTS

Tetra- and pentapeptide substrates were successfully synthesized following Schemes S1 and S2.

The identity of all intermediates and final products were confirmed by LC/MS analysis, and amino acid

composition and stereochemical purity confirmed for final peptide substrates by hydrolysis and analysis

with Marfey's reagent (Table S1). In the case of pentapeptides, which have both D & L isomers of

alanine, it is difficult to judge the amount of racemization for alanine residues. However, since both

tetra- and pentapeptides were synthesized using similar procedures, the absence of racemization in

tetrapeptides (lacking L-Ala residues) is indicative of high stereochemical purity in all of the synthetic

products, and the close to 2:1 ratio for D:L Ala in pentapeptides also supports this conclusion. 



Table S1: Marfey's derivative results for stereochemical purity of synthetic peptide
substrates.

% of minor amino acid

           Substrate % L-Ala % L-Glu % D-Lys

Boc-γ-D-Glu-L-Lys(Cbz)-D-Ala-D-Ala  (6) < 5 < 5 < 5

Boc-D-IsoGln-L-Lys(Cbz)-D-Ala-D-Ala  (7) < 5 < 5 < 5

Boc-γ-D-Glu-L-Lys-D-Ala-D-Ala  (8) < 5 < 5 < 5

Boc-D-IsoGln-L-Lys-D-Ala-D-Ala  (9) < 5 < 5 < 5

Boc-L-Ala-γ-D-Glu-L-Lys(Cbz)-D-Ala-D-Ala  (13) 33.6 < 5 < 5

Boc-L-Ala-D-IsoGln-L-Lys(Cbz)-D-Ala-D-Ala  (14) 32.7 < 5 < 5

Boc-L-Ala-γ-D-Glu-L-Lys-D-Ala-D-Ala  (15) 33.0 < 5 < 5

Boc-L-Ala-D-IsoGln-L-Lys-D-Ala-D-Ala  (16) 31.6 < 5 < 5



Boc-L-Lys(Cbz)-D-Ala-D-Ala-OMe

TFA

NH2-L-Lys(Cbz)-D-Ala-D-Ala-OMe

Boc-γ-D-Glu(Bzl)-L-Lys(Cbz)-D-Ala-D-Ala-OMe Boc-D-IsoGln-L-Lys(Cbz)-D-Ala-D-Ala-OMe
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Scheme 1: Synthesis strategy for tetrapeptide substrates



Boc-γ-D-Glu(Bzl)-L-Lys(Cbz)-D-Ala-D-Ala-OMe Boc-D-IsoGln-L-Lys(Cbz)-D-Ala-D-Ala-OM e

(5) (6)
i) TFA
ii) Boc-L-Ala, IBCF, NMM

Boc-L-Ala-D-IsoGln-L-Lys(Cbz)-D-Ala-D-Ala-OMeBoc-L-Ala-γ-D-Glu(Bzl)-L-Lys(Cbz)-D-Ala-D-Ala-OMe

(13)
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Boc-L-Ala-D-IsoGln-L-Lys(Cbz)-D-Ala-D-Ala-OHBoc-L-Ala-γ-D-Glu-L-Lys(Cbz)-D-Ala-D-Ala-OH

Boc-L-Ala-D-IsoGln-L-Lys-D-Ala-D-Ala-OHBoc-L-Ala-γ-D-Glu-L-Lys-D-Ala-D-Ala-OH

(11) (12)

Scheme S2: Synthesis strategy for pentapeptide substrates
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