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ABSTRACT: Chondroitin sulfate (CS) is an important glycosaminoglycan that has been implicated in several
disease processes, such as cancer and spinal cord injury. However, few studies have characterized CS-binding
protein and peptide sequences for diagnostic and therapeutic use. In this study, peptide array screening,
affinity capillary electrophoresis, and statistical analysis were used to both identify and characterize C6S-
binding peptides for sequence composition. The compositional characterization results showed that Phe, Arg,
and Tyr all had a significantly high rate of occurrence in the “high binding” affinity peptides, while tryptophan
and lysine were significantly underrepresented in this population. Peptides modified with alanine point
mutations for Phe, Arg, and Tyr all had lower C6S-binding affinities than the original peptides, demonstrating
that these amino acids are all important for C6S binding. Several peptides were designed that substituted Arg
for Lys and Phe or Tyr for Trp to create peptides with higher binding affinity. The peptides with the Arg
substitution all had improved binding affinities while the Phe/Tyr substitution decreased C6S-binding
affinity. Further analysis showed that the increased occurrence of Phe and Tyr in the “high affinity” peptides
was dependent upon their positions both within the peptide sequence and in relation to other critical amino
acids. Finally, a motif (ABBAA) was suggested for C6S-binding peptides where A represents any aromatic
amino acid and B any basic amino acid. The results demonstrate that the methodology developed in this study
for sequence composition analysis is an effective technique for the characterization of the interaction between
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peptides and CS.

Chondroitin sulfate (CS) is a member of the glycosaminogly-
can (GAG) family. GAGs are highly charged linear polysacchar-
ides that are generally found within the extracellular matrix
(ECM) or on the cell surface. GAGs play an important role in
several physiological processes from cancer progression (1, 2) to
spinal cord injury (3—35) and act mainly through their ability to
specifically bind and modulate proteins to influence cell beha-
vior (6, 7). Studies have also shown that growth factor activity
can be regulated by CS binding through sequestration to prevent
degradation and through localization of growth factor activity to
the cell surface (8). CS also interacts with various ECM mole-
cules, such as collagen and elastin, to influence ECM organiza-
tion which in turn affect cell behavior (9—11).

Even though CS is the most prevalent GAG, few studies have
focused on both identifying and characterizing the peptide
sequence of CS-binding proteins. Identification of CS-binding
proteins and peptide sequences has been difficult due to the
heterogeneous population of polysaccharide chains with variable
chain length, sulfation patterns, and conformations found
throughout the body. The diverse sulfation patterns of CS have
been postulated to function as molecular recognition motifs for
growth factors, chemokines, and other proteins (7). Several
studies focused on the sulfation pattern by identifying specific
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GAG structures that bind to specific proteins (12, 13). Other
studies have employed immunological methods (/4—16) or phage
display (17—20) to produce antibodies or antibody fragments
that bind specifically to different GAGs. However, these studies
lack sufficient information for sequence analysis to determine
which amino acids are important for CS binding. The identifica-
tion of amino acids critical for CS binding can lead to a better
understanding of the key chemical interactions involved in
CS-binding proteins. Furthermore, the results from the sequence
composition analysis can be used to design improved CS-binding
peptides for diagnostic and therapeutic use.

Identification and sequence composition characterization of
CS-binding peptides were accomplished through peptide array
screening. This technique has emerged as a fast high-throughput
method for identifying proteins and peptides that bind to a target
molecule (2/—23). Even though phage display and other directed
evolution technologies sample from a larger starting library
(~107), peptide array has the advantage of fewer rounds of
selection and does not require cloning for sequence identification.
In this study, chondroitin 6-sulfate (C6S) was screened on a
peptide array to identify CS-binding peptides. Several peptides
were selected from the peptide array and characterized through
affinity capillary electrophoresis (ACE). Statistical analysis was
performed for sequence composition analysis to identify several
amino acids that were significantly overrepresented in the “high
binding” affinity peptides. Alanine point mutations in the CS-
binding peptides confirmed that the amino acids identified in the
compositional analysis contributed to CS-binding affinity. This
information was utilized to design peptides with increased
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Table 1: Characteristics of C6S-Binding Peptides

fluorescence values”

dissociation constant (Ky)*

peptide name sequence charge” initial binding after wash (0.4 M NacCl) C6S? (uM) C489uM)

C6S-1 EKRIWFPYRRF +3 39207 33383 1.144+0.13 1629+ 1.16
C6S-2 YKTNFRRYYRF +4 38996 39918 2.31£0.10 10.41+£0.78
C6S-3 VLIRHFRKRYY +4 42472 32883 13.39+1.14 58.01 +£2.62
C6S-4 RRFMQYSARRF +4 34478 25644 12.83+0.54 88.68 +£2.74
C6S-5 YIKRKHRYFQR +5 22931 18576 12.214+0.38 4422 +2.69
C6S-6 RRMQKTRLQHR +5 23782 18827 55.18 £3.80 71.02£2.13
C6S-7 KNYKFRFGTRV +4 26767 16204 63.68 £2.39 142.9+8.32

“Calculated by subtracting the number of basic residues from the number of acidic residues. *Unitless relative fluorescent intensities. Ky reported as mean
+ SE. “All peptides had statistically significant dissociation constants between C6S and C4S. Statistical significance was determined by nonoverlapping 95%

CI for the two dissociation constants.

CS-binding affinity. This study has shown that sequence compo-
sition analysis is a powerful tool for elucidating the interaction
between CS and peptides and can be applied toward the design
of improved CS-binding peptides for diagnostic and thera-
peutic use.

MATERIALS AND METHODS

Peptide Array Screening for C6S-Binding Peptides.
Chondroitin 6-sulfate (MW~20000 g/mol; Sigma-Aldrich, St.
Louis, MO) from shark cartilage was modified with a glycosyl-
amine reaction and conjugated to Alexa dye 647 (Invitrogen,
Eugene, OR) before shipping to LC Sciences (Houston, TX) for
peptide array screening. C6S (~10 mg) was suspended in a
saturated ammonium bicarbonate solution and shaken at room
temperature for 4—5 days. The solution was then Iyophilized
several times to remove excess ammonium bicarbonate. The
amine-modified C6S was fluorescently labeled through conjuga-
tion to Alexa Fluor 647 carboxylic acid succinimidyl ester
following the Invitrogen protocol (A32757). Briefly, the Alexa
dye was resuspended in 10 4L of H,O, added to a solution of
amine-modified C6S (400 ug) in 1 M sodium bicarbonate buffer
(100 uL), and incubated in the dark at room temperature. After
1 h, 5 uL of 1.5 M hydroxylamine (pH 5.5) was added and
incubated for 15 min. The reaction mixture was diluted in 500 uL.
of 1 x PBS, and excess dye was removed through spin filtration
(Microcon MWCO 10000; Millipore). The Alexa dye 647 con-
jugated C6S was stored in 1 x PBS at —20 °C until shipment.

Peptide array synthesis and screening were performed at LC
Sciences. The peptide array consisted of 1831 unique 11-mer
peptide sequences with the probability of each amino acid
occurring at each position within the peptide sequence deter-
mined by an initial amino acid distribution. To increase the
probability of identifying CS-binding peptides of high binding
affinity, the initial amino acid distribution was derived from
compositional analysis of known GAG-binding peptide se-
quences (24, 25). Previous studies have shown that basic residues
are important for heparin binding so the presence of Arg and Lys
residues were highest in the amino acid distribution. Tyr is also an
enriched amino acid found in heparin-binding protein sites but
has a smaller presence than the basic residues leading to a
relatively lower probability in the initial distribution (26). Acidic
residues (Glu, Asp) and small nonpolar residues (Ala, Gly) were
assumed to play minor roles in CS binding so the probability
for their occurrence in the amino acid distribution was very low.
Finally, cysteines were not included in the distribution to inhibit
disulfide binding within the linear peptide sequence. Several

quality control probes were included on the chip to ensure the
fidelity of peptide synthesis.

For peptide array screening, the chip was initially placed in
blocking buffer (1 x PBS, 1% BSA, 0.05% Tween-20, pH 7.4)
overnight at 4 °C to reduce nonspecific binding. After blocking,
binding buffer (I x PBS, 1% BSA, pH 7.4) containing 10 nM
Alexa Fluor 647 conjugated C6S was circulated over the chip at
25 °C for 1 h. The chip was washed with 1 x PBS buffer and
scanned for fluorescence intensity after the initial binding. To
reduce nonspecific binding due mainly to electrostatic interac-
tions, the chip was washed with 0.4 M NaClin 1 x PBS. After the
initial binding and salt wash, the chip was scanned for fluore-
scence, and the detected fluorescence value was correlated to a
peptide sequence; all prewash and postwash fluorescent intensity
data are provided in Supporting Information.

Peptide Synthesis and Purification. Several peptide se-
quences (Table 1) that were chosen from the peptide array of
varying fluorescence values were synthesized and characterized
for binding affinity through affinity capillary electrophoresis
(ACE). Peptides were synthesized through standard Fmoc-
solid-phase chemistry on a Symphony peptide synthesizer
(Protein Technologies, Inc., Tucson, AZ) at 200 uM with rink
amide resin. Fmoc-protected amino acids were activated by
HBTU and added to the growing peptides in 5 M excess. After
peptide synthesis, the peptides were cleaved from the resin using a
cleave cocktail containing 92.5% trifluoroacetic acid (TFA),
2.5% water, 2.5% triisopropylsilane, and 2.5% ethanedithiol.
Peptides were precipitated in 10x excess ice-cold diethyl ether
and centrifuged at 5000 rpm for 30 min. The ether was decanted
off, and the peptide was resolubilized in water before lyophiliza-
tion.

Peptide purification was performed using reverse-phase chro-
matography with an AKTA Explorer FPLC (Amersham Bios-
ciences, Piscataway, NJ) equipped with a C18 column (Grace
Vydac, Hesperia, CA; 22 mm internal diameter, 250 mm length,
10—15 um particle size). After the column was equilibrated with 5
column volumes of water containing 0.1% TFA, the peptide was
loaded onto the column and subjected to an increasing linear
gradient from 0% to 60% acetonitrile containing 0.1% TFA over
12 column volumes. The collected peptides were lyophilized, and
the mass of each peptide was confirmed with MALDI-TOF mass
spectrometry on a Voyager-DE STR spectrometer (Applied
Biosystems, Foster City, CA) using an a-cyano-4-hydroxycin-
namic acid matrix (Sigma-Aldrich).

Affinity Capillary Electrophoresis. Affinity capillary electro-
phoresis (ACE) was performed to characterize the binding
affinity of CS-binding peptides by determining the dissociation
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constant between the peptides and C6S and chondroitin 4-sulfate
(C4S, MW~2000 g/mol; Wako Chemicals, Richmond, VA).
ACE was performed on a Beckman PACE M/DQ (Fullerton,
CA) following a protocol described by McKeon and
Holland (27). The capillary consisted of a 75 um uncoated
fused-silica capillary of total length 40.2 cm that was prerinsed
with 0.1 M NaOH and H,O before each separation. The peptide
(500 uM) with a neutral marker (0.01% DMF) was injected in the
reverse direction at 1 psi for 5 s and monitored through UV
detection at 200 nm. Separations were carried out in the
reverse direction at 8 kV at 20 °C in 50 mM sodium phos-
phate buffer (pH 7.5) with varying concentration of CS.
Since the separations were in the reverse direction, the length
to the detector was 10.2 cm. For each peptide, several
concentrations of CS were tested in triplicate, and the peak
migration time was determined for the neutral marker and
peptide. The change in mobility (Omobiiity) due to CS binding
was determined by eq I:

L) o
V les  leofes Ifree  leof

where L, is the length to the detector, L is the total length, V' is
the separation voltage, ¢, is the migration time of the peptide in
the presence of CS, ff. is the migration time of the peptide in the
absence of CS, 7.1 18 the migration time of the neutral marker in
the presence of CS, and t.. is the migration time of the neutral
marker in the absence of CS. The dissociation constant (Ky) was
obtained by fitting the data to the one-site binding model using
GraphPad Prism v5.0 (GraphPad Software, San Diego, CA).

Statistical Analysis. Spearman’s rank correlation coefficient
was used to determine the statistical significance of correlation
between the fluorescence values and the Ky values between CS
and the selected CS-binding peptides as seen in Table 1. The
calculation was performed by MATLAB (R2007a, Natick, MA),
and the test statistic (r;) was calculated by eq 2:

3 [ROY) ~R(Y,)
n(n®—1) @)

Omobility

re=1-—

where 7 is the number of peptides tested, R(X;) is the rank of
peptide due to the fluorescence value, and R(Y;) is the rank of
peptide due to the dissociation constant of the interaction
between the peptide and CS. The correlation was deemed
statistically significant at p < 0.05.

Compositional analysis of the CS-binding peptides was per-
formed following a method described in Thai et al. (28). When
sorted by fluorescence values after the 2 M NaCl wash, the
peptide sequences found in the top 2% were designated as “high
affinity” C6S-binding peptides. A particular amino acid or motif
was statistically significant when the occurrence in the “high
affinity” group of peptides was outside the 95% confidence
interval (CI) of the cumulative binomial distribution (P) which
was derived from the expected number of occurrences due to the
initial amino acid distribution. The number of occurrences (x)
that correspond to the observed number of occurrences (x,) and
upper (Xypper) and lower (Xiower) limits for the 95% CI were
calculated in Excel (Microsoft 2007, Seattle, WA) using the
cumulative distribution function shown in eq 3:

PsNop) = Y- ) ()
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FIGURE 1: Repeating dissacharide units of C4S and C6S.

where x is the number of occurrences of a particular amino acid
or motif, N is the number of independent trials, and p is the
probability of a particular amino acid (p,) or motif (p,,,) occurring
in any one trial. The probability for the occurrence of the motif
(pm) was calculated using eq 4:

m
Pm = Hpa (4)
=l

where m is the number of amino acids in the motif of interest and
Pa 18 the probability of the amino acid in the initial distribution.
With a 95% CI (o = 0.05), the upper and lower critical number
of occurrences for the amino acid or motif interest was deter-
mined by solving for Xigwer and Xypper When Pioyer = 0.025 and
Pypper = 0.0975. The observed number of occurrences for a
particular amino acid or motif (x,) is statistically significant if
P(x,) is less than or equal to Py and greater than or equal to
P upper-

pTphe statistical significance of the occurrence of each individual
amino acid and several motifs in the top 2% C6S-binding
peptides was determined. The testing for statistical significance
of one amino acid or motif is considered one hypothesis. Since
several hypotheses were tested for statistical significance on a
single data set, the probability of data falsely appearing signifi-
cant i3 very high. Therefore, a Bonferroni correction was
employed to produce a stricter threshold for statistical signifi-
cance where the p-value was divided by the number of hypotheses
to discourage the appearance of false positives (Piower =
0.000862, Pypper = 0.999138).

RESULTS

Correlation of Fluorescence Values to CS-Binding Affi-
nity. Fluorescently labeled C6S was screened on the peptide
array consisting of 1831 unique 11-mers. The array was washed
with buffer that contained 0.4 M NaCl, and the fluorescence of
each peptide spot was detected after each wash. Several peptides
were chosen from the peptide array and characterized for binding
affinity to C6S and C4S (Figure 1) through ACE.

Table 1 shows the peptide sequences, charge, fluorescence
values after the initial binding and 0.4 M NaCl wash, and
dissociation constants (Ky) for the interaction between the
peptide and C6S and C4S. Spearman’s rank correlation coeffi-
cient was used to determine the significance of the relationship
between the fluorescence values to the charge and Ky of the
peptides to C6S and C4S. For a perfect relationship, r; would be
equal to 1 whereas if r; = 0, there would be no significant
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relationship between the two trends. There was no statistically
significant (p > 0.05) correlation between the fluorescence values
and the overall charge content of the CS-binding peptides.
However, the charge range was limited (43 to +5), making it
difficult to conclude that charge was not a significant factor
affecting C6S-binding affinity.

The correlation of the initial binding fluorescence values and
K4 to C6S was not statistically significant (p > 0.05), whereas the
relationship between the fluorescence values after the 0.4 M NaCl
wash and dissociation constants to C6S was statistically signifi-
cant with a test statistic r;, = —0.762 (p < 0.05). In the initial
binding assay, the CS—peptide interaction may have had a
significant contribution from nonspecific electrostatic interac-
tions which led to fluorescence values that did not significantly
correlate to C6S-binding affinity. After the salt wash, the
nonspecific interactions that occurred in the initial binding were
reduced, yielding a fluorescence intensity profile that corre-
sponded with C6S-binding affinity. As a result, peptides with
high fluorescence values after the 0.4 M NaCl wash correlate to
peptides with higher binding affinities to C6S.

All peptides had statistically significant (o = 0.05) higher
binding affinities to C6S than to C4S. The correlation between
the trends for fluorescence values after the salt wash and Ky
between the peptides and C4S was not statistically significant
(p > 0.05). These results show that the fluorescence values after
the NaCl wash corresponded significantly to C6S-binding affi-
nity and not to C4S-binding affinity. This suggests that the
technique was selective for peptides that bind to C6S rather than
to the closely related C4S.

Compositional Characterization of C6S-Binding Pep-
tide Sequences. The Spearman’s rank correlation analysis
demonstrated that peptides with high fluorescence values after
the 0.4 M NaCl wash have high C6S-binding affinity. Therefore,
peptides found in the top 2% in fluorescence values after the salt
washes were chosen as a representative sample of “high affinity”
peptides and compared to the entire peptide population for
compositional analysis to determine which amino acids are
important for C6S binding. Figure 2 shows the observed number
of individual amino acids in the “high affinity” peptides compared
to the 95% Cl derived from the initial amino acid distribution. If
the observed number of amino acids (open circles) falls outside
the 95% CI (half-filled boxes), then the occurrence of that amino
acid is deemed statistically significant. The compositional analy-
sis showed that the “high affinity” peptides had a significant
increase in occurrence of Arg (R), Phe (F), and Tyr (Y) while Lys
(K) and Trp (W) significantly decreased in occurrence.

Point Mutations. The increased occurrence of certain amino
acids in the “high affinity” binding peptides shows that these
amino acids may be important for C6S binding. To determine if
these amino acids (F, R, and Y) are important for C6S binding,
alanine point mutations were made on C6S-2, a “high affinity”
peptide. Alanine was subsequently substituted for R, F, and Y
throughout the peptide sequence for C6S-2 (YK TNFRRY YRF)
as seen in Table 2. The C6S-2 variants were synthesized, purified,
and characterized for binding affinity through ACE. The Ky of
the C6S-2 alanine variants were significantly (oc = 0.05) higher
than the original sequence (C6S-2). The F and Y substitution
decreased the binding affinity moderately, whereas the R sub-
stitution drastically decreased the binding affinity of the C6S-
binding peptide. Therefore, the alanine point mutation results
show that F, R, and Y are all important for C6S binding with R
possibly having a greater contribution to C6S-binding affinity.
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FIGURE 2: Compositional analysis of C6S-binding peptide se-
quences. The occurrence of each individual amino acid in the “high
affinity” peptide sequences was compared to the occurrence of each
amino acid in the initial amino acid distribution. The open circles
represent the observed number of amino acids in the top 2% C6S-
binding peptides. The 95% Cl is represented by the half-filled boxes:
upper limit (upper filled) and lower limit (lower filled). The arrows
represent amino acids that have statistically significant occurrences
(white arrows, increase; dark arrows, decrease). *, p, = 0 for Cand D
in initial amino acid distribution.

Table 2: C6S-Binding Affinity of C6S-2 Alanine Variants

peptide sequence C6S Ky (uM)
C6S-2 YKTNFRRYYRF 2.31£0.10
C6S-2-AF YKTNARRYYRA 96.23 +3.62
CS6-2-AR YKTNFAAYYAF 707.5+116.1
C68-2-AY AKTNFRRAARF 96.72+3.44

Table 3: C6S-Binding Affinity of Trp (W — F or Y) or Lys (K — R) Point
Mutations

peptide sequence C6S Ky (uM)
C6S-1 EKRIWFPYRRF 1.14£0.13
C6S-1-WF EKRIFFPYRRF 14.08 +1.14
CoS-1-WY EKRIYFPYRRF 15.82+1.94
C6S-1-KR ERRIWFPYRRF 0.45+0.02
C6S-1-7 KNYKFRFGTRV 63.68 +2.39
C6S-7-KR RNYRFRFGTRV 36.34+1.91

The compositional analysis and alanine point mutation results
have shown that F, R, and Y are all important amino acids for
C6S binding. With this knowledge, the C6S-binding peptide
sequences can be manipulated to create peptides with higher
binding affinity to C6S. Several peptide array variants were
synthesized and characterized for binding affinity to C6S through
ACE. Table 3 shows the original peptide sequences, the change in
sequence (W — F or Y, K — R), and the corresponding Ky for
each peptide to C6S. The substitution of R for K improved the
C6S-binding affinity for both peptides tested (CS6-1 and CS6-7).
However, the change of W to F or Y (CS6-1) did not improve
CoS binding and actually decreased binding affinity. It is possible
that W is an important amino acid within the CS6-1 peptide
sequence and the removal caused a decrease in C6S-binding
affinity. On the other hand, the ability of F and Y to increase
C6S-binding affinity may be influenced by other factors such as
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FIGURE 3: Positional analysis of increased occurrence of F, R, and Y
in C6S-binding peptides. The white (F), striped (R), and black (Y)
bars represent the number of occurrences of each amino acid in the
“high affinity” C6S-binding peptides at each position within the
peptide sequence. The solid (F, Y) and dashed (R) horizontal lines
represent the upper limits for the 95% CI. The arrows (white, F;
shaded, R; black, Y) indicate positions where the number of occur-
rences for each amino acid in the “high affinity” C6S-binding
peptides was statistically significant where the occurrence for each
amino acid was greater than the 95% CI (horizontal line) for each
position.

positional dependency of the incorporated amino acid both
within the peptide sequence and in relation to neighboring amino
acids. From a purely compositional perspective, the incorpora-
tion of R for K into the peptide sequence can increase C6S-
binding affinity, whereas the substitution of F and Y for W does
not increase C6S-binding affinity in the CS6-1 peptide sequence.

Position Dependency Analysis. The previous results have
shown that while R, F, and Y all show an increased occurrence in
C6S-binding peptides, further increasing their presence can either
increase (R) or decrease (F and Y) C6S-binding affinity. To
elucidate this phenomenon, further analysis was pursued to
determine if the increased occurrence of these amino acids was
position dependent both within the peptide sequence and in
relation to neighboring amino acids. Figure 3 shows the posi-
tional analysis of the increased occurrence of each amino acid (F,
R, and Y)in the top 2% of C6S-binding peptides compared to the
initial amino acid distribution for each position within the
peptide sequence. The increased occurrence of F and Y was
statistically significant at positions 11 and 10, respectively, while
R was statistically significant at positions 9 and 11. These results
demonstrate that the increased occurrence of Y and F was
relatively specific for position while the increased occurrence of
R was not as specific. Furthermore, the increased occurrence of
F, R, and Y in the top 2% of C6S-binding peptides is clustered
together, demonstrating that the effects of the individual amino
acids might have a cooperative effect in increasing C6S-binding
affinity.

Motif Analysis. The clustering of amino acids that contribute
to C6S binding in the positional analysis was evidence for the
presence of a recurring motif within the top 2% of C6S-binding
peptides. Previous studies that have identified GAG-binding
motifs mainly focus on the position of the basic amino acids in
relation to other amino acids. In this study, the motif analysis
(Table 4) evaluated the distribution of basic (B), aromatic (A),

“(B) basic, (A) aromatic, and (X) nonbasic amino acids in 5-mer motifs
were evaluated for statistical significance (o = 0.05). Shaded boxes
represent motifs with a significantly high (dark gray) or low (light gray)
occurrence in the “high affinity” binding population when compared to the
initial amino acid distribution.

and nonbasic (X) amino acids in S5-mers found in the top 2%.
Three motifs with 1B (dark gray) had a statistically significant
high occurrence in the “high affinity” peptide population. Since
the B was not position specific within these motifs (BAAAA,
AABAA, AAAAB), these motifs lost their relevance as a
specific C6S-binding motif. In the other overrepresented motif
(ABBAA), the position of the BB was evaluated in relation to
both aromatic and nonbasic amino acids. The majority of the
motifs with the BB did not have a significant presence in the top
2%, and two motifs (light gray) actually had significantly lower
occurrences in the “high affinity” peptides, suggesting that these
motifs (XBXBB, XBBBX) may be unfavorable for C6S-binding
affinity. These results indicate that the motif ABBAA may be an
important C6S-binding motif; however, validation of the im-
portance of the identified motif requires a significantly larger
peptide population than sampled in the present study.

DISCUSSION

In this study, novel C6S-binding peptides were identified
through peptide array screening and characterized for binding
affinity through ACE. Compositional analysis was performed to
determine which amino acids are important for high binding
affinity to C6S. For the analysis, it was necessary to first identify a
population of peptides designated as “high binding” affinity to
CoS. The correlation analysis showed that the fluorescence values
after the 0.4 M NaCl wash from the peptide array screening
corresponded to the K values for the interaction of the peptides
to C6S. Therefore, peptide spots with high fluorescence values
corresponded to peptides with high C6S-binding affinity. The top
2% of the array peptides when sorted according to fluore-
scence intensity values after 0.4 M NaCl were designated as “high
affinity.” This sample size (37 peptide sequences) was large enough
for statistical analysis yet small enough so that the fluorescence
values were considerably different than the fluorescence values of
the entire peptide array (see Supporting Information).

The peptide array consisted of 1831 peptides which represents
a small fraction of possible peptide sequences for 11-mers (20'").
To increase the probability of identifying CS-binding peptides
with high binding affinity, the peptide library initial amino acid



1554 Biochemistry, Vol. 49, No. 7, 2010

distribution was biased toward amino acids commonly found in
GAG-binding peptides/proteins. C6S-binding peptides of vary-
ing affinity (1.14 £ 0.13 uM to 63.68 + 2.39 uM) were identified.
The “high binding” affinity peptides (Ky 1—10 «M) have
comparable binding affinity to designed heparin-binding pep-
tides (3.85—6 uM) (25). However, the peptide sequences identi-
fied from heparin-binding proteins, such as antithrombin III,
have much higher binding affinity (10—100 nM) (6). The goal of
this study was to take the first step in identifying CS-binding
peptides. Further analysis beyond compositional analysis com-
bined with more comprehensive screening techniques such as
phage display may yield CS-binding peptide sequences with
higher binding affinity.

Compositional analysis was performed by comparing the
amino acid distribution of the “high affinity” peptide sequences
to the initial amino acid distribution. Results showed that certain
amino acids had a statistically significant increase in occurrence
(F, R, Y) while other amino acids had a significant decrease in
occurrence (K, W). Alanine point mutations were made within
the peptide C6S-2 to assess the contribution of F, R, and Y to
Co6S-binding affinity. The C6S-2 alanine variants all had higher
K4 values to C6S than the original C6S-2 peptide sequence. Thus,
the amino acids F, R, and Y are all important for the interaction
of the C6S-2 peptide to C6S with R possibly have a greater
contribution to high C6S-binding affinity.

To date, this study is the first to identify the amino acids that
contribute to the binding interaction of proteins/peptides to
C6S. Several studies have shown that basic amino acids are
important for GAG-binding proteins (25, 29). However, few
studies have focused on the importance of aromatic amino
acids for GAG-binding proteins (30). Bae et al. have postulated
that Y may play an important role in the heparin—antithrombin
III interaction (26). Since F is similar in structure to Y, it is
possible that the increased occurrence of F is due to the high
binding affinity of C6S to the benzyl side chain. On the other
hand, the indole group of W has a bulkier structure with two
rings which can lead to steric hindrance and lower C6S-binding
affinity.

The majority of GAG—protein structure—function studies
have focused on heparin which is a highly sulfated polysacchar-
ide (8, 37—33). Since CS has fewer sulfation groups, which results
in unsulfated regions along the chain, it is possible that the
aromatic side chains on the peptide interact through hydrophobic
forces to the unsulfated stretches of CS. Therefore, hydrophobic
forces may be more significant for C6S binding than for heparin
binding.

It is important to consider what type of interactions contri-
butes to GAG—protein interactions when characterizing protein
binding affinity. Affinity liquid chromatography is the most
commonly used technique for studying GAG-binding affinity.
In this assay, the GAG is immobilized on a solid matrix, and the
protein is applied to the column. The column is subjected to an
increasing salt concentration which competes with the electro-
static interactions to elute the protein from the GAG column.
This approach fails to take into account the hydrophobic and
hydrogen-bonding contributions to the GAG—protein interac-
tion. Preliminary assays with C6S-modified beads showed that
the CS-binding peptides could not be removed from the column
with a high salt concentration up to 2 M NaCl (data not shown).
Since the results from this study have shown that hydrophobic
forces contribute to C6S-binding affinity, future studies must use
a more holistic approach, such as gold nanoparticles or affinity
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capillary electrophoresis, which takes into account all physical
interactions to determine CS-binding affinity (34).

The compositional analysis results were utilized to design
peptides with higher binding affinity to C6S. The conversion of
K to R in the peptides C6S-1 and C6S-7 improved C6S-binding
affinity. Previous studies have shown that heparin-binding pep-
tide sequences that contain R have higher heparin-binding
affinity than sequences with K (35). The greater affinity of R
for GAGs may be due to the formation of more hydrogen bonds
with the guanidino group of R than the ammonium cation of K
with the GAG sulfate groups. Also, the guanidino cation may
form an inherently stronger electrostatic interaction with the
sulfate anion (35). For the basic amino acids, CS has
similar binding characteristics to heparin with stronger affinity
to R than K.

The substitution of F or Y for W in the C6S-1 peptide did not
improve C6S-binding affinity. Further analysis showed that the
contribution of the amino acids F and Y was fairly position
specific for high binding affinity to C6S and is only significant
when found adjacent to other critical amino acids (F, R, and Y).
Since this study only investigates the absolute position of certain
amino acids (F, R, and Y), further studies must be performed in
order to understand the contribution of amino acids relative to
one another in any position within the peptide sequence. It is also
possible that W is an important amino acid for C6S binding in the
C6S-1 peptide; therefore, the substitution of any amino acid for
W at this position would lead to lower C6S-binding affinity. This
study is one of only a few to have characterized the contributions
of aromatic amino acids to GAG binding. Additional studies
must be performed to understand the role of specific aromatic
amino acids in C6S binding.

The motif analysis further confirmed the importance of
aromatic amino acids for high binding affinity to C6S. The motif
ABBAA, where A represents any aromatic amino acid, had a
statistically significant increase in occurrence when compared to
the motif XBBXX, where X represents any nonbasic amino
acid. The position of BB in relation to the aromatic amino
acids was also significant, suggesting an important role for the
ABBAA motif. Since there are few known C6S-binding
proteins, this motif may be utilized in the identification of
novel C6S-binding proteins. Shen et al. have recently identified
the first CSPG receptor involved in neural regeneration
following spinal cord injury (36). It is possible that, with more
sequence information derived from native CS-binding proteins,
peptide array screening may be used to identify other CSPG
receptors.

This study has identified C6S-binding peptides and character-
ized the C6S—peptide interaction through peptide array screen-
ing, affinity capillary electrophoresis, and statistical analysis. The
compositional analysis showed that certain aromatic and basic
amino acids are favored for high binding affinity to C6S which
led to the design of peptides with higher C6S-binding affinity.
The characterization of the mutated peptides showed that
compositional modifications for increased binding affinity can
be accomplished more generally with basic amino acids but may
be limited with aromatic amino acids. Finally, a potential C6S-
binding motif (ABBAA) was identified. The understanding of
which amino acids and motifs play an important role in C6S
binding will lead to a better understanding of key chemical
interactions involved in C6S binding and the development of
improved C6S-binding peptides for diagnostic and therapeutic
applications.
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SUPPORTING INFORMATION AVAILABLE

Peptide sequences and their fluorescence intensities both after

the initial screening and after the 0.4 M NaCl wash. This material
is available free of charge via the Internet at http://pubs.acs.org.
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