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Abstract: This paper describes the solution- and solid-phase synthesis of glycopeptides containing a GIcNAc
moiety at different positions and investigates them as substrates for subtilisin-catalyzed glycopeptide
condensation, with an aim to develop enzymatic synthesis of complex glycopeptides and glycoproteins. A
systematic study was performed to determine the sites at which the protease subtilisin will accept a glycosylated
residue in enzymatic peptide ligations. It was found that Fmoc-glycopeptide esters with unprotected side
chains can be prepared by solid-phase methodology using the Rink amide resin. Both removal of the side
chain protecting groups as well as release from the resin was accomplished by treatment with acid to provide
glycopeptide esters of the benzyl type which were used directly as substrates. One such 12 residue peptide
ester was used in a subtilisin-catalyzed glycopeptide condensation in a kinetically controlled mode to demonstrate
the utility of this approach.

Introduction the individual fragments, is carried out easily. Chemical
fragment condensations, however, suffer from poor solubility
of the protected peptide fragmehtnd are prone to racemiza-
tion at theC-terminus of the acyl donor. In contrast, enzyme-
catalyzed fragment condensatidéase free of racemization and
use side chain unprotected substrates, increasing the solubility
of the peptide fragments. Most commonly the kinetically
controlled approach is exploited using proteases together with
peptide esters as acyl donors. Because of its broad substrate
specificity, subtilisin and engineered variants thereof have found
wide applications in peptideand glycopeptid® coupling

Glycoproteins display their glycan structures in several
different glycoforms: The total synthesis of glycoproteins can
provide well-defined materials serving as tools for the investiga-
tion of their structures and biological properties. Furthermore,
it would allow the introduction of unnatural amino acids or
carbohydrate moieties and enable the generation of a much
higher glycoprotein diversity than would the recombinant
expression techniquésSeveral methods have been developed
for the synthesis of small glycopeptides to achieve this goal;

however, there is still no general method available for the " The strat h iv b di tei
preparation of homogeneous glycoproteins. reactions. e strategy has recently been used in protein

Solid-phase peptide synthesis (SPPS) provides a rapid anosynthesié,O in conjugat_ion with glycosyl transferase reactions
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The construction of the N-protected, side chain free peptide
esters is a crucial step in the synthesis of acyl donors for
enzymatic coupling. Routine solid-phase synthesis furnishes
unprotected peptide fragments, which are difficult to react
selectively at theC-terminus. These free peptides can then be

converted to active esters through an exopeptidase-catalyzed

reaction, although the reported yields are in the-80% rangé?

Protected peptide fragments are suitable precursors, however,

they often give only poor yields and may be racemized during
the esterificatiot? Alternatively, resin-bound peptides can be
converted to esters by alcoholysis of base-labile peptide linker
bonds® The linkers commonly used in the Fmoc strategy,

however, require cleavage conditions too harsh for the synthesis

of base-sensitiv®-glycopeptides. The incorporation of peptide
glycolate-phenylalanylamide est&tsn peptides prepared by

solid-phase synthesis has been employed in subtiligase-catalyzed

fragment condensatiok814 and cyclizationd®> The base-
sensitivity of this linkage in Fmoc synthedfs!” complicates

its use in routine protocol$. A general method for the routine
synthesis of N-protected, side chain free glycopeptide ester
donors for fragment condensations is thus highly desirable.

Presented here is the Fmoc-based solid-phase synthesis of base-

stable glycopeptide PAM (2-(Ahydroxymethyl)phen-4yl)-

acetamide) esters and their use in subtilisin-catalyzed peptide

bond formations.

In the condensation of glycopeptide fragments the glycosyl-
ation site becomes of particular importance. The position and
type of the glycosidic linkage largely affects the substrate
properties of the corresponding fragments. In this study various
O-glycopeptide esters of the benzyl type were employed for
subtilisin-mediated peptide couplings in order to systematically
investigate the influence of the glycosylation site on peptide
bond formation.

Results and Discussion

Using Glycopeptides as Acyl Donors. Synthesis of
O-Ac3GIcNAc-dipeptide, -tripeptide, and -tetrapeptide Ben-
zyl Esters. In the synthesis of glycopeptides and glycoproteins,

Witte et al.

Scheme 1.Synthesis of Glycopeptide Benzyl Esters

Z-Ser-OH
| 1
AcaGlcNACB
77%! a)
Z-Ser-Gly-OH b) Z-Ser-Gly-OBzl
I —_— I
AcsGIcNACB 2b  91% Ac3GlcNAcB  2¢

82% \ c)

Z-S]er-(GIy)g-OH b) Z-Ser-(Gly)-OBzl
Ac3GIcNACB  3b E’ ACsGllcNACB 3¢
83% j c)

b)

Z-Ser-(Gly)3-OH Z-Ser-(Gly)3-OBzl
| |

—_—

AcsGIcNACB 4b  76%  AcgGleNAcB  4c

a) i HC1-Gly-OtBu, DCC, HOBt, NMM, CH2Cly, DMF; ;ii TFA, CHClp;
b) BzIBr, CH)Cly, sat. NaHCO3, BuyNBr, 2-7d;
¢) i HCI-Gly-OtBu, HBTU, HOBt, NMM, DMF;ii TFA.

the SLé&-tetrasaccharid@and is therefore suited to demonstrate
the versatility of chemo-enzymatic methods in the total synthesis
of glycoproteins. The peracetylated GIcNAc residue was
attached to th&-terminal serine of peptide benzyl est@cs-

4c (Scheme 1) to probe the PP4-site specificity of subtilisin.
Only glycine residues were incorporated, to exclude any steric

interaction of the amino acids i@-terminal direction.

The glycosyl amino acid Z-Se#Ac3GIcNAc)—OH (1)?* was
coupled to glycinetert-butyl ester (Scheme 1). Acidolytic
removal of the tBu group yielded th@é-terminal unprotected
glycodipeptide2b. This procedure was repeated twice to furnish
glycotripeptide3b and glycotetrapeptiddb. Conjugates2b,
3b, and4b were converted to the benzyl est@s 3¢, and4c
by nucleophilic esterification, which proceeds under phase
transfer conditiond? The benzyl ester was used as it was found
to be a good leaving group for subtilisin.

glycosyltransferases can be used to construct carbohydrate golig-Phase Synthesis of N-Protecte®-AcsGIcNAc-tri-

structures on the assembled protein backid8nEollowing this

peptide and —tetrapeptide PAM Esters. In the development

strategy, one carbohydrate, which acts as substrate for theys 3 methodology to produce activated ester directly from the
transferases, has to be included in the chemical synthesis ofgy)iq phase for use in enzymatic ligations, a double linker

the peptide fragmentsN-acetylglucosamine (GIcNAc) was
chosen agD-linked glycan, since this carbohydrate serves as

strategy was envisioned. An acid- and base-stable PAM
anchor?® originally developed for Boc-SPPS, was inserted

substrate for a set of glycosyltransferases in the synthesis Ofbetween the growing peptide chain and an acid-labile resin. The
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B. Tetrahedron Lett1984 5893.
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acid-labile Rink amid& resin was chosen to provide, upon
acidolytic cleavage from the resin and concomitant deprotection
of the side chain’ the peptide PAM amide. This activated
ester would then act as a modified benzyl ester and serve as a
leaving group in subsequent peptide ligation.

To test this proposal an initial study was performed using
Fmoc-alanine (Scheme 2). For the synthesis of a conjugate of

(20) (a) DeFrees, S. A.; Kosch, W.; Way, W.; Paulson, J. C.; Sabesan,
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(25) For the preparation of a fully protected peptide ester via a similiar
strategy see: Chan, W. C.; White, P. D.; Beythien, J.; Steinaudr,Ghem.
Soc., Chem. Commuth995 589.
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Scheme 2.Synthesis of an Fmoc-amino Acid PAM Handle Scheme 3.Solid-Phase Synthesis of glycopeptide PAM
and Subsequent Demonstration of Its Acceptance as a Esters
Substrate of Subtilisin ]

Fmoc-NH-Rink-NH—)

COOPac COOPac OOH
a) b} c) a)
OMe
Br
5 7

Fmoc-Ala-O Fmoc-Ala-O
6

Fmoc-GIy-O/\©\/?\ ‘ OMe
@ +-cocr0 N
H

ONH,

N C O ocHco-NH—@)
Fmoc-Ala-O/\©\/ﬁ\ OMe l l b)
N O ¢ J
8 H OMe  Fmoc-Ala-O 9 OMe

e) @ -rsresin Z-Ser-(Gly)-0 0 ‘ OMe
———»  Fmoc-Ala-COxH |
N
H

Ac3GIcNACB

a) 1 eq Fmoc-Ala, CHpCly, sat. NaHCO3, BugNBr, 71%; b) Zn/AcOH, 74%; ¢) Rink- O OCHch-NH_‘
amide polystyrene resin, HOBt, NMM, HBTU, DMF, 0.25 mmol/g loading; d) 95%

TFA, 2.5% triethylsilane, 2.5% H20, 89%; e) 50 mM tris, pH 8.4, 2 mU/mL of l )

subtilsin BPN', >95%.

the starting amino acid and the PAM linker the Pac eS#r Z'Sl‘éf-(G'V)n-O/\@\/ 12,n=2,89% yield

. . . CONHz 13, n =3, 89% yield
was reacted with the N-protected amino acid under phase  AcsGlcNAcE
transfer conditions. Reductive acidolysis released the carboxyl
group yielding the amino acid estér Since the Pac esteris ), 04, piperidine/DMF; if 11, HBTU, HOBt, NMM, DMEF; iii Acz0 / pyr: by i 20%
orthogonally stable against most of the protective groups used piperidine/DMF; ii Fmoc-AA, HBTU, HOBt, NMM, DMF; iii Ac20/pyr: ¢)
in Fmoc-SPPS, this scheme should provide a general access to TFA/ethanedithiol/Hy0-mixture (95:2.5:2.5).
a large variety of protected amino acid PAM esters. The Fmoc ) o N ) o
amino acid-PAM conjugate7 was attached to the Rink amide ~ Of the glycosylation site in the P2P4* positions in subtilisin-
resin using HBTU activatioR? Standard trifluoroacetic acid ~Mediated peptide couplings. Initially, the ligation was attempted
deprotection conditions released the Fmoc-Ala-PAM angide ~ Petween the benzyl este2s and4c and glycine methyl ester.
in 92% vield based on initial loading. Acceptance of this ester The glycotetrapeptide estéc was treated with glycine methyl

as a substrate of subtilisin was tested by subjecBntp ester ina DMF/b.u.ff.er (7:3) mixtqre at pH 8.4 in the presence
enzymatic hydrolysis conditions. Under these condition§all  Of wild type subtilisin. No coupling was observed after 6 h;
was converted to Fmoc-alanine within 30 min. instead the hydrolyzed materidb was isolated in 32% y|e|d

Use of this methodology was then extended to glycopeptides Use of the glycodipeptide est@c led to 36% of hydrolysis
(Scheme 3). Synthesis of the conjugate of the starting amino after 5 days.
acid and the PAM linker as well as attachment to the resin was ~Subsequent peptide coupling reactions used glycine amide
performed as described above. A standard Fmoc préfouak as the nucleophile. Amino acid amides are better nucleophiles
applied for the synthesis of the glycopeptide PAM estizs  than the corresponding estéfswhich may undergo self-
and13. In each protocol the Z-Ser(AGIcNAc) building block condensation. Scheme 4 shows the reaction of the conjugates
1 was the last amino acid to be coupled. The PAM estérs  2G 3¢ and4cwith glycine amide. The freely soluble conjugates
and13were released in an overall yield of 89% by treating the 2¢ and3c differed drastically in their donor properties. After
resin with TFA. 15 min 3c was completely converted (Figure la) and the

Interestingly, careful NMR analysis of compound, pure aminolysis productl5 was obtained in 66% yield (Table 1).
by TLC and HPLC, showed the occurrence of two compounds The hydrolysis producBb was isolated in 30% yield. The
in a ratio of 83:17. In théH NMR the amide proton of serine ~ glycodipeptide este2c showed no reaction indicating that a
and the anomeric proton as well as the methyl protons of the O-glycosidic linkage at the P2 site is less favorable. The
2'-acetamido group displayed two sets of signals. Since the glycotetrapeptide este4c was not completely soluble but
coupling constant of the anomeric proton was not changed, it dissolved during the course of the reaction. Afieh 99% of
is most likely that the second set of signals originates from a the starting material was converted. The glycopentapeptide
epimerized serine moiety. Further evidence was provided by Product16 was isolated in a 44% yield, and the hydrolyzed
the enzymatic peptide coupling which will be discussed below. Product4b, in 54% yield.

Influence of the Glycosylation Site in the Acyl Donor of The same tendencies were observed using the highly soluble
Subtilisin-Catalyzed Peptide Couplings. The glycopeptide  9lycopeptide PAM ester§2 and 13. The tetrapeptide PAM

benzyl ester£c, 3c, and4c were used to probe the influence ester13 reacted similarly to the tetrapeptide benzyl egter
(compare Figures tec) yielding 44% of coupling product6

(26) Tam, J. P.; Kent, S. B.; Wong, T. W.; Merrifield, R. Bynthesis

1979 955. (29) Nomenclature according to the following: Schecter, I.; Berger, A.
(27) Knorr, R.; Trzeciak, A.; Bannwarth, W.; Gillessen, Tetrahedron Biochem. Biophys. Res. Commad®67, 27, 157.
Lett. 1989 30, 1927. (30) (a) West, J. B.; Wong, C.-H.etrahedron Lett1987, 28, 1629. (b)

(28) Atherton, E.; Sheppard, R. Golid-Phase Peptide Synthesis: A  Bizzozero, S. A.; Baumann, W. K., Dutler, Bur. J. Biochem1982 122,
Practical Approach IRL Press: Oxford, U.K., 1989. 251.
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Scheme 4Enzymatic Peptide Coupling Using Glycopeptide (@ (b)
PAM Esters as Acyl Donors and Glycine Amide as 80
Nucleophile
(o] 60
Z-NH OR + HZN\)\NH )
AcO NHA° A“j : E
AcO E 409
o
R

a)

Z-NH \)J\NH 14,n=
NHAc 2 15,n=2
AcO 16,n=3

t/ min

—o— 15 from 3¢

Z-NH 2b,n=1 e 4 e Qrereres 3b from 3¢
AcO NHAc /\r>,0 3b,n=2 <aem0---- 16 from 4¢
4b,n=3 we--g--==  4b from 4c¢

a) 20 mM substrate, O.3M Gly-NHp, DMF/50 mM TEA (7:3), subtilisin BPN', pH 8.4,

6h.
Table 1. Subtilisin-Catalyzed Reactions of Glycopeptide Benzyl
Esters2c, 3c, and4c and Glycopeptide PAM Esterk2 and 13 with
Glycine Amide
n R aminolysis hydrolysis
1 Bzl 14, 0% 2b, 0%
PAM nd nd
2 Bzl 15, 6696 3b, 309
PAM 15, 719 3b, 25%
3 Bzl 16, 4496 4b, 5498 © o o ©
PAM 16, 4496 4b, 5696 = & 2
2 |solated yields® Yield corrected for presence of epimerized starting t/ min

material which cannot act as a substrate.
—o— 15 from12

and 56% of hydrolysis produdb. The tripeptide este&k2was, ™ o 3b from 12
as discussed above, an 83:17 mixture of two epimers. The wereo-e- 16 from 13
enzyme catalyzed reaction on this mixture led to the formation - 4b from 13
of the coupling product5 and hydrolysis producb in 59% Figure 1.. Time course of the suptilisin-cgtalyzeq reactions of
and 21% yield, respectively. The unreacted epimer, the minor 9'Ycopeptide esterSc, 4c, 12, and13 with glycine amide under the
component of the starting material, was reisolated in a 12% copdltlons described in Scheme 5. The relative amounts are based on

. - . . . calibrated HPLC data.
yield. Since the epimer was not either hydrolyzed or ligated,
it was apparently not an acceptable substrate for subtilisin. To
compare yields of the subtilisin reactions we have discounted
the epimerized material (since it cannot act as starting material)
in the data presented in Table 1. Upon correction for the 17%
of nonreactive epimerized tripeptide, the yields for the ami-
nolysis and hydrolysis of the tripeptide are 71%l6fand 25%
of 3b.

All reactions were monitored by HPLC. Figure-iashows
the time course of the enzymatic coupling reactions. Both
isolated yields and the qualitative kinetic data suggest that the
glycotripeptide ester8c and12 are better acyl donors than the
glycotetrapeptide estedg and13. They are not only converted
more rapidly (Figure 1a), but also give higher aminolysis/
hydrolysis ratios (Table 1, Figure 1b,c). The interpretation is
complicated by the fact thadc is not completely soluble
decreasing the effective concentration of the acyl donor.
However, the freely soluble glycotetrapeptide PAM edteis
converted faster (Figure 1a) but shows a reactivity similar to
the benzyl estedc (Figure 1b,c) indicating that in fact the

stereoisomers in the P3 site. Figure la shows that the
glycotripeptide PAM estet 2 is rapidly turned over until after

1 h at which time 14% of the starting material remains and the
conversion rate drops to almost zero. This is attributed to the
presence of epimerized starting material and the poor reactivity
of the p-isomer31:32 A shift of the glycosylation site to the P4
residue decreases the acylating potential (Figure 1c). This is
difficult to explain since both of the important binding sites,
the P1 and the P2 sites, are equal in the tri- and tetrapeptide
substrates. We speculate that, in the absence of any productive
interaction of the P1 and the P2 sites, binding pockets for the
P3 and the P4 sites play a decisive role. Subtilisin possesses a
deep hydrophobic pocket for the P4 sité3which in the case

of the tripeptide ester8c and12 might be occupied by the Z
group. The tetrapeptide estets and 13 have to incorporate

the bulky acylated carbohydrate into this binding site leading
to less favorable substrate properties.

(31) For a similiar observation see: (a) Morihara, K.; Tsuzuki, H.; Oka,

tripeptide esters are the best substrates. T. Biochem. Biophys. Res. Comm(871, 42, 1000. (b) Morihara, K.; Oka,
It can be concluded th&-glycosylation of the P2 site leads  T.; Tsuzuki, H.Arch. Biochem. Biophy<97Q 138 515.
to structures which are weak substrates (TableC)glycosyl- (32) For contrary observations see: (a) Chen, S.-T.; Wu, S.-H.; Wang,

. o . e K.-T. Int. J. Pept. Protein Re4.991, 37, 347. (b) Pozsgay, M., Gaspar, R.;
ation of the P3 site is readily accepted by subtilisin. Interest- gjqqi p.: BajUEZ, SEEBS Lett.19177, 74, 67_( ) 98y P

ingly, subtilisin is able to differentiate between different (33) McPhalen, C. A.; James, M. N. Biochemistryl1988 27, 6582.
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Scheme 5.Synthesis 0fO-AcsGIcNAc Peptide Amides Table 2. Subtilisin-Catalyzed Ligations of Z-GlyOBzI| with
Glycopeptide Amided.3b, 14b, 15b, and16b
Z-Ser-OH 4 R-Ser-NH, 4, R-Gly-Gly-Ser-NH, - - -
] _— | —_— | n acyl acceptor aminolysis product yield (%)
Ac;GIcNACB AcyGleNAch Ac;GlcNACS 0 17b 18a 0
1 p)[17aR=Cbz b)L:19a R=Cbz 1 18b 19a 37
17bR=H 19b R=H 2 19b 20a 54
3 20b 21 62
|
R-Gly-Ser-NH, d) R-Gly-Gly-Gly-Ser-NH, the fact the hydrolysis product in this set of reactions was Z-Gly
| —_— | and of no further interest. Conditions identical to those in the
Ac;GIeNAc Ac3GleNAc previously discussed study were used with the exception of the
by[ 18aR=Cbz b 20a R=Cbz concentrations of the acyl doqor and acyl acceptors. A 3-fold
18b R =H 20b R=H excess of acceptor was used in all reactions. In contrast to the
glycopeptide donors discussed earlier, all of the glycopeptide
) NH40H, EDC, HOBt, THF, 91%; b) Pd(OH)2, Hy, >99% ¢) Z-Gly-OH, HBTU, amide acceptors were soluble under the reactions conditions.

HOBt, NMM, DMF, 87%; d) 2-Gly-Gly-OH, HBTU, HOBt, NMM, DMF, 72-75%. In all of the following reactions Z-GlyOBz| was used as the

acyl donor. No ligation was observed upon the reactioh7df

Scheme 6 Enzymatic Peptide Coupling Using Glycopeptide with Z-GlyOBzl, and afte 6 h all of the benzyl ester had been

Amides as Acyl Acceptors and Z-GlyOBz| as the Acyl

Donor hydrolyzed to the free acid (Table 2). All three of the
o compoundsl8b, 19b, and20b were substrates for subtilisin-
¥ catalyzed ligation, although to varying degrees. The ligation
<'2NAN5 \fk"‘”? AQ . g A of 18b gave a 37% vyield of aminolysis product whereas the
%n owm OBzl one amino acid increase in lengthId¥b and20b gave 54% of
AcHN e 20aand 62% of21, respectively.
];‘;';‘:? From these studies one can conclude that glycosylation is
19b | n=2 not accepted at the Pfosition. The Slsubsite in the enzyme
20b, n=3 2 binding site is a narrow pocket and will often not accept
branched amino acids side chafié? It is therefore not
surprising the bulky carbohydrate was not accepted. Glycosyl-
7NH a H 0 at_ion in the P2_ position was accep_ted as a_substrate although
\/\fuw \ﬁNHz e ]gg:g:? with a low yield. The S2 subsite consists of an open
o) 20a,n=2 hydrophobic surface, and steric constraints are not as important;
" A&@Ac 21,n=3 however the natural tendency of subtilisin toward hydrophobic
OAc residues at the Pposition indicates that the relatively hydro-
a) 20.mM substrate, 60 mM Z-GlyOBzl, DMF/50 mM TEA (7:3), subtilisin BPN', pH philic sugar may have unfavorable interactiéhd! When the
84,6h. carbohydrate moiety was moved into the 8854 subsite, the
yields increased substantially. These subsites are larger and
A comparison of the benzyl esteBs and4c with the PAM less restrictive on accepted residdeg!

estersl2 and13 reveals that the PAM ester is readily accepted  This trend in which the yield increases as the peptide grows
as leaving group. PAM estel3 reacts even faster than the is opposite of what one would expect for a stepwise synthesis
corresponding benzyl estdc (Figure 1a) perhaps due to the of a peptide. In a chemical peptide synthesis, as sequential steps

increasing solubility of the PAM group. are performed, one would expect the yield to decrease as the
Using Glycopeptide Amides as Acyl Acceptors. Synthesis  peptide and, thus, the synthesis grows longer. With kinetically
of O-AcsGIcNAc-dipeptide, -tripeptide, and -tetrapeptide controlled enzymatic ligation we have shown that a longer

Amides. Following the same strategy as outlined for the substrate will actually give a better yield and a larger glyco-
investigation of acyl donors, a series of glycopeptide amides peptide product.

each containing one GIcNAc moiety were synthesized (Scheme It is important to note that though the yield of enzymatic
5). These peptide amides were in turn used to probe thecoupling is relatively low due to a significant degree of ester

specificity of the P1-P4 binding subsites of subtilisin. hydrolysis, it can be improved with the use of organic solvent
The glycosyl amino acid was amidated to giv&7a which stable subtilisin variants in higher concentrations of DMF or
was then deprotected by hydrogenation using a Degussa typghiosubtilisin variants in aqueous solutions as demonstrated
catalyst to provide the N-unprotected &&icNAcSerNH, 17b. previously?? It is also worth mentioning that glycine was
The di- and tripeptides were furnished by the couplind 8b chosen as a spacer in these studies to minimize side chain
with Z-Gly and Z-Gly-Gly to givel8aand19a respectively. interactions. Subtilisin is fairly permissive in its substrate
The tetrapeptide was reached by the deprotectidi8ato give specificity, however, there are certain residues which, while
free glycopeptide amid&8b and subsequent coupling to Z-Gly-  accepted, are not optimal for enzyme actinin a previous
Gly to give 20a publication the flexibility of the enzyme has been summerized,
Influence of Glycosylation Site in the Acyl Acceptor of and it is noted that glycine is a poor residue for the S1 subsite.
Subtilisin-Catalyzed Peptide Couplings. The N-terminal This is not as limiting as it may seem as subtilisin better accepts

unprotected glycosyl peptide amid&gb, 18b, 19b, and 20b a nu.mber of different residues.. Eor example tyrosine, phenyl-
were used to probe the substrate specificity of subtilisin in the alanine, tryptophan, and methionine as well as as dansylated,
P1—P4 positions (Scheme 6). Reactions were typically run — -

S 4) A | he foll : B P.R;
for 6 h atwhich time no Z-GlyOBzI was detectable by TLC. 1. & pariyos s Touetb?5edon e oloung: Bomeas, .7 Graycar,
Only aminolysis products were isolated and quantified due to  (35) Philipp, M.; Bender, M. LMol. Cell. Biochem1983 51, 5.
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Scheme 7.Synthesis of FmoePeptide Amide23 Table 3. Subtilisin-Catalyzed Ligations 3 and 19b

8 subtilisin variant %24 % 25 aminolysis/hydrolysis

wild type 79 20 3.95

l l a) 8397 K256Y 84 16 5.25
Fmoc- K(Boc)-T(OtBu)-T(OtBu)-Q(Trt)-A-D(Tn)-K(Boc)AH(Trt)-I-I-V-A-PAM-RINK—' S3'

22

| *2 1, L,

b) H
Tyr 247
*
Fmoc- Lys-Thr-Thr-Gin-Ala-Asn-Lys-His-lle-lle-Val-Ala-PAM-NH; S1' o
HO NH S4'
23
HN *
) i 20% piperidine/DMF; ii Fmoc-AA, HBTU, HOBt, NMM, DMF; iii AcO/pyr; b) o
;;A/menl});plesﬁagﬁzo-m;;m[r?@s:2.5;2.5). NN %germ s2!
HN:
Scheme 8.Subtilisin-Catalyzed Glycopeptide Ligations : o o
23 + 1% S1 O Glu 156
l o *s
(AcO)3GlcNAC

Fmoc- Lys-Thr-Thr-Glin-Ala-Asn-Lys-His-lle-lle-Val-Ala-Gly-Gly-Ser-NHz
24

Figure 2. Schematic drawing of the general features of the subtilisin
active site. Sites at which glycosylated residues are accepted are
Fmoc- Lys-Thr-Thr-Gln-Ala-Asn-Lys-His-lle-lle-Vai-Ala-OH indicated by an asterisk. When a potential site is assessed, the following

25 trends are useful. The S1 site prefers large hydrophobes but will also
accept large unnatural amino acids as well as peptide isosteres. The
S2 site prefers hydrophobic or basic residues. The S3 site has broad
specificity as does S4. On the acyl acceptor gnerally needs to be
y-diphenyl and polycyclic aromatic unnatural amino acids are asmall residue such as alanine, glycine, or proline. Thei&2prefers
all better accepted than glycine by the S1 subsite. As has beerarger hydrophobes but will accept a range of amino acids and isosteres.
demonstrated in the literature as well as in the study discussedS3 and S4are both fairly flexible, although Shas a preference for
below, a sizable increase in yield can be obtained by using a'arge hydrophobes as well.
more accepted substrate.

Subtilisin-Catalyzed Aminolysis of a Long-Chain Peptide
Ester To Give a Glycopeptide Amide Product. In an effort
to demonstrate the utility of this method on a more typical
peptide sequence, the subtilisin-catalyzed fragment condensatiorg1
to form a 15 residue long glycopeptide amide was undertaken

(Scheme 7). It was hoped that by using a long chain lD(:"ptldevariant has been found to have higher stability in high

ester which is not optimal for subtilisin but has several of the . .
. ; L temperatures and high percentages of organic solvents. A lower
preferred amino acids at certain sites, the acceptance of the_ . ; . . : . .

; - minolysis-to-hydrolysis ratio was obtained (along with slightly
peptide by the enzyme would be increased and a subsequen Il vield h id btilisin BEM J
increase in yield would be obtained ower overa’' yie .S) when wi 'type subt IS BE Nas used.

] ' The significant increase in yield shown in the ligation (84%)

The sequence of the peptide acyl do@Grwas taken from  gyer that 0f19b with Z-Gly benzyl ester (54%) reemphasizes
RNase B and is near th€-terminal of the protein. The  the assertion that the trends shown in Figure 1a,b, and not the

previously described Rink amide resin loaded with the Fmoc- yje|ds, are the important information from the study. Yields

Ala-Pam linker8 was used as the initial ami_no acid anq solid an pe greatly improved by use of both better substrates and
support. Standard Fmoc solid-phase peptide synthesis methyore tailored enzyme variants.

odology was employed to produce the full length, fully
protected, resin-bound pepti@@ Standard TFA deprotection ~ Summary
of the peptide side chains and concomitant release from the resin
gave the N-terminal protected, activated peptide e&3én an
excellent yield of 89% based on initial resin loading. The small
amounts of impurities were removed by HPLC, and the peptide
was characterized by MALDI mass spectrometry.

+

a) DMF:50 mM triethanolamine (9:1), subtilisin variant.

of the hydrolysis reaction, the portion of DMF was increased
and conversely the available water was decreased. A 9:1 ratio
of DMF/buffer gave a significant increase in aminolysis-to-
ydrolysis ratio when the reaction was allowed to proceed at
7°C (Table 3). Yields given represent those obtained from a
reaction by employing a subtilisin variant 8397 K25&Y This

Glycopeptide esters of benzyl alcohol and 2{tiydroxy-

methyl)phen-4yl)-acetamide (PAM) were demonstrated to

serve as acyl donors in subtilisin-catalyzed peptide bond

formations (results summerized in Figure 2). Whi@

o ] R glycosylation of the P1 or P2 residue was prohibitive, subtilisin
Subtilisin-catalyzed peptide ligation was performed as de- efficiently catalyzed the chain elongation of conjugates with

scribed in Scheme 8. The tripeptitigb from the previous study e GlcNAC moiety at the P3 and P4 residues, the former being

was used as the glycopeptide acyl acceptor in these ligations ihe petter substrate. An epimerized glycosyl amino acid at the
All reactions were followed by MALDI mass spectrometry and  p3 sjte was not accepted. With regard to the useOef

quantified by calibrated data. Initial studies were performed

; liein . ; (36) (a) Sears, P.; Schuster, M.; Wang, P.; Witte, K.; Wong, CJH.
using subltilisin in a 7:3 ratio of DMF/buffer. Although the =& 0 SCCoa0 1 T 6ea1 by Structural information: Kidd, R, D..

aminolysis produc4 was formed, a significant portion of  yvennawar, H. P.; Sears, P.; Wong, C.-H.; Faber, GJ.KAm. Chem. Soc.
hydrolysis produc25 was also detected. To decrease the rate 1996 118 1645.
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glycopeptide amides as the acceptors it was found that the*3C NMR (125 MHz, DMSOds): 171.23, 170.34, 169.86, 169.82,

GIcNAc residue can be placed at'PP3, or P4. However

169.69, 169.53, 156.06, 137.02, 128.77, 128.37, 100.39, 72.74, 71.07,

yields increase as the glycosylation site is moved farther away 70-92, 68.72, 65.89, 62.01, 54.86, 53.28, 41.05, 23.02, 20.82, 20.76,

from the amide bond being formed. The base- and acid-stable
glycopeptide PAM esters are readily available via Fmoc-based 75
standard procedures of solid-phase peptide synthesis, enablin(1:1n
a quick and efficient access to side chain unprotected glyco-

20.39. FAB-MS (NBA, Csl): m/e 758.1148 (M + Cs', calcd
8.1173).

Z-Ser(BAcsGIcNACc)-Gly-Gly-OtBu (3a). To a solution of2b (502

g, 0.80 mmol) and HOBLt (285 mg, 2.01 mmol) in DMF (8 mL) was
added NMM (176uL, 1.60 mmol). After addition of HBTU (304 mg,

peptide esters useful for enzymatic glycopeptide segmentg go mmol) the mixture was combined with a solution of HElY-
condensation. The benzyl type esters used in this study areotgy (336 mg, 2.01 mmol) and NMM (224L, 2.01 mmol) in DMF
better than methyl ester as substrates for subtilisin with respect(7 mL). The mixture was stirred for 17 h before the solvent was

to the reation rate and yiefd.The utility of this methodology

evaporated in vacuo. The residue was dissolved in dichloromethane,

was further demonstrated by the subtilisin-catalyzed fragment and the solution was washed with 0.5 M HClI, saturated Nakj@@d
condensation to give a 15-residue-long glycosylated peptide brine. The combined organic layers were dried over MgS®he

amide.

In summary, this paper describes a systematic study to

determine the sites at which subtilisin BPMill accept a
glycosylated residue in enzymatic glycopeptide ligation and

solvent was evaporated in vacuo and the residue purified by chroma-
tography (-hexane/EtOAc, 1:6) to furnish 513 mg of a white solid.
Yield: 87%. R: 0.22 (CHCHMeOH, 94:6). *H NMR (500 MHz,
DMSO-dg): 8.18 (t, 1H, @M, J = 5.5), 8.10 (t, 1H, G", J = 5.5),

7.89 (d, 1H, 8", J = 9.0), 7.38-7.31 (m, 5H, 27"), 5.08 (t, 1H,

provides a useful strategy for enzymatic glysopeptide synthesis.\y_3 3, = 3, , = 10.0), 5.05-5.00 (m, 2H, Z), 4.84 (t, 1H, H-4,

Given the fact that a peptide with glycine at the P1 position is

Joz = Jys = 9.5), 4.68 (d, 1H, H-1 Jy > = 8.5), 4.28-4.25 (m, 1H,

a poor substrate and the fact that the enzyme accepts a broad), 4.19 (dd, 1H, H-8, Jsaep = 12.0,Jsas = 4.5), 4.02 (rg, 1H,
range of substrates with different side chains, it is believed larger H-6%), 3.85-3.69 (m, 8H, 2x G%, &, H-2, H-5), 2.01, 1.97, 1.91,
glycopeptides or glycoproteins can be prepared when combinedl. 74 (4 x s, 4 x 3H, 4 x Ac), 1.41 (s, 9H, tBu). *C NMR (125

with the recently developed solid-phase synthesis of glycopep-

tides using the HYCRON linke#

Experimental Section

General Methods. Subtilisin BPN was purchased from Sigma

MHz, CDCk): 170.9, 170.2, 169.2, 169.0, 156.1, 135.9, 128.5, 128.3,
128.1, 102.0, 82.2, 72.2, 70.3, 68.1, 67.2, 61.6, 54.2, 43.0, 41.7, 28.0,
23.1, 20.7, 20.6.

Z-Ser(BAcsGIcNAC)-Gly-Gly-OH (3b). A solution of3a (513 mg,
0.69 mmol) in TFA (20 mL) was stirred for 40 min. The mixture was
concentrated in vacuo and coevaporated with toluene. The residue was

(protease type XXVII). Reactions were carried out at room temperature purified by chromatography (CHgMeOH/AcOH, 85:15:1) to yield
if no specifications are given. Solid-phase synthesis was performed 447 mg of a white solid. Yield: 94%R:: 0.19 (CHCYMeOH/ACOH,

manually using a reaction vessel similar to the Merrifield reactor.
Chromatography (silica gel 60, 23@00 mesh, Mallinckrodt) was
performed on open columns if no further explanations are given.

85:15:1). 'H NMR (300 MHz, DMSO¢): 8.34 (m, 1H, G+), 8.18
(m, 1H, @), 7.93 (d, 1H, 8", J = 9.0), 7.34-7.29 (m, 5H, 2),
5.06-5.00 (M, 2H, H-3 ZC*2), 4.81 (t, 1H, H-4, Jyz = Jos = 9.7),

Analytical HPLC was performed on a Hewlett-Packard system (Series 4.65 (d, 1H, H-1, Jy» = 8.5), 4.24-4.14 (m, 2H, 8, H-6'9), 4.00—

1100) using a RP-C18 column (Microsorb,uBn, 300 A, 250x 4
mm) and gradients of acetonitrile/water eluents containing 0.05% TFA.
Z-Ser(fAcsGIcNAC)-Gly-OtBu (2a). A solution of Z-SergAcs-
GIcNAc)—OH (1) (990 mg, 1.74 mmol) and HOBt (495 mg, 3.48
mmol) in a mixture of dichloromethane (20 mL), MeCN (10 mL), and
DMF (1.5 mL) was made. To this a premixed solution of DCC (377
mg, 1.83 mmol) in dichloromethane (5 mL) was added. +B3}-
OtBu (583 mg, 3.48 mmol) was dissolved in dichloromethane (20 mL)
followed by addition of NMM (0.38 mL, 3.48 mmol). The two
solutions were combined and stirred for 24 h. The solvent was

3.96 (m, 1H, H-&), 3.83-3.65 (M, 8H, 2x G*, &, H-2, H-5), 1.97,

1.94, 1.88, 1.71 (4< s, 4 x 3H, 4 x Ac). 3C NMR (125 MHz,

DMSO-dg): 171.31, 170.36, 169.87, 169.79, 169.72, 169.53, 169.17,

156.14, 136.98, 128.72, 128.44, 128.18, 127.91, 100.6, 72.74, 71.06,

70.96, 68.69, 65.94, 62.00, 54.93, 53.22, 42.16, 40.79, 22.97, 22.70,

20.76, 20.48. FAB-MS (nba, Cslm/e815 (M + Cs', calcd 815.1).
Z-Ser(AcsGIcNACc)-Gly-Gly-Gly-OtBu (4a). The reaction and the

workup was performed as described in the synthesi8aafising 3b

(215 mg, 0.32 mmol), HOBt (112 mg, 0.63 mmol), HGly-OtBu (134

mg, 0.80 mmol), NMM (157uL, 1.43 mmol), and HBTU (121 mg,

evaporated in vacuo and the residue dissolved in acetone. The0.32 mmol) in 7 mL of DMF. A 221 mg amount of a white solid was
precipitate was removed by filtration, and the filtrate was concentrated obtained. Yield: 88%.R: 0.44 (CHCHMeOH, 9:1). *H NMR (300
in vacuo. The residue was dissolved in EtOAc, and the solution was MHz, DMSO-dg): 8.18-8.14 (m, 3H, 3x GN), 7.90 (d, 1H, 8", J

washed with 0.5 M HCI, saturated NaHg@nd brine. The combined
organic layers were dried over Mg@OAfter concentration in vacuo
the residue was purified by chromatographyhexane/EtOAc, 1:6) to
yield 1.0 g of a white solid. Yield: 84%R: 0.45 (EtOAc). *H NMR
(500 MHz, DMSO¢l): 8.20 (t, 1H, @&, J = 5.5), 7.89 (d, 1H, ¥,
J=19.0), 7.36-7.26 (m, 5H, 271, 5.08 (t, 1H, H-3 Jg 2 = Jg 4 =
9.5), 5.02 (s, 2H, Z%), 4.82 (t, 1H, H-4, Jy 3 = J»5 = 9.5), 4.68 (d,
1H, H-1, Jy > = 8.5), 4.27-4.23 (m, 1H, 8), 4.16 (dd, 1H, H-8,
Jsaep = 12.0,Jpa5 = 4.5), 4.02-3.99 (m, 1H, H-8), 3.85-3.68 (m,
6H, &, &, H-2, H-5), 1.99, 1.96, 1.90, 1.72 (&4 s, 4 x 3H, 4 x
Ac), 1.39 (s, 9H, tBu).

Z-Ser(fAcsGIcNAC)-Gly-OH (2b). A solution of2a (63 mg, 92.4
umol) in a mixture of dichloromethane (3 mL) and TFA (5 mL) is
stirred for 40 min. The mixture is concentrated in vacuo and

=9.0), 7.37-7.33 (m, 5H, 2H), 5.08-5.03 (M, 3H, H-3 Z+,), 4.83
(t, lH, H-4, J4'13' = J4'15' = 95), 4.68 (d, 1H, H-1 -]1',2' = 84), 4.30-
4.17 (m, 2H, 8, H-69, 4.02-3.98 (m, 1H, H-@), 3.85-3.69 (m, 10H,
3 x G4, &, H-2, H-5), 2.00, 1.97, 1.90, 1.73 (4 s, 4 x 3H, 4 x
Ac), 1.39 (s, 9H, tBu).

Z-Ser(AcsGIcNAC)-Gly-Gly-Gly-OH (4b). A solution of4a (221
mg, 0.278 mmol) in 20 mL of TFA was stirred for 40 min. The mixture
was concentrated in vacuo and coevaporated with toluene. The residue
was purified by chromatography (CHZMeOH/AcOH, 80:20:1) to
yield 209 mg of a white solid. Yield: 94%R:: 0.13 (CHCkMeOH/
AcOH, 80:20:1). 'H NMR (500 MHz, DMSO¢ls): 8.17-8.11 (m, 3H,

3 x G\M), 7.88 (d, 1H, 8", 3 =9.1), 7.36-7.31 (m, 5H, 2~"), 5.06
(m, 2H, H-3, J3» = Jz+ = 9.9), 5.03-4.99 (m, 1H, Z*), 4.82 (t,
1H, H-4, Jy3 = Jy5 = 9.7), 4.66 (d, 1H, H-1 Jr > = 8.5), 4.27

coevaporated with toluene. The residue is purified by chromatography 4.23 (m, 1H, 8), 4.17 (dd, 1H, H-8, Jsa, 6o = 12.3,Jsa, 5 = 4.6),

(CHCIl/MeOH/ACOH, 85:15:1) to yield 53 mg of a white solid.
Yield: 92%. R:: 0.37 (CHCYMeOH/AcOH, 85:15:1).*H NMR (300
MHz, DMSO-dg): 8.16 (t, 1H, &, J=5.5), 7.88 (d, 1H, ¥, J =
9.0), 7.3%7.30 (m, 5H, 27H), 5.08-5.00 (M, 3H, H-3 Z¢*), 4.82
(t, 1H, H-4, Iy 3 = Jp 5 = 9.3), 4.69 (d, 1H, H-1 Jy > = 8.5), 4.3+
4.17 (m, 2H, 8, H-6'9), 4.05-3.99 (m, 1H, H-8), 3.83-3.60 (m, 6H,
G, &, H-2, H-5), 1.99, 1.96, 1.89, 1.72 (4 s, 4 x 3H, 4 x Ac).

4.01-3.98 (m, 1H, H-@), 3.82-3.66 (m, 10H, 3x G*, &, H-2, H-5),
1.99,1.95,1.90, 1.72 (4 s, 4 x 3H, 4 x Ac). 3C NMR (125 MHz,
DMSO-dg): 172.28, 171.34, 170.36, 169.89, 169.76, 169.53, 169.30,
169.16, 156.17, 136.96, 128.58, 128.06, 100.44, 72.75, 71.00, 68.85,
68.68, 65.97, 62.00, 54.89, 53.17, 42.44, 41.95, 40.79, 22.83, 21.28,
20.72, 20.64. FAB-MS (NBA, Csl):m/e 1004 (M — H* + 2Cs',

calcd 1004.1), 872 (M- Cs', calcd 872.2).
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General Procedure for Synthesis of the Glycopeptide Benzyl
Esters under Phase Transfer Conditions. To a 0.04 M solution of
the glycopeptide in dichloromethane are added 1 equiv gBuand

Witte et al.

7.47, (t, 2H, PaR®® Jyn o= Jmp= 7.7), 7.39 (t, 2H, FMIE 36, J;,
= J3,4: Jey7: J6,5: 7.4), 7.36-7.29 (m, 6H, Fmo‘t‘:*z-H”, HMPAar*H),
5.33 (s, 2H, Pae®), 5.17 (s, 2H, HMPA&C), 4.39 (m, 3H, Fmade,

5 equiv of benzyl bromide are added. An equal volume of saturated Ala®"), 4.20 (t, 1H, Fmo®™°, Jy_gcn, = 7.1), 3.82 (s, 2H, HMPA™C0),

NaHCG; solution is added and the mixture is stirred vigorously for 24
h before an additional 2.5 equiv of benzyl bromide together with half
of the initial volume of saturated NaHGG®olution is added. After 24

1.44 (d, 3H, AI&"s, Jcp,cn = 7.1). HRMS (FAB, pos):m/e710.1155
(M + Cs', calcd 710.1182).
Fmoc-Ala-PAM (7). Zinc dust was activated by washing with 1N

h the 2-phase system is diluted with dichloromethane and saturatedHCI (6x), washing with HO (6x), washing with ethanol (), and
NaHCQ;. The organic layer is separated and the aqueous layer last washing with ethyl ether ¢6). The activated zinc dust (565 mg,
extracted with dichloromethane. The combined organic layers are dried 8.7 mmol) was combined with 200 mg 6f(0.35 mmol) in 10 mL of

over MgSQ and concentrated in vacuo. The residue is purified by
chromatography.
Z-Ser(AcsGIcNAc)-Gly-OBzl (2¢). A 50 mg (80umol) amount

85% HOAc. The reaction was stirred vigorously and monitored by
TLC. Once all starting material disappeared the Zn was removed by
filtration over Celite and washed with 1.5 mL 85% HOAc. The filtrate

of 2awas reacted according to the general procedure. Chromatographywas then combined with 22 mL of £ and 18 mL of HO, shaken

(CHCI;/MeOH, 94:6) yields 52 mg of a white solid. Yield: 91%¢

0.52 (CHC¥MeOH, 9:1). 'H NMR (300 MHz, DMSO¢): 8.38 {t,
1H, G, J =5.7), 7.88 (d, 1H, ¥, J = 9.0), 7.36-7.29 (m, 10H,
Bzla—H, za—H) 511-5.00 (m, 5H, H-3 BzIt:, ZCH), 4.82 (t, 1H,
H-4', Jy3 = Jps = 9.7), 4.68 (d, 1H, H-1 J;» = 8.5), 4.29-4.26
(m, 1H, ), 4.18 (dd, 1H, H-8, Jsaep = 12.3,Jsa5 = 4.6), 4.00 (dd,
1H, H-6°, Jgb6a = 12.2,Jg15 = 2.0), 3.96-3.67 (M, 6H, G, &, H-2,

H-5'), 1.98, 1.96, 1.90, 1.72 (4 s, 4 x 3H, 4 x Ac). 3C NMR (125

and allowed to separate. The aqueous phase was titrated te-p13 1
with 6 N HCI, and the solution was shaken again. The aqueous layer
was washed once more with,Bt and the organic layers were combined
and washed further with 6 aliquots of®. The solution was removed
under vacuum, and HOAc was azeotroped off with benzene. The
resulting solid was put under vacuum in the presence of KOH for 12
h to yield 119.5 mg of product (74% yield)R:: 0.30 (-Hex/EtOAc/
AcOH, 1:2:0.05). 'H NMR (400 MHz, CDC}): 7.76 (d, 2H,

MHz, CDCk): 171.09, 170.75, 169.91, 169.52, 169.31, 155.95, 136.02, Fmoc¢!~4"5, J, 3= Js5= 8.0), 7.59 (d, 2H, FmSt "8 J, , = Jg7 =
135.09, 128.63, 128.54, 128.47, 128.42, 128.22, 128.06, 101.32, 72.27,6.0), 7.40 (t, 2H, FMOE 36, J3, = Jg4 = Jo7 = Jo5 = 7.3), 7.33-
71.97, 69.00, 68.20, 67.23, 67.09, 61.86, 54.22, 53.67, 41.56, 23.13,7.26 (m, 6H, Fmo¢ 2H"7, HMPA> "), 5.35 (d, 1H, Ald", J = 6.4),

20.64, 20.59. FAB-MS (NBA,Csl)m/e848 (M + Cs', calcd 848.3).
Z-Ser(BAcsGIcNAC)-Gly-Gly-OBzl (3c). A 54 mg (79 umol)
amount of 3a was reacted according to the general procedure.
Chromatography (CH@MeOH, 94:6) yields 50 mg of a white solid.
Yield: 82%. R: 0.46 (CHCMeOH, 9:1). 'H NMR (300 MHz,
DMSO-dg): 8.31-8.18 (m, 2H, 2x G\*), 7.89 (d, 1H, 8", J=9.0),
7.39-7.28 (m, 10H, BA™H, z&=H), 5.12-4.97 (m, 5H, H-3 BzI®*,,
ZC), 4.82 (t, 1H, H-4 Jy3 = Jy5 = 9.7), 4.67 (d, 1H, H1 Jyp»y =
8.5), 4.29-4.22 (m, 1H, 8), 4.18 (dd, 1H, H-6, Jsaer = 12.3,Jsas
= 4.7), 4.00 (dd, 1H, H-8, Jebea = 12.3,Jsn5 = 2.0), 3.91 (d, 2H,
G*, J = 6.0), 3.85-3.65 (m, 6H, @, &, H-2, H-5), 1.98, 1.95, 1.89,
1.72 (4x s,4x 3H, 4 x Ac). 3C NMR (125 MHz, CDC{): 170.34,

5.16 (m, 2H, HMPARC), 4.45-4.34 (m, 3H, Fmot, Alach), 4.21

(t, 1H, Fmo&=2, Jy—gcn, = 7.1), 3.64 (s, 2H, HMPA™CO), 1.44 (d,

3H, Jer, ci = 7.0). 3C NMR (100 MHz, CDCY): 178.5, 176.6, 173.9,
156.74, 142.3, 134.5, 129.7, 128.5, 127.7, 127.0, 125.0, 120.0, 67.1,
66.8, 50.8, 47.1, 40.3. HRMS (FAB, posi/e592.0719 (M+ Cs',

calcd 592.0736).

Immobilization of 7 on Rink-Amide Resin. Fmoc-Rink amide AM
resin (0.25 mmol/g, 400 mg, 0.1 mmol) was treated with DMF/
morpholine (1:1, 10 mL) for 1 h. The resin was washed with DMF
and suspended with a solution of the Fm@enino acid-PAM
conjugate7 (60 mg, 0.131 mmol), HOBt (30 mg, 0.196 mmol), NMM
(29 uL, 0.262 mmol), and HBTU (50 mg, 0.131 mmol) in DMF (11

169.84, 169.72, 169.53, 169.46, 156.13, 136.99, 136.11, 128.67, 128.57mL). After 16 h the reactants were removed by filtration. The resin
128.30, 128.26, 128.07, 128.03, 100.49, 72.75, 71.02, 68.91, 68.71,was washed with DMF before Pyr/A@ (3:1, 12 mL) was added. After
66.10, 65.95, 62.01, 54.90, 53.17, 42.16, 40.87, 22.84, 20.72, 20.65,10 min of shaking the resin was washed with DMF.

20.58. FAB-MS (NBA, Csl): m/e905 (M + Cs', calcd 905.3), 795
(M + Na', calcd 795.4).

Z-Ser(fAcsGIcNAc)-Gly-Gly-Gly-OBzl (4c). A 58 mg (78umol)
amount of4b was reacted according to the general procedure. After 2
days benzyl bromide (150L) was added together witl N NaOH
(70uL). The mixture was stirred for further 5 days. Chromatography
(CHCIl/MeOH, 94:6) yielded 49 mg of a white solid. Yield: 76%.
R: 0.40 (CHCYMeOH, 9:1). 'H NMR (500 MHz, DMSO#d): 8.32
(t, 1H, G, J = 6.0), 8.16-8.13 (m, 2H, 2x G\*), 7.89 (d, 1H, 8",

J = 9.0), 7.39-7.31 (m, 10H, BAM, z&H) 511 (s, 2H, BA™),
5.07 (t, 1H, H-3, Jz 2 = Jz.4 = 10.0), 5.03-4.99 (m, 2H, Z"), 4.82

(t, 1H, H-4, Jy 3 = Jy5 = 9.5), 4.66 (d, 1H, H-1 J1» = 8.5), 4.28-
4.23 (M, 1H, 8), 4.18 (dd, 1H, H-8, Jsaeb = 12.3,J5a5 = 4.7), 4.09-
3.81 (m, 1H, H-6), 3.90 (d, 2H, G, J = 6.0), 3.83-3.65 (m, 8H, 2

x G, &, H-2, H-5), 1.99, 1.96, 1.89, 1.72 (4 s, 4x 3H, 4 x Ac).
13C NMR (125 MHz, CDC4): 170.35, 169.86, 169.73, 169.58, 169.52,

Release of Fmoc-Ala-PAM Amide (9). A small portion (50 mg)
of the above resin was treated with 95% TFA, 2.5% triethylsilane, and
2.5% HO for 5 min. The solution was removed from the resin and
evaporated under a stream of nitrogen, followed by vacuum to dryness
to give 5.1 mg of9. Yield: 89% R: 0.36 (CHCIl,/MeOH/NH,OH,
9:1:0.05). *H NMR (400 MHz, CDC}): 7.75 (d, 2H, Fmo4H-5,
J4,3 = J5,6 = 80), 7.57 (d, 2H, Fmdbl’H’g, J1,2 = J8,7 = 74), 7.39 (t,
2H, FmO@_S'H_G, Jg,z = 33,4 = Jej = J6'5 = 7.4), 7.33-7.26 (m, 6H,
Fmoc'—2H-7 HMPA® "), 5.33 (d, 1H, termindl’z, J = 7.8), 5.16 (s,
2H, HMPAOCH,), 4.45-4.34 (m, 3H, Fmog™, Ala"), 4.20 (t, 1H,
Fmoc'=®, Ju—gcn, = 7.0), 3.56 (s, 2H, HMPAMC0), 1.43 (d, 3H Jch,,
cn=7.1). 3C NMR (100 MHz, CDC}): 180.1, 178.0, 174.1, 156.8,
142.1, 134.4, 134.0, 129.7, 128.5, 127.6, 126.9, 125.3, 119.8, 67.3,
66.8, 50.8, 47.4, 40.0. HRMS (FAB, posin/e591.0888 (M+ Cs',
calcd 591.0896).

Enzymatic Hydrolysis of (9). Compound9 was dissolved in 50

169.17, 156.16, 136.98, 136.12, 128.67, 128.58, 128.31, 128.15, 128.05mM tris pH 8.4 (500uL). To this was added 1@L of a 0.1 U/mL
100.46, 72.77, 71.01, 68.85, 68.71, 66.07, 65.96, 62.02, 54.90, 53.17,solution of subtilisin BPN The reaction was allowed to proceed at

42.44, 41.94, 40.88, 22.84, 20.73, 20.65, 20.58. FAB-MS (NBA,
Csl): m/e962 (M + Cs', calcd 962.3).

Fmoc-Ala-PAM-OPac (6). Fmoc-Ala (295 mg, 0.95 mmol) was
combined with 91.3 mg (0.19 mmol) & in 9.5 mL of saturated
NaHCQ; and 9.5 mL CHCI,. To this biphasic solution was added
64.8 mg (0.19 mmol) oftBuyNHSQ,. The reaction was stirred

vigorously fa 5 h and then allowed to phase separate. The organic

layer was washed with NaHGQo remove excess Fmoc-Ala. After
washing of the organic further with J, it was dried over MgS©

room temperature and monitored by TLC. After 30 min @lvas
hydrolyzed to Fmoc-Ala as visualized by TLC (@E,/MeOH/NH;,-
OH, 9:1:0.05).

Fmoc-Gly-PAM-OPac (10). Fmoc-Gly (0.86 g, 2.9 mmol} (1.00
g, 2.9 mmol) and BsNBr (0.93 g, 2.9 mmol) was reacted as described
above. Chromatography yielded 1.37 g of a solid. Yield: 84834.
0.63 (-Hex/EtOAc/AcOH, 1:2:0.05).'H NMR (500 MHz, CDCH}):
7.87 (d, 2H, Paiho, J, = 7.3), 7.76 (d, 2H, FMAt 45, J,3= Jse
=7.5), 7.59-7.57 (m, 4H, Fmo¢1H-8 Pa#ad, 7.45, (t, 2H, Pare®?

and evaporated to dryness. Column chromatography afforded 94.6 mgJn.o= Jmp= 7.8), 7.39 (t, 2H, FMOt3H6, 33, = J34=Js7= Jo5 =

of product, 71% yield.R:: 0.40 (ethyl acetate/hexane, 2:H NMR
(400 MHz, CDC}): 7.88 (d, 2H, P&, J,, = 7.4), 7.76 (d, 2H,
Fmoct4H-5 3, 3= Js 5= 7.5), 7.62-7.58 (M, 4H, Fmot1H-8 Pagad,

7.3), 7.35-7.24 (m, 6H, Fmot-2H-7, HMPAaH), 5.36 (t, 1H, GH,
Jnha = 5.5), 5.33 (s, 2H, P&#2), 5.16 (s, 2H, HMPA&CH), 4.38 (d,
2H, FmO@HZ, JCHZ,Hfg = 7.1), 4.21 (t, 1H, Fmdt‘g, JH*Q,CHZ = 7.1),
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4.01 (d, 2H, G, Jonn = 5.8), 3.80 (s, 2H, HMPA*CO). 13C NMR
(125 MHz, CDC}): 191.85, 170.73, 169.82, 156.22, 143.73, 141.20,
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chromatography (CH@MeOH, 85:15) to yield 281 mg of a colorless
solid. Yield: 89% (based on the initial loading of the resin with the

134.03, 133.96, 133.86, 129.68, 128.80, 128.68, 127.65, 127.02, 125.03Rink-linker). R: 22.30 min (Microsorb, C18, am, 250x 4 mm, O

119.92, 67.13, 66.84, 66.32, 47.00, 42.75, 40.44. HRMS (FAB, pos):
m/e696.0984 (M+ Cs', calcd 696.0998).

Fmoc-Gly-PAM (11). CompoundLOwas deprotected as described
above. The residue was dissolved in dichloromethane/EtOAc (1:1, 20
mL). Addition of n-hexane led to precipitation of product, which was
collected by filtration yielding 0.87 g of colorless solid. Yield: 85%.
R: 0.36 (-Hex/EtOAc/AcOH, 1:2:0.05). '*H NMR (500 MHz,
CDCl): 7.76 (d, 2H, Fmo&4H=5 J,3 = Js6 = 7.5), 7.59 (d, 2H,
FmO(f'fl'Hfg, lez = .]3,7 = 7.5), 7.40 (t, 2H, Fmdt3'H76, J3'2 = J3,4 =
Js7= Js5 = 7.3), 7.33-7.26 (m, 6H, Fmot-2"-7 HMPA>H), 5.30
(t, 1H, G, 5.17 (s, 2H, HMPACH,), 4.40 (d, 2H, FMo®, Jem, -0
=17.1),4.22 (t, 1H, Fmdt®, Ju-oc, = 7.1), 4.03 (d, 2H, & Jonn =
5.5), 3.64 (s, 2H, HMPA™C0), 13C NMR (100 MHz, CDC}): 180.23,

min (10% B)-30 min (50% B), A= 0.05% TFA in HO, B = 0.05%

TFA in MeCN)). *H NMR (400 MHz, DMSO¢g): 8.30 (t, 1H, &*,

J = 5.8), 8.16-8.12 (m, 2H, 2x GV, 7.88 (d, 1H, 84, J = 9.0),

7.46 (s, 1H, PAMM), 7.36-7.22 (m, 9H, PAM™", ZaH), 6.87 (s,

1H, PAMMH), 5.09-4.98 (m, 5H, PAMCY, H-3, ZC%), 4.82 (t, 1H,

H-4', Jyg = Jos = 9.7), 4.66 (d, 1H, H-1 Jy» = 8.5), 4.28-4.23

(m, 1H, ), 4.18 (dd, 1H, H-8, Jsago = 12.2, Joas = 4.6), 4.01

3.98 (m, 1H, H-8), 3.88 (d, 2H, G, J = 5.9), 3.83-3.68 (m, 8H, 2

x G S, H-2, H-5), 3.36 (s, 1H, PAM":C9), 1.99, 1.95, 1.89, 1.72

(4 x s, 4x 3H, 4 x Ac). 3C NMR (100 MHz, DMSO¢g): 172.15,
170.18, 169.70, 169.56, 169.39, 169.36, 169.01, 155.99, 136.80, 136.55,
133.89, 129.20, 128.41, 128.05, 127.92, 127.88, 100.28, 72.59, 70.83,
68.52, 65.80, 61.83, 54.72, 53.00, 42.27, 41.96, 41.76, 40.68, 22.67,

169.26, 152.80, 141.27, 135.01, 134.24, 129.69, 128.79, 127.72, 127.0720.55, 20.48, 20.41. HRMS (FAB, posjn/e1019.2262 (M+ Cs',

125.08, 119.98, 67.25, 66.87, 47.06, 42.81, 40.46. HRMS (FAB,
pos): m/e446.1616 (M+ Cs', calcd 446.1604).

Immobilization of 10 on Rink-Amide Resin. Fmoc-Rink amide
AM resin (0.56 mmol/g, 1 g) was treated with DMF/morpholine (1:1,
10 mL) for 54 min. The resin was washed with DMF and suspended
with a solution of the Fmoeamino acid-PA conjugatel0 (0.87 g,

1.8 mmol), HOBt (0.36 g, 2.5 mmol), NMM (0.50 mL, 3.6 mmol),
and HBTU (0.68 g, 1.8 mmol) in DMF (11 mL). After 16 h the
reactants were removed by filtration. The resin was washed with DMF
before Pyr/AgO (3:1, 12 mL) was added. After 10 min of shaking
the resin was again washed with DMF.

General Procedure for the Preperation of the Glycopeptide PAM
Amides. Fmoc Removal. The resin was suspended in DMF/piperidine
(8:2, 10 mL). After 15 min of shaking the resin was thoroughly washed
with DMF.

Coupling. The resin was treated with a=5%-fold excess of the
Fmoc—amino acid as a 0.12 M solution in DMF, which contained 1.5
equiv HOBt, 2.0 equiv NMM, and 1.0 equiv HBTU per equivalent of
Fmoc-amino acid. After 3-5 h of shaking the reactants were removed
by filtration. The resin was washed with DMF.

Capping. The resin was suspended in Pyr#®c(3:1, 8 mL) and
shaken for 6 min. Reactants were removed by filtration, and the resin
was thoroughly washed with DMF.

Peptide Cleavage. The resin was shaken in a TFA/ethanedithiol/
H2O mixture (95:2.5:2.5, 10 mL) for 1.5 h unless otherwise noted. After
filtration the resin was washed repeatedly with TFA. The combined
filtrates were concentrated to dryness in vacuo.

Z-Ser(AcsGIcNAC)-Gly-Gly-OPAM (12). The synthesis was
carried out by using one-half of the Fmedipeptide resin following
the general procedure. The crude material was purified by chroma-
tography (CHGYMeOH, 9:1) to yield 265 mg of a colorless solid.
According to NMR analysis the product was a 83:17 mixture of two
compounds, which showed no resolution in the HPLC analysis.
Yield: 89% (based on the initial loading of the resin with the Rink
linker). R: 22.03 min (Microsorb, C18, am, 250 x 4 mm, 0 min
(10% B)—30 min (50% B), A= 0.05% TFA in HO, B = 0.05% TFA
in MeCN). *H NMR (400 MHz, DMSO#dg): 8.24-8.21 (m, 2H, 2x
GN\H), 7.87 (d, 0.83H, 8!, J = 9.0), 7.76 (d, 0.17H, '8!, J = 8.9),
7.46 (s, 1H, PAMM), 7.36-7.23 (m, 9H, PAM™H, 7a—H) 6.87 (s,
1H, PAMMY), 5.09-4.98 (m, 5H, PANPCH:, H-3', ZCH2), 4.83 (t, 1H,
H-4',dy3 = Jvs = 9.7),4.67,4.66 (X% d, 1H, 2x H-1', J» > = 8.5),
4.28-4.23 (m, 1H, 8), 4.17 (dd, 1H, H-6, Jsasn = 12.2,Jgas =
4.6), 4.01-3.98 (m, 1H, H-8), 3.94-3.61 (m, 8H, 2x G%, &, H-2,
H-5), 3.36 (s, 1H, PAM"C0), 1.99, 1.95, 1.89 (X s, 3x 3H, 3 x
AcO), 1.73, 1.70 (2< s, 3H, AcNH). 3C NMR (100 MHz, DMSO-

dg): 172.15, 170.18, 169.71, 169.71, 169.67, 169.56, 169.36, 169.27,

calcd 1019.2287).

Studies in the Subtilisin-Catalyzed Chain Elongation of 2c, 3c,
and 4c. Reaction of Z-SergAc;GIcNAc)-Gly-OBzl (2c) with Gly-
OMe. Compound2c (17 mg, 27.2umol) was dissolved in a 0.3 M
solution of HCIGly-OMe (2 mL, 600xmol) in DMF/50 mM TEA
(7:3), pH 8.4. To the mixture was added 0.5 mL of a solution of
subtilisin (50 mg/mL) in DMF/50 mM TEA (7:3), pH 8.4. The mixture
was stirred for 2 days. TLC control showed the presence of a new
compound together with unaffected starting material. Again 0.5 mL
of the subtilisin solution was added. Aft8 d of stirring the pH had
dropped to 6.2. To the mixture was added H&Y-OMe (112 mg,
0.89 mmol). The pH was adjusted to 8.4 by additiédra® M NaOH
solution before 0.5 mL of the subtilisin solution was added. After 1d
of stirring TLC control still showed the presence of starting material.
The pH had dropped to 7. The reaction mixture was diluted with 30
mL of chloroform and 20 mL ©1 M HCI. The organic layer was
separated. The aqueous layer was extracted twice with chloroform (20
mL). The combined organic layers were washed with 10 mL of brine.
The brine layer was reextracted twice with chloroform. The combined
organic layers were dried over Mg®OThe volatiles were removed
by distillation in vacuo. The residue was chromatographed (GHCI
MeOH, 9:1; CHCYMeOH/AcOH, 85:15:1) to yield 6.5 mg of the newly
formed product and 9 mg (46%) of starting material. TLC and NMR
comparison with an authentic reference identified the newly formed
product to be2b. Yield: 38%.

Reaction of Z-SerfBAcsGIcNAc)-Gly-Gly-Gly-OBzI (4c) with Gly-
OMe. 4c (16 mg, 19.3umol) was dissolved in a 0.3 M solution of
HCI-Gly-OMe (0.77 mL, 77umol) in DMF/50 mM TEA (7:3), pH
8.4. To the mixture was added 154 of a solution of subtilisin (50
mg/mL) in DMF/50 mM TEA (7:3), pH 8.4. After being stirred for 6
h at room temperature, the mixture was diluted with chloroform (20
mL) and 0.13 M HCI (16 mL). The organic layer was separated and
the aqueous layer extracteg 3vith chloroform. The combined organic
layers were washed with brine. The aqueous layer was reextracted
with chloroform. The organic layers were combined and concentrated
in vacuo. The residue was purified by 2-fold GPC (Sephadex G10,
0.05 M NH,OAC, and Biogel P2, kD). Lyophilization yielded 4.5
mg of the hydrolyzed materiab. Yield: 32%.

General Procedure for the Subtilisin-Catalyzed Reactions of the
Glycopeptide Benzyl Esters 2c, 3c, and 4c and the Glycopeptide
PAM Esters 12 and 13 with Gly-NH,. The glycopeptide ester was
dissolved in a 0.3 M glycinamide solution in DMF/50 mM TEA (7:3,
pH 8.4) to give a 0.02 M concentration. A solution (50 mg/mL) of
subtilisin (8.1 U/mg) in DMF/50 mM TEA (7:3, pH 8.4) was added
until a final concentration of 12 U of subtilisin/mL resulted. After

being stirred fo 6 h atroom temperature the mixture was directly
155.98, 136.82, 136.55, 133.89, 129.21, 129.17, 128.41, 128.05, 127.98P€IN
127.91, 127.86, 127.82, 100.55, 100.31, 72.58, 70.84, 68.74, 68.52,Subiected to GPC on a Sephadex LH-20 column (GHE@OH, 1:1).

68.43, 65.84, 65.78, 61.84, 54.97, 54.72, 52.99, 41.97, 41.93, 40.67,

22.67, 20.55, 20.46, 20.41. HRMS (FAB, posijre962.2095 (M+
Cs', calcd 962.2012).

Z-Ser(fAcsGIcNAC)-Gly-Gly-Gly-OPAM (13). The synthesis was
carried out by using the second half of the Fmdipeptide resin
following the general procedure. The crude material was purified by

Reaction of Z-SerffAcsGIcNACc)-Gly-OBzl with Gly-NH ,. A 0.5
mg (0.7 umol) amount of2c is reacted (see the general procedure).
TLC control shows no conversion of the starting material after 6 h.
Z-Ser(ffAcsGIcNACc)-Gly-Gly-Gly-NH > (15). Reaction of 3c.
Compound2c (19.0 mg, 24.6umol) was reacted according to the
general procedure. GPC furnishes a material which was further purified
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by chromatography (CH@MeOH/AcOH, 85:15:1) yielding 12.0 mg
of coupled product5 (66%) and 5.0 mg of the hydrolysis produit
(30%).

Reaction of 12. Compound12 (9.2 mg, 11.1umol) was reacted

Witte et al.

over Celite and solvent removed by evaporation to give a white solid
Ser3BAcsGIcNAC)-NH,, 17b(89.1 mg). Yield: 99.9% Compouriib

(64.9 mg, 0.15 mmol) was then dissolved in DMF. To this solution
was added Z-Gly (94.1 mg, 0.45 mmol), HOBt (69 mg, 0.45 mmol),

according to the general procedure. GPC furnishes 1.1 mg of unreactedand NMM (125uL, 0.9 mmol). After all material was dissolved, HBTU

material (12%), 4.8 mg of coupled produtd (59%), and 1.6 mg of
hydrolysis producb (21%). Rr = 0.13 (CHC¥{MeOH/AcOH, 85:
15:1). *H NMR (500 MHz, DMSO#¢g): 8.15 (t, 1H, G", J = 5.5),
8.11 (t, 1H, @™, J=5.7), 8.07 (t, 1H, &", 3 =5.8), 7.88 (d, 1H, §
J=19.0), 7.36-7.30 (m, 5H, 2"), 7.20 (s, 1H, amid®, 7.06 (s, 1H,
amide), 5.06 (t, 1H, H-3 Jz > = Jz.4 = 9.9), 5.03-4.99 (m, 2H, Z*),
4.82 (t, lH, H-4, J4"3' = \]4',5' = 97), 4.67 (d, lH, H-:',, \]1’,2' = 84),
4.27-4.23 (m, 1H, 8), 4.17 (dd, 1H, H-8, Jgaer = 12.3,Jsas =
4.6), 3.99 (g, 1H, H-6"), 3.83-3.69 (m, 8H, 2x G*, &, H-2, H-5),
3.61(d,2H, G,J=5.7),1.99,1.96,1.89,1.72 (4 s, 4x 3H, 4 x

Ac). *C NMR (125 MHz, DMSOs): 171.09, 170.35, 169.92, 169.87,

was added to the reaction (257 mg, 0.68 mmol), and the reaction was
stirred under Movernight. The solvent was removed under vacuum,
and the residue was taken up in dichloromethane and washed three
times with saturated sodium bicarbonate solution. The organic layer
was further washed with water and dried over MgS@olvent was
removed by evaporation to give a white solid. Chromatography
purification (92% CHCI./8% MeOH/0.1% NHOH) gave 81.5 mg of

a white solid. Yield: 87.1%.R:: 0.5 (92% CHCl,: 8% MeOH:0.1%
NH4OH). H NMR (500 MHz, DMSO#¢g): 7.85 (m, 2H, GIcNA&H,

SNH), 7.51 (t, 1H, @H, J = 5), 7.377.34 (m, 5H, 2 "), 7.26 (br d,

2H, S¥H2, 3 = 6), 5.10 (t, 1H, H-3 J=9), 5.05 (s, 1H, 2"), 4.86 (t,

169.74, 169.53, 169.37, 169.16, 156.16, 136.98, 128.58, 128.05, 100.461H, H-4, Jy 3 = Jx5 = 9), 4.68 (d, 1H, H-1 Jy» = 8), 4.39 (m, 1H,
72.76, 71.01, 68.87, 68.70, 65.97, 62.01, 54.89, 53.18, 42.50, 42.36,H-6'9), 4.22 (m, 1H, 8), 4.03 (m, 1H, H-6), 3.87 (m, 2H, 8), 3.76-

42.05, 22.85, 20.73, 20.66, 20.59. ESI-MS (pasye761 (M+ Na,
calcd 761.0), 739 (M+ H, calcd 739.0).
Z-Ser(AcsGlcNAC)-Gly-Gly-Gly-Gly-NH ; (16). Reaction of 4c.

Compound4c (20.0 mg, 24.1umol) was suspended in the reaction

3.66 (m, 3H, @, H-2),3.74 (s, 1H, H-5, 2.03 (s, 3H, Ac), 1.98 (s,

3H, Ac), 1.92 (s, 3H, Ac), 1.79 (s, 3H, Ac)3C NMR (250 MHz,
DMSO-dg): 170.93, 170.19, 169.72, 169.69, 169.35, 169.14, 156.14,
137.04, 128.42, 127.88, 127.84, 100.25, 72.64, 70.85, 68.71, 68.51,

mixture according to the general procedure. The reaction mixture 65.59, 65.48, 61.80, 53.12, 52.43, 43.58, 22.74, 20.58, 20.47, 20.41.
became clear after 3 h. GPC furnished 8.5 mg of the coupled product HRMS (FAB, pos): m/e757.1357 (M+ Cs*, calcd 757.1333).

16 (44%) and 9.6 mg of the hydrolysis produtlh (54%).
Reaction of 13. Compoundl3 (19.9 mg, 22.4umol) was reacted

Z-Gly-Gly-Ser(ffAcsGIcNACc)-NH; (19a). Deprotection ofl7aas
stated above gaveé7b. Compoundl7b (21.65 mg, 0.05 mmol) was

according to the general procedure. GPC furnished 7.9 mg of the then dissolved in DMF, and to it was added Z-Gly-Gly (40 mg, 0.15

coupled productl6 (44%) and 9.3 mg of the hydrolysis produth
(56%). R = 0.12 (CHCYMeOH/ACOH, 85:15:1). H NMR (500
MHz, DMSO-g): 8.17-8.12 (m, 3H, 3x G\M), 8.05 (t, 1H, @&"),
7.88 (d, 1H, S, J = 8.8), 7.36-7.30 (m, 5H, 27H), 7.20 (s, 1H,
amidé), 7.07 (s, 1H, amid®, 5.07 (t, 1H, H-3 J3 > = Jz4 = 9.9),
5.03-4.98 (m, 2H, Z*2), 4.82 (t, 1H, H-4, Jy3 = J»5 = 9.7), 4.67
(d, 1H, H-1, Jy > = 8.4), 4.26-4.24 (m, 1H, 8), 4.17 (dd, 1H, H-6,
Jsaep = 12.3,Jpa5 = 4.6), 3.99 (ng, 1H, H-6Y), 3.83-3.71 (m, 10H,
3 x G, &, H-2, H-5), 3.61 (d, 2H, @, J = 5.9), 1.99, 1.96, 1.89,
172 (4x s, 4x 3H, 4 x Ac). 3C NMR (125 MHz, DMSO#):

mmol), HOBt (22 mg, 0.15 mmol), NMM (4kL, 0.3 mmol), and
HBTU (87 mg, 0.23 mmol). The reaction was stirred under N
overnight, and then workup was as described above. Chromatography
purification (92% CHCI,/8% MeOH/0.1% NHOH) gave 25.5 mg of

a white solid. Yield: 75.1%.R:: 0.4 (92% CHCI,/8% MeOH:0.1%
NH;OH). *H NMR (500 MHz, DMSO¢g): 8.14 (m, 1H, @"), 7.85

(M, 2H, GIcNAGH, W), 7.53 (m, 1H, @), 7.35-7.32 (m, 5H, 2" 1),

7.22 (br d, 2H, 8%, J = 7), 5.07 (t, 1H, H-3 J = 9), 5.02 (s, 1H,
ZCH), 4.82 (t, 1H, H-4, Jy 3 = Jy5 = 9), 4.68 (d, 1H, H-1 J;:» = 8),

4.35 (m, 1H, H-6), 4.19 (m, 1H, 8), 4.00 (m, 1H, H-6), 3.83 (m,

171.11, 170.35, 169.87, 169.74, 169.51, 169.30, 169.20, 156.16, 136.972H, ), 3.76-3.64 (m, 6H, G, H-2, H-5), 2.01 (s, 3H, Ac), 1.95 (s,
128.20, 127.90, 100.46, 72.77, 71.05, 68.87, 68.71, 65.96, 62.01, 54.873H, Ac), 1.89 (s, 3H, Ac), 1.76 (s, 3H, Ac)**C NMR (250 MHz,

53.23, 42.37, 42.18, 42.05, 41.93, 22 (broad). MALDI-M&- (
cyanocinnamic acid)m/e834 (M+ K, calcd 834.5), 818 (M- Na',
calcd 818.4), 796 (M+ H*, calcd 796.4).

Z-Ser(AcsGIcNAC)-NH; (17a). To a solution ofl (149.6 mg, 0.27

mmol) in THF (50 mL) was added HOBt (62 mg, 0.40 mmol) and
This mixture was stirred at room as described above gave Gly-Gly-$#¢sGIcNAC)-NH,, 18b. In

EDC (51.7 mg, 0.27 mmol).

DMSO-dg): 170.94, 170.19, 169.71, 169.67, 169.36, 130.14, 129.54,
128.83, 128.42, 127.89, 100.25, 70.81, 68.46, 65.62, 61.77, 60.00, 55.31,
54.99, 50.08, 43.60, 22.75, 20.59, 20.48, 20.42. HRMS (FAB, pos):
m/e704.2366 (M+ Na, calcd 704.2391).

Z-Gly-Gly-Gly-Ser(fAcsGIcNAc)-NH; (20a). Deprotection ofl8a

temperature for 20 min. Agueous ammonia was added slowly by DMF 18b(29.4 mg 0.06 mmol), Z-Gly-Gly (48 mg, 0.18 mmol), HOBt
syringe (18QuL, 2.7 mmol) as the reaction cleared. The reaction was (41 mg, 0.27 mmol), NMM (5Q:L, 0.36 mmol), and HBTU (68 mg,
stirred fa 1 h after the addition was complete. Solvent was removed 0.18 mmol) were stirred under,vernight. Workup was as described
under vacuum, and the residue was taken up in dichloromethane andabove. Chromatography purification (90% &H,/10% MeOH/0.1%
washed three times with saturated sodium bicarbonate solution. TheNH4OH) gave 31.9 mg of white solid. Yield: 72.5%R:: 0.4 (90%

organic layer was further washed with water and dried over MgSO
Solvent was removed by evaporation to give a white solid. Chroma-

tography purification (90% C#Cl,/10% MeOH/0.1% NHOH) gave
135.3 mg of white solid. Yield: 90.6%R: 0.6 (90% CHCI,/10%
MeOH/0.1% NHOH). *H NMR (500 MHz, DMSOdg): 7.88 (d, 1H,
GIcNACYH, J = 9.0), 7.377.30 (m, 5H, 2"), 7.24 (s, 1H, 83,
7.16 (s, 1H, ¥), 7.05 (d, 1H, 8", J = 8.5), 5.06 (t, 1H, H-3J =
9.5), 5.01 (s, 1H, Z%), 4.82 (t, 1H, H-4, Jy 3 = J» 5 = 9.5), 4.66 (d,
1H, H-1, Jy > = 8.5), 4.18 (M, 1H, H-B), 4.12 (m, 1H, ), 3.99 (m,
1H, H-6Y), 3.85-3.81 (m, 2H, 8), 3.70-3.67 (m, 2H, H-2, H-5),

1.99 (s, 3H, Ac), 1.96 (s, 3H, Ac), 1.89 (s, 3H, Ac), 1.72 (s, 3H, Ac).
13C NMR (250 MHz, DMSO#d,): 171.38, 170.27, 169.53, 169.44,

CH,Cl,/10% MeOH/0.1% NHOH). H NMR (500 MHz, DMSO#¢k):

8.16 (m, 2H, @), 7.86 (M, 2H, GICNARH, S\H), 7.47 (t, 1H, &H, J

=6), 7.377.32 (m, 5H, 271, 7.21 (br d, 2H, 8", J = 3), 5.06 (t,

1H, H-3,J=9), 5.02 (s, 1H, 2%), 4.82 (t, 1H, H-4 Jy3 = Ja5 =

9), 4.63 (d, 1H, H-1 Jy > = 8), 4.34 (m, 1H, H-6), 4.19 (m, 1H, ),

4.00 (m, 1H, H-6), 3.86-3.65 (m, 10H, § G, H-2, H-5 ), 2.00 (s,

3H, Ac), 1.95 (s, 3H, Ac), 1.89 (s, 3H, Ac), 1.76 (s, 3H, AcFC

NMR (250 MHz, DMSO¢e): 171.20, 170.70, 169.78, 169.62, 169.52,
157.20, 136.88, 136.58, 130.24, 129.80, 102.93, 73.10, 72.92, 70.51,
68.71, 68.23, 65.51, 60.01, 56.26, 54.02, 53.12, 52.48, 43.47, 22.71,
20.51, 20.67, 20.41. HRMS (FAB, posn/e 871.1795 (M+ Cs',
calcd 871.1762).

169.02, 156.31, 136.92, 133.90, 133.18, 101.09, 73.56, 71.49, 67.02, General Procedure for the Subtilisin-Catalyzed Reactions of

65.80, 62.30, 54.92, 53.54, 23.06, 21.08. HRMS (FAB, pasje
700.1142 (M+ Cst, calcd 700.1119).
Z-Gly-Ser(ffAcsGIcNAc)-NH; (18a). Compoundl7a(116.6 mg,

Glycopeptide Amides 17a, 18a, 19aand 20a with Z-Gly Benzyl
Ester. The glycopeptide amide was deprotected as described above.
The deprotected glycopeptide amide&7l§, 18b, 19b, and 20b

0.206 mmol) was added to 25 mL of ethanol to give a white suspension. respectively) were dissolved in a 0.06 M solution of Z-GlyOBz in DMF/
Pd(OH} (Degussa type, 10 mg) was added and the flask flushed with 50 mM TEA (7:3, pH 8.4) to give a 0.02 M concentration. To this
nitrogen. The flask was then evacuated and backfilled with hydrogen solution a solution (50 mg/mL) of subtilisin (8.1 U/mg) in DMF/50

from a filled balloon. The reaction was stirred under fdr 2 h at

mM TEA (7:3, pH 8.4) was added until a final concentration of 12 U

which time no white solid was apparent. The catalyst was filtered off of subtilisin/mL resulted. After being stirred fo6 h at room
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temperature, the mixture was directly subjected to GPC on a SephadexiH, $), 4.00 (m, 1H, H-®), 3.86-3.65 (m, 12H, § G%, H-2, H-5),

LH-20 column (CHCYMeOH, 1:1).

Deprotection and Reaction of Z-SerAcsGIcNAc)-NH, with
Z-GlyOBzl. A 0.5 mg (0.88umol) amount ofl7awas reacted (see
the general procedure). TLC control showed no conversion of the
starting material after 6 h.

Deprotection and Enzymatic Ligation of 18a and Z-GlyOBz| To
Give Z-Gly-Gly-Ser(fAcsGIcNAc)-NH; (19a). Compoundl8a(10.0
mg, 16.0umol) was reacted according to the general procedure. GPC
furnished a material which was further purified by chromatography
(92% CHCI./8% MeOH/0.1% NHOH) yielding 4.0 mg of coupled
product19a (37%). Both HRMS and NMR spectra were in good
agreement with those reported above.

Deprotection and Enzymatic Ligation of 19a and Z-GlyOBz| To
Give Z-Gly-Gly-Gly-Ser(ffAcsGIcNAc)-NH; (20a). Compoundl9a
(12.8 mg, 18.7«mol) was reacted according to the general procedure.
GPC furnished a material which was further purified by chromatography
(90% CHCI/10% MeOH/0.1% NHOH) yielding 8.1 mg of coupled
product 20a (54%). Both HRMS and NMR spectra were in good
agreement with those reported above.

Deprotection and Enzymatic Ligation of 16a and Z-GlyOBz| To
Give Z-Gly-Gly-Gly-Gly-Ser(fAcsGIcNAc)-NH; (21). Compound
20a (15.9 mg, 21.5umol) was reacted according to the general
procedure. GPC furnished a material which needed no further
purification yielding 10.7 mg of coupled produ2t (62%). R: 0.3
(92% CHCI,/8% MeOH/0.1% NHOH). *H NMR (500 MHz, DMSO-
dg): 8.17 (m, 3H, &%), 7.86 (m, 2H, GIcNAE", S\H), 7.47 (t, 1H,
G\, J=6), 7.35-7.32 (m, 5H, 2H), 7.21 (br d, 2H, 8", J= 2.5),

5.07 (t, 1H, H-3, J=9), 5.01 (s, 1H, 2"), 4.85 (t, 1H, H-4, Jy 3 =
Jvs =9), 4.63 (d, 1H, H-1 Jy» = 8), 4.33 (m, 1H, H-6), 4.19 (m,

2.00 (s, 3H, Ac), 1.95 (s, 3H, Ac), 1.89 (s, 3H, Ac), 1.76 (s, 3H, Ac).
HRMS (FAB, pos): m/e928.2043 (M+ Cs', calcd 928.2009).

SPPS of Long-Chain Peptide Ester (23).Standard Fmoc-SPPS
protocol was used to elaborées described in the general procedure
above. Deprotection and cleavage from the resin was accomplished
simultaneously by treatment with 95% TFA, 2.5% triethylsilane, and
2.5% HO for 20 min. The solution was drained from the vessel and
the resin washed with TFA three times. The solution was evaporated
to dryness to give a white solid. The solid was taken up in methanol,
the insoluble material was filtered out, and the methanol solution was
reduced to 5 mL volume. To this was added 100 mL ofCEtvas
added to precipitate the peptide. The solid was isolated by centrifuga-
tion and taken up in BD. The aqueous solution was lyophilized to
give the crude product. The compound was purified by HPLC.
Yield: 128.4 mg, 87.3%. MALDI MS:m/e1714 (M+ Na', calcd
1714).

Enzymatic Ligation of 23 and 19b. The most successful conditions
are described herein. One equivalen28f{1.4 mg, 0.94:mol) and 3
equiv of19b (1.3 mg, 2.8«mol) were dissolved in 9oL of DMF. To
this was added &L of 50 mmol triethanolamine, pH 7.8. After the
solution cooled, 2L of 10 mg/mL subtilisin stock was added and the
reaction was kept at 37C. After 4 h, 2uL of a 1 mg/mL solution of
(phenylmethyl)sulfonyl fluoride in CECN was added to stop the
reaction. The reaction mixture was then analyzed by MALDI mass
spectroscopy. MALDI of23: m/e 2096 (M + Na', calcd 2096).
MALDI of 24: m/e1567 (M + Nat, calcd 1567).
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