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Two analogues of the antidiuretic drug [l-desamino,8-~-argininelvasopressin (DDAVP), which 
have a glycosylated serine a t  position 4, have been prepared by Fmoc solid phase peptide 
synthesis. The glycosylated analogues had significantly higher bioavailabilities than the 
nonglycosylated [~-Ty9,Ser~lDDAv" and DDAVP on intraintestinal administration in rat. The 
improved bioavailability resulted from a n  increased absorption from the small intestine and 
most likely from an increased stability toward enzymatic degradation, whereas plasma clearance 
was either unaffected or slightly increased by the glycosylation. The glycosylated analogues 
displayed only very low agonistic and antagonistic activities at the vasopressin V2-receptor. 
Conformational studies performed by lH NMR spectroscopy did not reveal any major influence 
from glycosylation on the conformation of the peptide backbone. The lack of receptor binding 
displayed by the analogues is therefore most likely explained by steric repulsion between the 
carbohydrate moiety and the vasopressin receptor which prevents receptor binding. 

Introduction 

The oligosaccharide units of naturally occurring gly- 
coproteins are known to affect the properties of the 
parent protein in many and diverse ways (reviewed in 
refs 1 and 2). For example, glycosylation of a protein 
can confer protection against proteolysis, influence 
uptake, distribution, and excretion, and it can also 
determine the biological function of the protein. These 
effects can in some cases be indirect consequences of 
the glycosylation which result from conformational 
changes induced in the protein by the carbohydrate 
moieties. 

Some recent investigations have revealed that attach- 
ment of carbohydrate residues to peptides, which are 
not glycosylated in nature, can influence the biological 
functions of the peptides as enzyme inhibitors, neu- 
ropeptides, and hormones. For instance, a glycosylated 
derivative of a peptide inhibitor of the protease renin 
displayed slower excretion by the liver biliary pathway 
than the parent peptide, resulting in increased serum 
a~ai labi l i ty .~ Several neuropeptides and peptide hor- 
mones have been glycosylated, and strikingly, the 
analgetic (antinociceptive) activity of [ ~ - M e t ~ , H y p ~ l -  
enkephalinamide was increased 200-2000-fold on ,!?-D- 
galactosylation of the hydr~xyproline.~ In addition, a 
recent communication5 describes that attachment of 
glucose to an enkephalin analogue enables the neu- 
ropeptide to cross the blood-brain barrier, presumably 
via an active glucose transport mechanism. Smaller 
increases, or decreases, in the biological activity were 
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also observed on glycosylation of other enkephalin 
analogues6,' and of analogues of somatostatin,8 LHRH,g 
and vespulakinin.1° These studies illustrate that gly- 
cosylation can be used as a tool to modify the biological 
activities of peptides. In addition, a few studies indicate 
that glycosylation can be exploited in attempts to 
overcome the intrinsic shortcomings in using peptides 
as drugs,ll i.e., to overcome rapid e~c re t ion ,~  poor 
transport across membranes such as the blood-brain 
barrier,5 and susceptibility to  proteolytic degradation.12 

We have prepared the two glycosylated analogues 6 
and 7 of the antidiuretic drug DDAVP, [l-desamino,% 
~-argininelvasopressin~~ (41, as well as the nonglycosy- 
lated analogue 5.  The glycopeptides were prepared in 
order to investigate if glycosylation could improve the 
metabolic stability and the uptake of DDAVP on in- 
traintestinal administration and also to determine its 
effect on the antidiuretic activity of DDAVP and on the 
conformation of the peptide backbone. We replaced 
glutamine a t  position 4 in DDAVP by a galactosylated 
serine, since various amino acids including serine can 
be incorporated at  this position without loss of the 
antidiuretic activity.14 The Tyr2-Phe3 and Phe3-Gln4 
amide bonds in DDAW are labile toward proteolysis 
by a-chymotrypsin, but use of D-Tyr at  position 2 
stabilizes the former bond toward cleavage with only a 
minor reduction14 of the antidiuretic activity. D-Tyr2 
was therefore incorporated in 5-7 in order to allow an 
evaluation of the influence of glycosylation on the 
stability of the Phe3-Ser4 amide bond toward enzymatic 
degradation. 
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(Mpr = 3-mercaptopropionic acid) 

4 AA1 = L-Tyr, AA2 = Gln 

5 AA1= D-TYK, AA2 = Ser 

Table 1. Degradation of DDAVP (4) and 5-7 in Vitro by 
a-Chymotrypsin and Rat Intestinal Juicea 

peptide a-chymotrypsin rat intestinal juice 
4 13 f 1 20 i 1 
5 37 f 2 280 f 30 
6 180 f 5 230 f 10 
7 37 + 1 320 f 30 

a Half-lives were calculated from the time-course studies of 
degradation using the formula for single exponential decay. 
Results are from one experiment and are expressed i SE of the 
calculated half-life. 

Table 2. Transport Rates of DDAVP (4) and 5-7 in Vitro over 
Rat Small Intestine" 

relative transport rate 
transport rate P,,,(peptide)/ P,,,(peptide)/ 

peptide Pap, ( x  lo6, c d s )  P,,,(PEG 1000) Pa,,(PEG 4000) 
4 (n  = 6) 0.89 f 0.06 0.57 f 0.03 1.57 i 0.08 
5 (n  = 4) 1.03 f 0.06 0.62 i 0.05 1.66 f 0.14 
6 (n  = 4) 1.84 f 0.11 1.09 i 0.03 2.83 f 0.11 
7 (n  = 4) 1.67 f 0.08 0.96 f 0.03 2.56 f 0.07 

6 AA1 = D-Tyr, AA2 = AcoG O-Ser 
AcO 

OAc 

7 AAl = D-Tyr, AA2 = 
HO 

OH 

Results and Discussion 

Glycopeptide Synthesis. The glycosylated building 
block 3 was obtained (42%) by boron trifluoride etherate 
promoted glyc~sylation~~ of Na-Fmoc-L-serine pentafluo- 
rophenyl ester16 (2) with P-D-galactose pentaacetate (1) 
(Scheme 1). Compound 3 was then used for synthesis 
of the glycosylated DDAVP analogues 6 and 7 according 
to standard conditions for Fmoc solid phase peptide 
synthesis. The synthesis was performed in a mechani- 
cally agitated reactor on a polystyrene resin function- 
alized with the Rink linker,l7Js and Nu-Fmoc amino 
acids carrying standard side chain protective groups 
were coupled to the resin as benzotriazolyl (HOBt) 
esters.lg After completion of the synthesis, the glyco- 
peptides were cleaved from the resin, and the amino 
acid side chains were simultaneously deprotected by 
treatment with trifluoroacetic acid. Disulfide bond 
formation was affected by oxidation with iodine in 
methanol. In the preparation of 7 it was found that 
deacetylation had to precede disulfide bond formation 
since the cyclized glycopeptide 6 was degraded on 
attempted deacetylation with methanolic ammonia. 
Purification by reversed phase HPLC gave the glyco- 
peptides 6 and 7 in 30 and 20% overall yields, respec- 
tively, based on the resin capacity. The nonglycosylated 
DDAVP analogue 5 was prepared by a similar procedure 
in 44% yield. The glycopeptides were characterized by 
fast atom bombardment mass spectrometry, amino acid 
analysis, and lH NMR spectroscopy. 

Biochemical and Pharmacological Studies. The 
influence of glycosylation on susceptibility toward pro- 
teolytic degradation, uptake on intraintestinal admin- 
istration, and the antidiuretic activity of DDAVP (4) was 
investigated in comparative studies using the analogues 
5-7. 

a Values are mean f SEM calculated from transport rates of 
nine 15-min intervals of n individual experiments 

First, the stability of the peptides 5-7 toward pro- 
teolytic degradation by a-chymotrypsin and rat intes- 
tinal juice was investigated with DDAVP as reference 
(Table 1). A 3-fold increase in half-life was observed 
for 5 and the glycosylated 7 in the degradation with 
chymotrypsin, whereas the 0-acetylated glycopeptide 6 
displayed a more than 10-fold higher stability. The 
general increase in stability of 5-7 is most likely due 
to the incorporation of D-Tyr a t  position 2, which 
stabilizes the Tyr2-Phe3 amide bond, whereas the ad- 
ditional stability of 6 must result from stabilization of 
the Phe3-Ser4 bond by the bulky 0-acetylated galactose 
moiety. In contrast, compounds 5-7 all displayed 
similar rates of degradation by rat intestinal juice, and 
their half-lives increased 10- 15-fold in comparison to 
DDAVP. Again, the increase in stability most certainly 
results from incorporation of D-Tyr at  position 2, but 
with the complex enzymatic mixture which constitutes 
rat intestinal juice, no pronounced increase in the 
stability due to the glycosylation was observed. 

Peptides generally display poor absorption on oral 
administration, and only approximately 0.1% of the 
administered dose of DDAVP is absorbed in humans20 
and in rat (Table 3). The uptake of DDAVP, and the 
peptides 5-7, over rat small intestine was assessed by 
measuring the transport rates over a segment of small 
intestine mounted in a modified Ussing chamber. The 
absence of enzymatic degradation in this experiment 
was verified by incubating DDAVP, the peptide shown 
t o  be most susceptible to degradation, with a piece of 
intestine and analyzing the DDAVP concentration by 
radioimmunoassay and HPLC. The glycopeptides 6 and 
7 were transported across the small intestine at  higher 
rates than the nonglycosylated 5 and DDAVP, with the 
0-acetylated glycopeptide 6 showing the highest trans- 
port rate (Pap,, Table 2). Small but noticeable differ- 
ences in transport rates were evident between the 
experiments due to individual variation in intestine 
from different rats. The radiolabeled poly(ethy1ene 
glycols) [3H]PEG 1000 and [14C]PEG 4000 were there- 
fore included as internal control substances to allow 
correction of inter individual variation. The relative 
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Table 3. Some Pharmacokinetic Parameters of DDAVP (4) and 5-7 after Intravenous and Intraintestinal Administration to  Ratsnsb 
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intravenous (iv) intraintestinal (ii) 
t l / Z C  AUCd emaxe AUCd bioavailabilityf 

peptide (min) (ng/mL.min) (ng/mL) (ng/mL*min) (%I 
4 39 f 2 (3) 459 2c 18 (3) 0.8 & 0.1 (4) 52 f 9 (4) 
5 32 f l ( 4 )  278 f 18 (4) 1.4 f 0.3 (4) 141 i: 50 (4) 
6 35 2 (4) 298 f 17 (4) 3.6 i 0.5 (4) 620 f 77 (4) 
7 20 * 2 (4) 211 f 25 (4) 2.5 f 1.3 (4) 345 f 102 (4) 

0.1 
0.5 
2.1 
1.6 

a Of each peptide, 1 pg was administered intravenously and 100 pg was administered intraintestinally. Values are mean f SEM of 
n individual experiments. Half-life. d Area under plasma concentration curve. e Maximal concentration in plasma. f The bioavailability 
was calculated as (AUCii/doseii)/(AUCi~dosei,). 

transport rates showed that the glycopeptides 6 and 7 
were transported to the serosal side of the small 
intestine a t  approximately the same rate as PEG 1000 
and almost three times the rate of the larger PEG 4000 
(Table 2). In contrast, the peptide 5 and DDAVP were 
transported a t  only half the rate of PEG 1000 and 50% 
faster than PEG 4000. The tetra-0-acetylated glyco- 
peptide 6 displayed somewhat higher relative transport 
rates than the deprotected glycopeptide 7 both in 
relation to PEG 1000 and PEG 4000. 

DDAVP and the three peptides 5-7 all showed the 
same biphasic elimination pattern after intravenous (iv) 
administration in the rat, the first phase representing 
distribution combined with elimination and the second 
phase representing only elimination (data not shown). 
The elimination rate during the second phase followed 
single exponential decay for all four peptides, and the 
kinetic analysis after iv administration demonstrated 
that the half-lives of the nonglycosylated 5 and the 
0-acetylated glycopeptide 6 were in the same range as 
DDAVP, while the deprotected 7 showed a considerably 
higher rate of clearance (Table 3). As expected, the AUC 
(area under plasma concentration curve) values ranked 
the four peptides in the same order as did the half-lives 
(DDAVP > 6 > 5 > 7). Since the hydrophilic DDAVP 
is known to be predominantly excreted via the kidneys, 
a possible explanation for the enhanced clearance of 7 
may be that incorporation of a hydrophilic, unprotected 
carbohydrate moiety facilitates the excretion. Another 
explanation could be that the carbohydrate residue 
enables the substance to be cleared via an additional 
route. 

The absorption i n  vivo from rinsed rat intestine 
differed markedly between the peptides. The glycopep- 
tides 6 and 7 displayed higher maximal plasma con- 
centrations (C,,), reflecting faster and more efficient 
absorption than the peptide 5 and DDAVP (Figure 1 
and Table 3). Furthermore, the two glycopeptides 
displayed time to maximum concentration values (tm,) 
between 30 and 60 min in contrast to  5 and DDAVP, 
which both reached their maximal concentrations within 
15 min (Figure 1). The higher C,, and increased t,, 
suggest that 6 and 7 were available for transport from 
the intestine during a longer period of time than 5 and 
DDAVP. This indicates a higher stability of 6 and 7 
toward enzymatic degradation in the intestine and 
possibly also in the intestinal wall. The bioavailability 
of the peptides, calculated by comparing the AUC values 
from intraintestinal administration with AUC values 
from intravenous administration, clearly demonstrated 
a considerably higher bioavailability for the glycosylated 
peptides (Table 3). The 0-acetylated glycopeptide 6 was 
the most bioavailable, displaying a 4-fold increase in 

0 60 120 1 ao 240 300 

Time After Administration (min) 

Figure 1. Plasma concentrations of DDAVP (4) and the 
analogues 5-7 after intraintestinal administration to anaes- 
thetized rats; 100 pug of each peptide was administered into 
the rat intestine, and the plasma peptide concentration was 
determined at the indicated time points by radioimmunoassay. 
The data are means i SEM (n  = 4). 

bioavailability in comparison to 5 and a 20-fold increase 
in comparison to  DDAVP. 

The increase in bioavailability of the glycosylated 6 
and 7, as compared to  5 and DDAVP, is most likely a 
result of the combined effects of glycosylation and 
inversion of configuration at  Tyr2 on absorption, deg- 
radation, and excretion. The 2-fold increase in transport 
rate over rat small intestine observed for 6 and 7 in vitro 
illustrates the important influence played by glycosy- 
lation for the bioavailability, but the increased transport 
rate does not by itself account for the full increase in 
bioavailability. An additional effect is likely to come 
from a higher stability of the glycosylated 6 and 7 
toward degradation in the intestinal wall and mucosa 
and also in the plasma. The recent observation12 that 
glycosylation protects short peptides from proteolysis by 
human plasma and serum, and the observed increase 
in the stability of 6 toward chymotrysin, supports this 
hypothesis. The half-lives of DDAVP and 5-7 on 
intravenous administration reveal that glycosylation 
either does not significantly affect, or slightly increases 
the plasma clearance of DDAVP, thereby making no 
contribution to, or even decreasing, the bioavailability. 
In contrast to our results, Fisher and co-workers found3 
that glycosylation significantly decreased the rate of 
excretion of a peptide inhibitor of the aspartyl protease 
renin. The difference between the two observations may 
be explained by the fact that the hydrophilic peptides 
in our study are predominantly excreted via the kid- 
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Table 4. Vasopressin Receptor Agonistic and Antagonistic 
Properties in Vivo of DDAVP (4) and 5-7 

antidiuretic anti-antidiuretic 
activity activitp 

peptide (IU/pmol) (% inhibition) 
4 1130" 
5 810 f 180 (5) 
6 0.31 f 0.05 (4) 3 (2) 
7 0.06 f 0.01 (8) 4 (2) L a The antidiuretic activity was calculated using an international 

vasopressin standard (500 IUlpmol). Values are mean f SEM of 
n individual experiments. The anti-antidiuretic activity was 
calculated at  330-fold molar excess of 6 and 7 as percent inhibition 
of the antidiuretic effect of a fixed dose of vasopressin. Values 
are means of two individual experiments. Fixed international 
standard value. 

neys, whereas the hydrophobic renin inhibitor is largely 
excreted via the efficient liver biliary pathway. In the 
case of the renin inhibitor, addition of a hydrophilic 
carbohydrate moiety diverts clearance from the rapid 
liver biliary pathway to the slower renal pathwaye3 

The glycosylated DDAVP analogues 6 and 7 showed 
only minute antidiuretic activity on intravenous admin- 
istration in rat, in contrast to the nonglycosylated 5 
which retained approximately 70% of the antidiuretic 
activity of DDAVP (Table 4). Furthermore, the ana- 
logues 6 and 7 were extremely weak vasopressin recep- 
tor antagonists when evaluated with respect to the anti- 
antidiuretic effect in vivo in rats or in vitro in a receptor 
binding assay. In the in vivo studies, administration 
of a 330-fold excess of 6 and 7 over vasopressin resulted 
in only a (5% inhibition of the antidiuretic V2-receptor 
response (Table 4). Zn vitro, a 10 000-fold molar excess 
of 6 and 7 displaced 45 and 55% of the [3H]vasopressin 
from the receptor, in the absence as well as in the 
presence of the VI-antagonist [Phenylac1,D-Tyr(Me)2,- 
Arg6~s,Lys-NH~9]vasopressin, indicating a very weak 
binding of 6 and 7 to both the VI- and the V2-receptor. 
This lack of both antidiuretic and vasopressin antago- 
nistic activity demonstrates that a glycosylated serine 
cannot be incorporated at position 4 in DDAVP with 
retained receptor binding activity, although serine as 
well as other amino acids can be successfully accom- 
modated at this position. 

Conformational Studies. The lack of receptor 
binding displayed by the glycopeptides 6 and 7 can be 
due to either steric interference between the carbohy- 
drate moiety and the vasopressin receptor, or to an 
influence from the carbohydrate moiety on the confor- 
mations which can be adopted by the peptide part. In 
an attempt to further investigate these alternatives, we 
studied the differences in conformations between DDAVP 
and 6 and 7 using lH NMR spectroscopy. 

We have recently performed a study of the conforma- 
tions of DDAVP (4) in aqueous solution in which data 
from lH NMR spectroscopy was used to obtain three- 
dimensional structures by a combination of distance 
geometry calculations and simulated annealing.21 The 
calculations gave two main conformational families for 
DDAVP, and the lowest energy conformation which 
belongs to the largest family is shown in Figure 2. All 
the calculated conformations were highly similar in the 
macrocyclic hexapeptide ring and displayed an  inverse 
y-turn around Gln4 with a hydrogen bond between Phe3 
C=O and Asn5 N-H. Only the backbone dihedral 
angles for Tyr2 and Phe3 differed significantly between 
the two main conformational families. The crystal 

Figure 2. The lowest energy conformation of DDAVP (4) in 
aqueous solution as determined by NMR spectroscopy and 
conformational calculations.21 The glycopeptides 6 and 7 were 
shown to assume similar conformations after taking the 
configurational change at Tyr2 and the replacement of Gln4 
by a glycosylated Ser into account. Hydrogen atoms attached 
to side chain carbon atoms have been omitted for clarity. (The 
figure was generated using the software MidasPlus from 
UCSF, USA.) 

structure22 of pressinoic acid (the macrocyclic moiety of 
vasopressin) displays type 11' and type I p-turns cen- 
tered around Phe3-Gln4 and Gln4-Asn5, respectively. In 
DMSO solution, NMR studies indicated a p-turn at the 
Phe3-Gln4 residues of arginine vasopressin and ana- 
l o g u e ~ . ~ ~ ~ ~ ~  We found that the largest conformational 
family for DDAVP lacks such p-turns in the macrocyclic 
ring, whereas the other family has retained a somewhat 
distorted Phe3-Gln4 type 11' p-turn. A common charac- 
teristic for all the calculated conformations is that the 
aromatic side chains of Tyr2 and Phe3 are directed away 
from the ring and the side chain of Asn5 stretches over 
the top of the ring toward Tyr2 (Figure 2). The 
calculated conformations all differ in the disulfide ' 

moiety and also for residues Pro7-Glyg, which make up 
the exocyclic tail. The former observation may be due 
to a lack of useful NOE's, whereas the latter indicates 
flexibility. 

lH NMR spectroscopy revealed differences both in 
chemical shifts (Table 5 and Figure 3) and nuclear 
Overhauser enhancements (NOE's, Figure 4) between 
DDAVP and the glycosylated analogues 6 and 7. As 
discussed in greater detail below, most of the differences 
in chemical shifts and NOE's could be accounted for by 
the structural differences between DDAVP and 6 and 
7, i.e., the inverted configuration of Tyr2 and introduc- 
tion of a glycosylated Ser at position 4. In this analysis 
the observed spectroscopic differences could best be 
explained when interpreted using the largest confor- 
mational family of DDAVP,21 represented by the lowest 
energy conformation (Figure 2). Since only minor 
differences in NMR data between DDAVP and 6 and 7 
remained after taking the structural differences into 
account, we did not consider it necessary to develop the 
conformations of the glycosylated 6 and 7 independently 
from their own NMR data. Unfortunately, peptide 5 
gave a viscous aqueous solution and could therefore not 
be investigated by NMR spectroscopy due to severe line 
broadening. 

An upfield shift was observed for Tyr2 H-a in the 
glycopeptides 6 and 7, as compared to DDAVP (Figure 
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Table 5. 'H NMR Chemical Shifts" (6, ppm) in Water 
Containing 10% DzO for DDAVP (4) and the Peptide Parts of 
Glycopeptides 6b and 7b 
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0.5 1 1 I I I I I 

amino 
position acid proton 4 6 7 

MPP 

Ty.f 

Phe 

Ser 

Gln 

Asn 

CYS 

Pro 

D-hg 

GlY 

a 
P 
NH 
a 
P 
aromg 
NH 
a 
P 
aromh 

NH 
a 
P 
NH 
a 
P 
Y 
Y-CONHZ 
NH 
a 
P 
P-CONHz 
NH 
a 
P 
a 
P 
Y 
6 
NH 

P 
Y 
6 
6-NH 
NH 
6 
a-CONHZ 

a 

3.15, 2.86 
2 .6P 
8.28 
4.56 
2.95, 2.66 
6.97, 6.77 
7.76 
4.67 
3.36, 3.01 
7.40, 7.34 
7.27 

8.53 
4.07 
2.08' 
2.28e 
7.62, 6.95 
8.27 
4.69 
2.86, 2.77 
7.68, 6.92 
8.19 
4.82 
3.09, 2.91 
4.43 
2.30, 1.92 
2.06e 
3.84, 3.71 
8.83 
4.29 
1.93, 1.77 
1.64' 
3.19' 
7.26 
8.44 
3.8ge 
7.38, 7.20 

2.98,2.90 
2.79,2.52 
8.59 
4.39 
3.01,2.69 
7.04, 6.79 
7.73 
4.75 
3.25,2.86 
7.35, 7.31 
7.21 
8.62 
4.41 
4.11, 3.99 

2.95, 2.87 
2.77, 2.51 
8.58 
4.40 
2.98, 2.72 
7.04, 6.79 
7.81 
4.76 
3.26, 2.87 
7.32, 7.29 
7.16 
8.53 
4.54 
4.21, 3.92 

8.06 8.28 
4.75 4.71 
2.76e 2.76e 
7.69,6.92 7.68, 6.99 
8.48 8.60 

- i  4.93 
3.17, 2.71 3.15,2.69 
4.46 4.46 
2.33, 1.93 2.31, 1.93 
2.05' 2.06e 
3.86, 3.72 3.86, 3.72 
8.85 8.84 
4.32 4.31 
1.93, 1.76 1.93, 1.77 
1.64e 1.64e 
3.21' 3 .2P 
7.27 7.26 
8.47 8.47 
3 .9P 3.91e 
7.44, 7.20 7.45, 7.21 

" Obtained at 500.13 MHz, 278 K, and pH = 5.65 with HzO ( 6 ~  
4.98) as internal standard. Chemical shifts are accurate to  f 0 . 0 2  
ppm. lH NMR chemical shifts (6, ppm) for the galactose moiety 
in 6: 4.91 (H-1),5.11 (H-2), 5.26 (H-3), 5.50 (H-4),4.26 (H-5) ,4 .29  
(H-6,6) and 7: 4.39 (H- l ) ,  3.54 (H-21, 3.64 (H-31, 3.92 (H-41, 3.70 
(H-5), 3.78 (H-6,6).  Cf. ref 21. Mpr = 3-mercaptopropionic acid. 
e Degeneracy has been assumed. f L-Tp for 4, D-W for 6 and 7. 
g Chemical shiRs for the 2,6- and 3,5-protons, respectively. Chem- 
ical shifts for the 3,5-, 4-, and 2,6-protons, respectively. Resonance 
not seen due to water presaturation. 

31, and can be explained as a result of the inversion of 
configuration at Tyrz (L-TP in DDAW, D-Tyr in 6 and 
7). In DDAW, Tyr2 H-a is deshielded by close contacts 
with the carbonyl oxygen atoms of Mprl and Tyr2 
(Figure 2), but the distances to these oxygen atoms 
increase by 1 A or more when the configuration a t  Tyrz 
is inverted. Simultaneously, the distance between Tyrz 
H-a and Phe3 N-H decreases, and an increase in the 
NOE between these protons was also observed for 6 and 
7. In addition, an increased NOE between Tyr2 N-H 
and Phe3 N-H was observed for 6 and 7, corresponding 
to a decrease by more than 0.5 A in the distance between 
these protons. This reveals a slight rotation of Phe3 
N-H toward Tyrz N-H in 6 and 7, which also results 
in an increased intraresidue Phe3 N-H - H-a distance, 
as revealed by the corresponding NOE. The inversion 
of configuration positions the aromatic side chain of Tyrz 
below the macrocyclic ring. This probably allows the 
C=O in the side chain of Asn5 to come closer to Tyrz 
N-H (cf. Figure 2) and may explain the observed 0.3 

P - 0 3  
0)  

E 2 0.2 

8 
0 1  

E 
m o  
c - 
.q .- E -0 ' 
c 
0 

-0 2 

-03 ' , I I ,  

Mprl dY2N2 F3 54/04 N5 C6 P7 dR8 G9 

Amino Acid Residue 

Figure 3. Differences in backbone NH and H-a NMR chemi- 
cal shifts for each residue in the glycopeptides 6 and 7, as 
compared to the corresponding residues in DDAW (4). A 
positive difference indicates a downfield shift. The shift 
differences at position 4 have been corrected for the change 
in amino acids using the random coil chemical shift differ- 
e n c e ~ ~ ~  between Gln and Ser (+ 0.03 ppm for the N H  shift 
and -0.13 ppm for the H-a shift). 

ppm downfield shift of Tyr2 N-H in 6 and 7. Alterna- 
tively, this downfield shift may be caused by the change 
in the position of the aromatic ring of Tyr2. 

The downfield shift of Ser4 H-a in 6 and 7 is due to 
the exchange of amino acids at this position (which has 
been compensated for in Figure 3, but not in Table 5) 
and to the substitution effect of the galactosyl residue 
attached to  Se#. Similar substitution effects (0.15-0.26 
ppm) have been reported previously on glycosylation of 
Ser in a T cell stimulating peptide25 and of Ser and Thr 
in peptide analogues of human insulin-like growth 
factor LZ6 

The calculated lowest energy conformationz1 for 
DDAW displays a hydrogen bond between Cys6 N-H 
and Gln4 C=O. A downfield shift (0.3-0.4 ppm) was 
observed for Cys6 N-H in 6 and 7 (Figure 31, indicative 
of an increase in the strength of this hydrogen bond. 
Cys6 N-H also showed an increase in the NOE to Asn5 
H-a and a decrease in the NOE to Ser4 H-a and Asn5 
N-H. Formation of a stronger hydrogen bond, Le., a 
decrease in the N-H to C=O distance, can be obtained 
by a slight rotation of the backbone between Asn5 and 
Cy@, in the lowest energy conformation of DDAVP. 
Such a rotation results in a decrease in the distance 
from Cys6 N-H to Asn5 H-a and a concomitant increase 
in the distance to Se# H-a and Asn5 N-H, in agreement 
with the observed changes in NOE's. The conforma- 
tional change may be due to either the amino acid 
substitution at  position 4, or to the glycosylation a t  this 
position. The two alternatives can a t  present not be 
distinguished since the nonglycosylated analogue 5 
could not be used for NMR studies due to the severe 
line broadening. 

The NOE differences in the Pro7-Glyg tail are difficult 
to probe due to the conformational flexibility found for 
the tail in DDAVP.21 Furthermore the magnitude of 
some of the involved NOE's are uncertain due to their 
closeness to the water resonance. 

Hydrophobic interactions between aromatic amino 
acid side chains and nonpolar faces of carbohydrates 
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4: MArl -Y2- F3-Q4-N5 --c'6-!-- P7-DR8-G9 formational changes caused by glycosylation of peptides 
can be drawn. 

The similar conformational preferences displayed by 
DDAVP and the glycosylated analogues 6 and 7 suggest 
that their lack of binding to the vasopressin receptor is 
most likely due to steric repulsions between the carbo- 
hydrate moieties and the receptor. Even though the 
conformational investigation does not reveal any major 
influence from the carbohydrate moiety on the confor- 
mations adopted by the peptide backbone in 6 or 7, it 
cannot be entirely ruled out that the glycopeptides are 
unable to undergo conformational changes which might 
be necessary for binding to the vasopressin receptor. 

Conclusions. The glycosylated DDAVP analogues 
6 and 7 displayed significantly higher bioavailabilities 
than the nonglycosylated 5 and DDAVP on intraintes- 
tinal administration in rat. To the best of our knowl- 
edge this is the first report describing that attachment 
of a carbohydrate moiety to a peptide results in an 
increased bioavailability on intraintestinal administra- 
tion. In part the improved bioavailability can be 
explained by an  increased transport rate over rat small 
intestine. In addition, it is also most likely due to an  
increased stability of 6 and 7 toward enzymatic degra- 
dation in the intestine, the intestinal wall, and the 
plasma, induced by the carbohydrate moiety. Plasma 
clearance was found to be either unaffected or slightly 
increased by the glycosylation. The glycopeptides 6 and 
7, in contrast to the nonglycosylated 5,  did not display 
any antidiuretic activity, and 6 and 7 were also very 
weak vasopressin antagonists. Conformational studies 
revealed that DDAVP, and the glycosylated analogues, 
adopted similar conformations in aqueous solution, 
suggesting that the lack of receptor binding activity was 
most likely caused by steric hindrance between the 
carbohydrate moiety of 6 and 7 and the vasopressin 
receptor. Even though the conformational studies did 
not show any influence from the glycosylation on the 
conformations adopted by the peptide backbone of 6 and 
7, it  may still be possible that the glycopeptides are 
unable to undergo conformational changes which might 
be necessary for receptor binding. Glycosylated DDAVP 
analogues with retained antidiuretic activity and in- 
creased bioavailability might potentially be obtained by 
choosing another position for the carbohydrate moiety. 
Alternatively, glycosylated prodrugs of DDAVP can be 
envisaged, from which the carbohydrate is removed 
enzymatically in the plasma after absorption from the 
intestine. We would also like to emphasize that the 
conclusions presented in this paper could not have been 
drawn from either the pharmacological properties or the 
conformational studies alone. 

I 
6: M;rl-DY2-F3- S?-N5-C6-P7-DR8-G9 

Ac,-P-o-Gal 

7:  Mprl- DY~-F~-S~-N~-~~-PP~-DR~-G~ 
P-D-Gal 

=< 2.5 8, - 2 . 5  8, < x < 3.5 8, -,> 3.5 8, 

Figure 4. Schematic representation of interproton distances, 
as revealed by interresidue NOE connectivities, for DDAVP 
(4) and the glycopeptides 6 and 7.  The thickness of the lines 
indicate the length of the corresponding interproton distances 
as specified in the figure. For 6 and 7 a gray line indicates 
an interproton distance which is shorter, and a white line one 
that is longer, than the corresponding distance in DDAVP. The 
distance comparison is based upon the exact distances from 
integration of NOE's in the ROESY spectra, and the color 
marking reveals a distance differing by more than 0.2 A. In 
cases where the line could contain two distances (e.g., PH, - 
NHi,i+l) the mean distance is showed. An asterisk (*) indicates 
an interproton distance which is nonexistant due to the 
absence of an amide proton. 

have been shown to provide stabilization for complexes 
between antibodies and their carbohydrate  ligand^.^^^^^ 
In the neoglycopeptides 6 and 7, the side chains of Tyr2 
and Phe3 could contact the Ser"l galactosyl residue which 
displays a hydrophobic face made up of H-1,-3,-4 and 
H-5. No NOE's were observed between the galactose 
residue and the two aromatic side chains, and therefore 
such hydrophobic interactions do not seem to play a 
major role for the conformation adopted by glycopeptides 
6 and 7. It should be pointed out that it is also possible 
that the lack of NOE's results from a high flexibility 
for these three residues. 

Most of the chemical shift and NOE differences 
observed on comparison of the glycopeptides 6 and 7 
with DDAVP can thus be accounted for in terms of the 
structural changes, i.e., the inversion of configuration 
at Tyr2 and the replacement of Gln4 by a glycosylated 
Ser. Therefore the carbohydrate moiety in 6 and 7 has 
no, or only a minor, influence on the conformation 
adopted by 6 and 7 in aqueous solution. This is in 
agreement with previous studies of glycopeptides per- 
formed by us,25 and others.26729,30 In contrast, re- 
p o r t ~ ~ ~ ~ ~ ~  which describe a significant conformational 
influence from glycosylation have also been presented, 
illustrating that no general conclusions regarding con- 

Experimental Section 
General. TLC was performed on Silica Gel 60 F ~ N  (Merck) 

with detection by W light and charring with sulfuric acid. 
Optical rotations were measured with a Perkin-Elmer 141 
polarimeter. The lH NMR spectrum for 3 was recorded in 
CDC4 [residual CHCl3 (BH 7.26) as internal standard] with a 
Varian XL-300 spectrometer. Positive fast atom bombardment 
mass spectra (FABMS) were recorded on a JEOL SX 102 A 
mass spectrometer. Ions were produced by a beam of Xenon 
atoms (6 keV) from a matrix of glycerol and thioglycerol. In 
the amino acid analyses, asparagine and glutamine were 
determined as aspartic acid and glutamic acid, respectively. 
Nu-( 9-Fluorenylmethoxycarbonyl)-L-serine pentafluorophe- 

nyl ester16 (2) was prepared according to the indicated 



Glycosylated Peptide Hormones Journal of Medicinal Chemistry, 1995, Vol. 38, No. 1 167 

acetic acid, water, and methanol), filtered, and concentrated. 
The residue was then dissolved in water and freeze-dried. 

Preparative HPLC separations were performed on a Beck- 
man System Gold HPLC using a Kromasil C-8 column (1000 
A, 20 x 250 mm) with a flow rate of 12 mumin and detection 
at 214 nm. Solvent systems: A, 0.1% aqueous trifluoroacetic 
acid and B, 0.1% trifluoroacetic acid in acetonitrile. 
[Mpr1,~-Ty@,Ser4,~-Arg%asopressin (5). Synthesis, 

cleavage of the resin-bound glycopeptide (25 pmol), cyclization, 
and purification by HPLC (20 % B in A, retention time: 22 
min), according to  the general procedure, gave 5 (11.3 mg, 
44%): FABMS (M + H)+ 1028 (calcd 1028). Amino acid 
analysis: Asp 1.00 (11, Arg 1.01 (11, Cys 0.98 (l), Gly 0.98 (11, 
Phe 1.02 (l), Pro 1.02 (l), Ser 1.02 (11, Tyr 0.98 (1). 

[Mpr1,D-Tyl'2~c4-B-D-Ga4-se~,D-Ar~]vasopressin (6) .  
Synthesis, cleavage of the resin-bound glycopeptide (18 pmol), 
cyclization, and purification by HPLC (30% B in A, retention 
time: 17 min), according to the general procedure, gave 6 (7.3 
mg, 30%): FABMS (M + H)+ 1358 (calcd 1358). Amino acid 
analysis: Asp 1.01 (11, Arg 1.01 (11, Cys 0.96 (11, Gly 1.00 (11, 
Phe 1.01 (l), Pro 1.00 (l), Ser 1.00 (11, Tyr 1.01 (1). 

[ ~ p r l , D - ~ ~ - D - G ~ I p . S e r ' , D - ~ ~ ] v a s o p r e s s i n  (7). syn- 
thesis, cleavage of the resin-bound glycopeptide (28 pmol), 
deacetylation, cyclization, and purification by HPLC (17% B 
in A, retention time: 40 min), according to the general 
procedure, gave 7 (6.7 mg, 20%): FABMS (M + H)+ 1190 (calcd 
1190). Amino acid analysis: Asp 1.00 (l), Arg 1.00 (11, Cys 
0.97 (11, Gly 1.00 (11, Phe 1.01 (11, Pro 1.01 (11, Ser 1.01 (11, 
Tyr 0.99 (1). 

Degradation with a-Chymotrypsin and Rat Intestinal 
Juice. Degradation of the peptides 4-7 by a-chymotrypsin 
was performed by incubating peptide (1 mM final concentra- 
tion) and a-chymotrypsin (1 mg/mL final concentration) a t  37 
"C in buffer (25 mM Tris, 65 mM NaC1, 2.5 mM CaC12, pH 
7.8, 30 pL final volume). The degradation was arrested by 
addition of ice cold aqueous trichloroacetic acid (12.5%, 20 pL), 
after which the sample was centrifuged (lOOOOg, 5 min, 4 "C). 
The time-course of the degradation was determined by analyz- 
ing the peptide content in the supernatant of the centrifuged 
samples by reversed-phase HPLC. The peptide content was 
obtained by comparison of the peak area of each sample with 
a reference sample treated in the same way, but with omission 
of enzyme in the incubation. 

Rat intestinal juice was obtained by rinsing a 10 cm segment 
of small intestine with 5 mL of 0.9% NaC1. After centrifuga- 
tion at lOOOOg for 15 min, the supernatant of the rat intestinal 
juice preparation was immediately frozen in small portions 
at -20 "C. Since there was a slight batch-to-batch variation 
in the degradative activity of the rat intestinal juice, it was 
normalized using DDAVP as standard. 

Degradation by rat intestinal juice was studied in the same 
way as with chymotrypsin, except that the Tris concentration 
was 165 mM. The amount of the intestinal juice preparation 
added was chosen to  give a degradation rate of DDAVP of 2%/ 
min. It was verified that the rat intestinal juice did not contain 
any endogenous peaks at  the elution positions of the respective 
peptides. 

Transport of Peptides in Vitro over Rat Small Intes- 
tine. The small intestine of a Sprague-Dawley rat (250-300 
g) was dissected and immersed in oxygenated (carbogen; 95% 
0 2 ,  5% COZ) Krebs-Ringer buffer, pH 7.4, a t  0 "C. Three 
adjacent pieces of the intestine, approximately 35 cm distal 
to pylorus, were carefully cut out under the microscope in order 
to avoid the Peyer's patches. The pieces were rinsed with 
buffer, and care was taken not to  damage the villi structures 
on the mucosal side. Each piece of intestine was then mounted 
on the inner tissue holding frame (basolateral chamber) of a 
modified Ussing chamber assembly, showing the mucosal side 
to the outer chamber (apical chamber). Buffer was added to 
exactly the same level in the apical and the basolateral 
chambers (13.5 and 1.0 mL, respectively), and both compart- 
ments were continuously oxygenated with carbogen. In all 
experiments with compounds 5-7, a DDAVP experiment was 
run in parallel. The temperature was kept at 37 "C, and a 
constant, digitally controlled stirring rate was maintained in 
the apical chamber. The inner area of the basolateral chamber 

literature method. [ l-Desamino,8-D-arginine]vasopressin 
(DDAVP, 4) was obtained from FERRING Research Institute 
AB (Sweden). Human serum albumin was from Behring 
(Germany). [3H]PEG 1000 and [14C]PEG 4000 were purchased 
from New England Nuclear (USA), and lZ5I was from Amer- 
sham (England). Human plasma was obtained from Malmo 
General Hospital (Sweden). Bovine a-chymotrypsin was from 
Sigma (USA), and charcoal was obtained from Merck (Ger- 
many). 

Na-(9-Fluorenylmethoxycarbonyl)-3-0-(2,3,4,6-~tra-O- 
acetyl-B-D-galactopyranosy1)-L-serine Pentafluorophenyl 
Ester (3). Boron trifluoride etherate (310 pL, 2.5 mmol) was 
added to a solution of 1,2,3,4,5-penta-0-aCetyl-P-D-galaCtOpy- 
ranose (1, 390 mg, 1.0 mmol) and 216 (420 mg, 0.85 mmol) in 
dry dichloromethane (11 mL) at  room temperature. After 2.5 
h the solution was washed with water (12 mL) and the aqueous 
phase was then extracted with dichloromethane (12 mL). The 
combined organic phases were dried (NaZS04) and concen- 
trated. Flash column chromatography (toluene-ethyl acetate, 
6:l) of the residue on dry silica gel (Grace Amicon, 35-70 pm) 
gave 3 (297 mg, 42%) as a colorless amorphous solid: [ a I z 5 ~  
-8.9" (c 0.95, chloroform); NMR (CDC13) 6 5.73 ( lH,  d, J = 

7.9 and 8.0 Hz, H-2), 5.05 ( lH,  dd, J = 8.0 and 2.5 Hz, H-31, 
4.86 ( lH,  m, Ser-Ha), 4.50 ( lH,  d, J = 7.9 Hz, H-11, 4.44 ( lH,  
m, Ser-HP), 4.11 (2H, d, J = 6.3 Hz, H-6,6'), 4.02 ( lH,  dd, J =  
10.4 and 3.2 Hz, Ser-HP), 3.87 ( lH,  t, J = 6.4 Hz, H-5). Anal. 
(C38HdOi4Fd C, H, N. 

General Procedure for Solid Phase Peptide Synthesis. 
The peptides 5-7 were synthesized using DMF as solvent in 
a mechanically agitated reactor. For each peptide, 0.25 g (0.4 
mequiv/g, 100 pmol) of an aminomethylated polystyrene resin 
from Novabiochem (Switzerland), functionalized with the 
linker [p-[a-[(9-fluorenylmethoxy)formamidol-2,4-dimethoxy- 
benzyl]phenoxy]acetic acid,l7J8 was used. Reagent solutions 
and DMF for washing were added manually to the reactor. 
Na-Fmoc amino acids from Bachem (Switzerland) with the 
following protective groups were used: (2,2,5,7,8-pentameth- 
ylchroman-6-y1)sulfonyl (Pmc) for D-Arg, triphenylmethyl (Trt) 
for Asn, Cys, Gln, and 3-mercaptopropionic acid, and tert-butyl 
(tBu) for D-TF. 

The Na-Fmoc amino acids and mercaptopropionic acid were 
coupled to the peptide-resins as 1-benzotriazolyl (HOBt) 
esters.lg These were prepared, in situ, from the appropriate 
acid (0.30 mmol), HOBt (61 mg, 0.45 mmol), and 1,3-diisopro- 
pylcarbodiimide (45 pL, 0.29 mmol) in DMF (1 mL). After 30- 
60 min the solution was added to the reactor. The glycosylated 
pentafluorophenyl ester 3 (165 mg, 0.20 mmol) was coupled 
in DMF (1 mL) containing HOBt (61 mg, 0.45 mmol). Acyla- 
tions were monitored by addition of bromophenol blue33 (0.05% 
of the resin capacity) to the reactor and by the ninhydrin test34. 
Na-Fmoc deprotection was performed by treatment with 20% 
piperidine in DMF (2 + 8 min) or with 50% morpholine in DMF 
(2 + 2 x 15 min) after incorporation of 3 in the peptide. 

After completion of the synthesis, the resin was washed with 
dichloromethane (5 x 5 mL) and dried under vacuum. The 
peptide (100 pmol) was then cleaved from the resin, and the 
amino acid side chains were deprotected by treatment with 
trifluoroacetic acid-water-thioanisole-ethanedithiol(87.55: 
5:2.5, 25 mL) for 2-3 h, followed by filtration. Acetic acid (15 
mL) was added to the filtrate, the solution was concentrated, 
and the crude peptide solidified on trituration with diethyl 
ether (2 x 10 mL). The diethyl ether solutions were decanted, 
and the crude peptide was dried, dissolved in acetic acid-water 
( l : l ) ,  diluted with water, and freeze-dried. 

Deacetylation of the carbohydrate moiety was achieved by 
stirring the crude glycopeptide in saturated methanolic am- 
monia (1.5 mL/mg glycopeptide) at room temperature for 3 h, 
followed by concentration. 

Cyclization was performed immediately by alternating 
additions of portions of the crude peptide in acetic acid and 
0.1 M I2 in methanol to 10% acetic acid in methanol (2 mwmg 
cleaved resin). After the final addition of I2 a light brown 
solution was obtained which was neutralized and decolorized 
by stirring with Dowex 2 x 8 anion exchange resin (converted 
into acetate form by washing with 1 M aqueous NaOH, water, 

8.4H~,NH),5.39(1H,bd,J=2.5H~,H-4),5.19(1H,dd,J= 
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was 1.47 cm2 which is identical to  the area of intestine 
available for transport. After equilibration, the peptide, [3H]- 
PEG 1000 and [l4C1PEG 4000 were added to the apical 
chamber a t  final concentrations of 10, 20, (250 000 c p d m l ) ,  
and 4 pM (500 000 cpm/mL), respectively. Aliquots (600 pL) 
were withdrawn from the basolateral chamber for analysis at 
15 min intervals and immediately replaced with fresh ther- 
mostated buffer. The aliquots were instantly frozen at -78 
"C and kept frozen until analyzed by radioimmunoassay or 
liquid scintillation counting. It was verified that no degrada- 
tion of the peptides occurred in the chambers during the 
experiment or during storage prior to analysis. The transport 
rate over the small intestine is expressed as Papp ( cds ) ,  
calculated according to  the formula 

Kihlberg et al. 

lH NMR Spectroscopy. Compounds 4, 6, and 7 were 
dissolved in 9:l  mixtures of H2O and D2O at concentrations of 
13, 5.4, and 6.4 mM. Samples of 4,6, and 7 in DzO were also 
prepared at concentrations of 13,5, and 6 mM. For all samples 
pH was adjusted to 5.65 with solutions of 0.4% NaOD and 0.4% 
DCl in DzO. 

'H NMR spectra were collected at 500.13 MHz on a General 
Electric Omega 500 spectrometer. Phase-sensitive COSY,39 
TOCSY,40 and ROESY4' spectra were recorded at 5 "C using 
the water resonance at  4.98 ppm as internal shift reference. 
All ROESY spectra were acquired with a mixing period of 200 
ms, except the ROESY spectrum for the D2O sample of 4, 
where 300 ms was used. The acquired data were processed 
with the Felix software (Biosym Technologies, USA). Com- 
plete assignment of all proton resonances, with the exception 
of Cys6 H-a in 6 which was to close to the water resonance, 
was achieved using standard methods.42 A more detailed 
description of the NMR experiments is given in ref 21. 

Interproton cross peaks from the ROESY spectra were 
volume integrated and interproton distances, du, were calcu- 
lated according to the relation 

d, = dref(VreY,)l/' 

in which d,f stands for a known interproton distance between 
two reference protons, and Vu and V,fstand for the integrated 
volumes of cross peak z j  and the cross peak between the 
reference protons. The geminal 8-protons in Phe3 were used 
as reference protons (interproton distance: 1.78 A) in the 
spectra for 4,6, and 7. The three dimensional structures were 
generated with distance geometry calculations and simulated 
annealing using the software X-PLOR.43 
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