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ABSTRACT Antiproliferative factor (APF), a sialylated glycopeptide secreted by
explanted bladder epithelial cells from interstitial cystitis/painful bladder syn-
drome (IC/PBS) patients, and its unsialylated analogue (as-APF) significantly
decrease proliferation of bladder epithelial cells and/or certain carcinoma cell
lines in vitro. We recently reported a structure-activity relationship profile for the
peptide portion ofas-APFand revealed that truncation of theC-terminal alanine did
not significantly affect antiproliferative activity. To better understand the structural
basis for the maintenance of activity of this truncated eight amino acid as-APF (as-
APF8), we synthesized several amino acid-substituted derivatives and studied their
ability to inhibit bladder epithelial cell proliferation in vitro as well as their solution
conformations by CD and NMR spectroscopy. While single amino acid changes to
as-APF8 often strongly reduced activity, full potency was retained when the
trivaline tail was replaced with three alanines. The Ala6-8 derivative 9 is the
simplest, fully potent APF analogue synthesized to date.
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Interstitial cystitis/painful bladder syndrome (IC/PBS) is a
devastating disease of the bladder that is characterized by
thinning or even focal obliteration of the bladder epithel-

ium.1-3 Approximately 1 million Americans suffer from IC/
PBS, and it occurs 8-9 times more frequently in women
than in men.1,3 Although a bladder condition resembling IC/
PBS was first described about 200 years ago,2 the cause of
this disease has remained unknown. However, urine from
approximately 95% of IC/PBS patients who fulfill modified
NIDDK criteria for IC4 contains an antiproliferative factor
(APF) that potently decreases the proliferation of human
bladder epithelial cells in vitro5 and elicits changes in normal
bladder epithelium also seen in bladder biopsy specimens
and/or explanted bladder epithelial cells from IC/PBS pa-
tients (including specific changes in growth factor expres-
sion,6 increased paracellular permeability, and aberrations
in tight junction protein expression and tight junction forma-
tion).7-16 APF has been identified as a short trisaccharide-
containing glycopeptide;viz., Neu5AcR2-3Galβ1-3Gal-
NAcR-O-TVPAAVVVA17 (1, Figure 1) with an intriguing struc-
ture-activity relationship (SAR).18 Although the peptide
sequence is identical to a segment of the sixth transmem-
brane domain of the frizzled-8 protein,17,19 a Wnt ligand

receptor, the details of its biosynthesis and mechanism of
action in IC/PBS patients remain unknown. An important
advance into understanding themechanism of APF function
was identification of cytoskeletal-associated protein 4
(CKAP4/ERGIC-63/CLIMP-63) as a cellular receptor for APF
in bladder epithelium.20

A preliminary analysis of APF showed that the trisacchar-
ide is not an absolute requirement as the desialylated native
APF as well as the asialo synthetic derivative (as-APF, 2,
Figure 1) maintained full potency; however, two proximal
sugar residues are required for activity17,18 (the unglycosy-
lated peptide as well as the R-GalNAc monosaccharide
derivatives were both inactive). A recent SAR study18 of
the peptide portion of APF revealed certain amino acid
requirements for maintenance of as-APF activity. Greater
understanding of the SAR for active APF derivatives poten-
tially will allow for more rational design of APF mimics/
inhibitors.

Received Date: April 30, 2010
Accepted Date: July 9, 2010



r 2010 American Chemical Society 391 DOI: 10.1021/ml100087a |ACS Med. Chem. Lett. 2010, 1, 390–394

pubs.acs.org/acsmedchemlett

As the 8-residue derivative (as-APF8, 3, Figure 1) was
equipotent to as-APF, we synthesized several analogues of
as-APF8 and qualitatively compared their activity and solu-
tion structures as determined from circular dichroism (CD)
and NMR spectroscopies. We concentrated primarily on
C-terminal amino acid substitutions, because our previous
data indicated that the C-terminal A-XXX motif was impor-
tant for activity, andmodifications to this segment tended to
have negative effects on potency (with some exceptions).
During initial17 structural characterization and subsequent
SAR18 work on APF, it was discovered that compounds 2 and
3 (Figure 1) were essentially equipotent in antiproliferation
assays with normal bladder epithelial cells; further trunca-
tion to a 7-mer yielded a completely inactive compound. On
the basis of these results, the potency of each as-APF8 ana-
logue described in this report was compared simultaneously
to that of 2.

General procedures for glycopeptide synthesis, their struc-
tures, and activity data are outlined in the Supporting
Information (Table S1). Generally, Fmoc-protected amino
acids were coupled using HATU and HOAt in the presence
of DIPEA in dry NMP. Incorporation of the valine residue
in position 2 was affected by two rounds of coupling
(double coupling) in the synthesis of all glycopeptides due
to the lower reactivity of the secondary prolyl amino group.
Coupling of Fmoc-Thr(Ac4Galβ1-3Ac2GalNAcR-O)-OH (1.1
equiv) was performed without any added base to prevent
epimerization. All compounds were determined to be
>95% pure by analytical high-performance liquid chroma-
tography (HPLC) and electrospray ionization liquid chroma-
tography/mass spectrometry (LC/MS) analysis (Supporting
Information).

Inhibition of [3H]thymidine incorporation was used to
evaluate antiproliferative activity.5 The activity data for the
synthetic APF derivative glycopeptides described herein
along with previously prepared compounds 1-4 are listed
in Table S1 in the Supporting Information. We were aware
that a disaccharide was a requirement for antiprolifera-
tive activity of the as-APF glycopeptide;17,18 unglycosylated

peptide 5 was also devoid of activity. A representative set of
assay curves for compounds 2, 7, 9, and 14 are shown in
Figure 2.

The modifications made to the three C-terminal amino
acids were either “single” (compounds 6, 13, and 14) or
“global” involving all three C-terminal amino acids (com-
pounds 7-12). It was previously determined that ionization
at either the C- or the N-amino acid terminus of as-APF was
important for full potency as “end-capping” by N-acetylation
or carboxamidation caused a 2.5 order of magnitude drop
in potency.18 This behavior was even more dramatic for
as-APF8 derivatives as the C-terminal carboxamide analo-
gue 6was completely inactive (acetylation of the N-terminal
amino group also resulted in inactivation, data not shown).

Compounds 7-12 were prepared to evaluate the impor-
tance of the hydrophobicity and β-branching in the A-XXX
motif of APF. Previous data showed that this unit might allow
the C-terminal tail of active APF analogues to populate some
form of defined secondary structure.18,21 Because as-APF8
maintained full antiproliferative potency, we systematically
tested as-APF8 analogues incorporating amino acids with
varying hydrophobicities, by globally changing the trivaline
segment to onewith amino acids with one addedmethylene
unit (trileucine replacement, designated Leu6-8, compound
7) to onewith amino acids having no carbon-containing side
chains (Gly6-8, compound 10). The octanol/water partition
coefficient (logP) values of each new compound were cal-
culated22 and are listed in Table S1 in the Supporting Infor-
mation to compare with as-APF8. The slightly more hydro-
phobic Leu6-8 analogue 7 maintained a high degree of
potency (10% of full activity), while removal of one methyl
group from valines 6-8 by substitution with unnatural ami-
nobutyric acid (Abu, 8) resulted in inactivation. The even less
hydrophobic Ala6-8 derivative 9 yielded a compound that
retained full potency. This stands in contrast to replacement
of the valines 6-8 in the 9-mer as-APF with alanines, as this

Figure 1. Structures of APF (1), as-APF (2), and as-APF8 (3).

Figure 2. Antiproliferative activity of compounds 2, 7, 9, and 14 in
normal bladder epithelial cell explant cultures. Explanted normal
bladder epithelial cells were treated with varying concentrations
of as-APF 2 ((), trileucine analogue 7 (b), trialanine analogue 9
(0), or Val-Ala-Val analogue 14 (4) for 48 h prior to the determina-
tion of 3[H]-thymidine incorporation. The assay was performed in
triplicate twice; data are expressed as percent inhibition of thy-
midine incorporation as compared to control cells incubated with
medium alone.
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congener showed a reduction in potency of 2 orders of mag-
nitude as compared to as-APF.18 This result made it difficult
to rationalize the lack of the activity of Galβ1-3GalNAcR-O-
TVPAA-Abu-Abu-Abu analogue 8, as its ethyl side chain is
“between” alanine and valine in both hydrophobicity and
steric bulk. Lyu et al.23 found that alanine and Abu possess
equal (but greater than valine) ability to stabilize helical con-
tent. Assuming that stabilization of helical content is also
important in the C terminus of APF, it would seem reason-
able to predict that 8 should showsomepotency in our assay.
However, other factors may complicate this hypothesis (see
below). As expected, compound 10 (Gly6-8 substitution)
resulted in complete loss of activity. Potency was partially
recovered (0.1%) when Val6-8 was substituted with β-ala-
nine (compound 11), a replacement used in many instances
to induce helical content in small peptides.24 Adding back an
R-methyl group by way of β3-homoalanine replacements
(compound 12) once more inactivated the glycopeptides.

Two single replacements used previously in as-APF were
also used in as-APF8, viz. replacement of Val7with D-valine or
alanine. As it had for as-APF, D-valine substitution inactivated
as-APF8, illustrating that non-natural amino acid derivatives
(compounds8, 12, and 13) are not tolerated. The single Ala7-
substituted analogue 14 was also prepared to offer a com-
pound with a logP that was midway between the two active
derivatives 3 and 9. However, this also resulted in complete
inactivation of as-APF8.

CD spectroscopy25 was initially used to study each analo-
gue with comparisons to the spectra for either 2 and/or 3.
The CD spectrum of 3 revealed no organized structure of
the glycopeptide in water (similar to previous data for 218),
as was the case for all other new analogues. However, 3
appeared to adopt some secondary structure in a 1:1 H2O:
TFE mixture, (Figure 3) the milieu that was used for all
subsequent CD spectra. The spectrum, with two minima
centered at ca.199 and 220 nm, resembled that previously
obtained for 2 in neat TFE (unpublished results). In 1:1 H2O:
TFE, nearly identical CD spectra for the three derivatives 2,
3, and 4 suggested that truncation does not significantly
affect conformation in this milieu. Surprisingly, the structure
of unglycosylated 8-mer 5 appeared to be significantly more
organized than the structure of 3 (Figure 3). Other notable

CD results (see Figure 4) showed that (1) compound 7 (10%
potency) was significantly less organized than structure 3,
(2) compounds 8 (inactive) and 9 (full activity) had almost
superimposable spectra, and (3) substitution with non-
natural amino acids resulted in no organized structures
(compounds 11, 12, and 13; Figure S1 in the Supporting
Information).

The glycopeptides synthesized in this study were also
examined by NMR spectroscopy in aqueous solution. All
8-mer peptides from Table S1 in the Supporting Informa-
tion were fully assigned by exhaustive NMR experiments (a
representative comparison of chemical shifts and tempera-
ture coefficients data for compounds 3 and 5 can be found in
Table S2 and Figure S3 in the Supporting Information).
Spectra of APF derivatives in 9:1 H2O:D2O, in general, gave
well-dispersed and sharp signals, suggesting little if any slow
chemical exchange on the NMR time scale. Buffered solu-
tions at pH 4.6 gave the highest quality spectra as compared
with several pH values tested. A stacked plot of the amide
region of several 8-residue analogues synthesized here is
shown in Figure 5. Most NH protons were fully resolved in
several derivatives, suggesting preferred conformations in
solution. Some more notable observations were (1) consis-
tent chemical shift values across all derivatives for amide
protons for GalNAc, Val2, Ala4, and Ala5, indicating, little
“cross-talk” between the N and the C termini; (2) very distinct
chemical shift differences for the twoC-terminal carboxamide
protons for “inactive”derivative6; and (3) ahigherpopulation
of the cis amide bond for Pro3 when the sugar is removed. In
addition, amide temperature coefficient data showed that the
Δδ/ΔT value for Val2 decreased from -7.3 to -6.0 ppb/K,
indicating a possible shielding or H-bonding effect upon
glycosylation. Our data thus far (refs 17 and 18 and unpub-
lished results) have shown that a distinct sugar disaccharide
profile is important for themaintenance of activity. The sugars
have importantandalso remote conformational effects,which
in turn can be closely related to changes in antiproliferative
activity.

With the exception of values for alanine residues, three-
bond amide-HR (3JNH-R) coupling constants were found to be
between 7.0 and 8.8 Hz, indicating an extended confor-
mation in the backbone (representative 3JNH-R values for

Figure 3. CD spectra of a 50 μM solution of 2 (blue line), 3 (red
line), 4 (black line), and 5 (green line) in H2O:TFE (1:1) recorded at
25 �C.

Figure 4. CD spectra of 50 μM solutions of 3 (red line), 7 (green
line), 8 (pink line), 9 (black line), and 10 (blue line) in H2O:TFE (1:1)
mixture recorded at 25 �C.
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compounds 3 and 5 are listed in the Supporting In-
formation). However, 3JNH-R values were between 4.8 and
6.0 Hz for nearly all alanine residues, consistent with back-
bone angles that resemble twisted (helical) motifs. Interest-
ingly, values of 5.2-5.9 Hz were observed for residues Ala4-
Ala7 for the fully active trialanine derivative 9, suggesting an
“alanine-extended” short stretch of folded type secondary
structure. In contrast, the 3JNH-R values for Val

6-Val8 in both 2
and 3 were between 7.9 and 8.7 Hz. Further analysis
showed that chemical shift indices26,27 for backbone car-
bon, nitrogen, and HR protons (data not shown) suggested
that, contrary to our original hypothesis,18 the C-terminal tail
may be structured more closely to a β-motif and not R-
disposed. Looking at these combined data lead us to con-
clude that there is little correlation between NMR observa-
bles in the C-terminal residues and activity.

The only receptor known for as-APF is CKAP4, a reversibly
palmitoylated protein of ∼600 residues that connects the
endoplasmic reticulum to microtubules.20,28 Structural stud-
ies on CKAP4 reported that the large extracellular/luminal
domain of this protein (putatively where APF binds) is a
helical coiled coil that forms large aggregates.29 Interestingly,
the only other protein isolated from solubilized bladder
epithelial cell membrane proteins with APF was vimentin,

an intermediate filament protein that also forms helical coiled
coils. It is possible that as-APF disrupts protein-protein
interactions during multimerization of CKAP4. Alternatively,
APF could function by disruption of CKAP4/vimentin coiled-
coil interactions. These disruptions may prevent subsequent
signaling or internalization of the CKAP4 chaperone protein.
The varied “conformations” of active APF analogues also
suggest that APF may act at more than one motif on the
protein's surface, a tentative explanation for the confounding
activity swings with minor changes to the peptide backbone.

In summary, our lead compound, as-APF (2), has a unique
and distinct SAR profile that is maintained in Ala9-truncated
derivatives. In the current study, we identified two quite
potent derivatives of as-APF and determined that Ala6-8

analogue 9 is the “simplest” fully potent derivative of APF
synthesized to date. NMR data are beginning to uncover
some important clues to the structural implications of spe-
cific features of the APF molecule. These data will assist in
designing glycopeptidemimetics that could be useful tools in
the therapy of IC/PBS and cancer.

SUPPORTING INFORMATION AVAILABLE Experimental
details, structures, activity, purity, mass spectroscopy, HPLC, and
selected CD and NMR data for new glycopeptides. This material is
available free of charge via the Internet at http://pubs.acs.org.
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