
Featured Article

An In Vivo Approach to Structure Activity Relationship Analysis
of Peptide Ligands

Xiaomin Fan,2 Ruben Venegas,3 Robert Fey,4 Henri van der Heyde,5 Mark A. Bernard,6

Elias Lazarides,1,7 and Catherine M. Woods2

Received November 5, 2006; accepted January 5, 2007; published online March 22, 2007

Purpose. The goals in this study were several-fold. First, to optimize the in vivo phage display

methodology by incorporating phage pharmacokinetic properties, to isolate peptides that target the

brain microvasculature, and then to build focused libraries to obtain structure activity relationship

information in vivo to identify the optimal targeting motif.

Materials and Methods. The blood pharmacokinetics of filamentous and T7 phage were evaluated to

choose the optimal platform. A randomized peptide library with a motif CX10C was constructed in T7

phage and used for in vivo panning. Focused peptide libraries around each structural element of the

brain-specific peptide were constructed to perform kinetic structure activity relationship (kSAR)

analysis in vivo. To determine potential function, sepsis was induced in mice by LPS administration and

four hours later the effect of GST-peptide on adhesion of rhodamine-labelled lymphocytes or CFDA-

labelled platelets to pial microvasculature was observed by intravital microscopy.

Results. The blood phamacokinetics of T7 was rapid (half-life of 12 min) which aids the clearance of

non-specific phage. In vivo panning in brain enriched for isolates expressing the motif CAGALCY.

Kinetic analysis of focused libraries built around each structural element of the peptide provided for

rapid pharmacophore mapping. The computer modeling data suggested the peptide showed similarities

to peptide mimetics of adhesion molecule ligands. GST-CAGALCY but not GST control protein was

able to inhibit the rolling and adhesion of labeled platelets to inflamed pial vasculature. GST-

CAGALCY had no effect on lymphocyte adhesion.

Conclusions. Incorporating normal blood phamacokinetics of T7 phage into in vivo phage display

improves the ability to recover targeting peptide motifs and allows effective lead optimization by kSAR.

This approach led to the isolation of a brain-specific peptide, CAGALCY, which appears to function as

an effective antagonist of platelet adhesion to activated pial microvasculature.

KEY WORDS: brain targeting; in vivo phage display; kinetic structure activity relationship;
pharmacokinetics; platelets.

INTRODUCTION

Several lines of evidence suggest that molecular diversity
exists within the vasculature. Different molecular recognition
systems must exist to account for the specific cellular trafficking
that occurs within the body. For example, leukocyte homing to
sites of inflammation is facilitated by pro-inflammatory upregu-
lation of specific leukocyte cell adhesion molecules in the target
endothelium (1–8). Pro-coagulatory endothelial responses to
systemic inflammatory diseases exhibit regional differences in
the extent various pro-coagulant factors are upregulated, which
underlie the focal response observed in different systemic
disorders (9–14). However, to date, the understanding of how
specific trafficking pathways are achieved is limited due to the
difficulties of recapitulating vascular diversity in vitro.

One approach to overcome this issue has been the use of in

vivo panning with phage displayed peptide libraries to identify
peptide ligands that specifically home to a given vascular bed to
attempt to map the vascular diversity that exists in situ (15–18).
However, the original methods had certain drawbacks since
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phage within various vascular beds were analyzed shortly after
IV administration (i.e., õCmax) without taking into adequate
consideration the differences in hemodynamics and vascularity
of different organs or the normal pharmacokinetic clearance
rate of the phage from blood by the phagocytic monophago-
cytic system (MPS) of liver, kidney and spleen, which is
affected by particulate biophysical and surface biochemical
characteristics (19). Therefore, we set out to develop a more
robust screening method that would take into account well
defined parameters for assessing whether a given ligand
displays true targeting activity, namely specific retention of a
given ligand at the target site compared to clearance from non
target organs (e.g., as reviewed by Nilsson et al., 20).

Taking these issues into consideration, an improved in
vivo phage display methodology was developed that incor-
porated the pharmacokinetic behavior of phage particles.
This approach led to the identification of the brain-targeting
peptide, CAGALCY. By building focused libraries around
each structural element of the lead peptide, we developed a
novel, rapid and effective means to perform kinetic SAR
(kSAR) in vivo. In silico analysis of the pharmacophore
indicated some similarities to known ligand mimetics of cell
adhesion molecules expressed on blood cells. By observing
the behavior of differentially labeled blood cell types under
activating conditions (systemic LPS), within the pial micro-
vasculature using intravital microscopy, we were able to
demonstrate that the CAGALCY cyclic peptide expressed as
a GST-fusion protein was an effective inhibitor of platelet
adhesion to brain microvasculature.

MATERIALS AND METHODS

Materials

T7 phage vector, sequencing primers and the BLT 5615
bacterial host were purchased from Novagen (Madison, WI).
Synthetic oligonucleotides were custom synthesized by Ret-
rogen (San Diego CA) or Sigma-Aldrich (St. Louis MO).
Lipopolysaccharide (LPS) was obtained from Sigma-Aldrich.
pGEX-5x-3 vector and glutathione Sepharose 4B were from
Pharmacia Biotech, now GE Healthcare (Piscataway, NJ).
Limulus endotoxin Kinetic-QCL assay kits were obtained
from BioWhittaker (Walkersville, MD). carboxyfluorescein
diacetate succinimidyl ester (CFDA) and rhodamine G were
obtained from Molecular Probes (Eugene, OR).

Animals

Female BALB/c, FVB/N, and C57BL mice between the
ages of 7–12 weeks and Sprague Dawley rats at 8-weeks of age
were purchased from Harlan (Indianapolis, IN) and acclimated
for at least 3 days before an experiment. They were housed in a
fully-accredited AALAC vivarium and all protocols were pre-
approved by the Institutional Animal Care and Use Committee.

Construction of a Random Peptide-expressing T7
Phage Library

A randomized CX10C peptide library was constructed
using synthetic oligonucleotides encoding two cysteines

separated by ten randomized amino acids. Double-stranded
oligonucleotides were synthesized by annealing of the
2nd strand primer with a nucleotide sequence of 50-
TCGAGTGCGGCCGCAAGC-30 to the single-strand oligo-
nucleotide and extended by Klenow fragment. After digestion
with EcoR I and Hind III, the double-strand oligonucleotides
were gel-purified and ligated to a T7 (415-1) (Novagen,
Madison, WI) vector that had also been digested with EcoR I
and Hind III (close to the codon for amino acid 348 of the
10B capsid protein) in a 50 ml reaction volume. The reaction
products were mixed with T7 packaging extract in nine
reactions and pooled. The titer of the library was determined
by plaque assay to be 6.2�108 pfu. This library was then
amplified in the BLT 5615 bacterial host strain in the presence
of 1 mM IPTG. All phage variants were constructed using
annealed oligonucleotides, which were then cloned into the
EcoR I and Hind III sites of the T7 vector.

In Vivo Phage Selection

The T7 phage was purified by PEG precipitation
followed by CsCl gradient centrifugation (20–62.5%, 35,000
rpm for 1 h with Beckman table-top ultracentrifuge and
TLS55 rotor). In each round of selection, 300 ml purified
phage (1011 pfu) in phosphate-buffered saline (PBS), pH 7.2,
was injected (i.v.) into each FVB mouse via the tail vein,
60 min post injection, mice were anesthetized with Avertin
and 100 ml of blood was collected from each mouse and
mixed with 100 ml of 100 mM sodium citrate. The mouse was
euthanized by cervical dislocation and perfused through the
heart with 10 ml of ice-cold PBS containing 1% bovine serum
albumin (BSA). Brains were harvested, rinsed with cold PBS
and homogenized in 500 ml of PBS containing 0.5% NP-40,
1% BSA, 0.5 mM PMSF, 1 mg/ml aprotinin, 1 mg/ml leupeptin
and 1 mg/ml pepstatin with a Dounce homogenizer. 1.5 ml of
PBS was then added to bring the total volume up to 2 ml.
Aliquots of the homogenates were diluted in PBS (1:100) and
used to determine phage content by plaque assay. For the
plaque assay, 900 ml of a BLT5616 bacterial culture was
added to 100 ml of each lysate. After incubating for 10 min at
room temperature, duplicate 1, 10 and 100 ml aliquots were
added to 3 ml of melted LB agar and plated out onto LB/
carbenicillin plates. These were incubated overnight at room
temperature and then the numbers of plaques counted. The
remaining homogenates were used for amplification in
the BLT 5615 host strain in the presence of 1 mM IPTG.
The amplified phage were then purified and used for the next
round of panning. The blood samples were centrifuged at
4,000 rpm for 10 min at 4-C. The supernatants (plasma) were
saved for plaque assay analysis. A total of five rounds of
selections were performed.

For panning of focused libraries, equal numbers of each
phage variant was mixed with the parental phage (5% for
each variant) and injected into 6 Balb/C mice. The brains and
blood samples were harvested from three mice at 30 min and
4 h post phage injection. Inserts of approximately 200 plaques
of the mixture to be administered were sequenced to
determine the relative frequency of each variant. Similar
numbers were sequenced from the phage recovered at 30 min
and 4 h post-administration.
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Sequencing of Phage Isolates

The inserts of individual phage plaques were amplified
by PCR using an in-house designed primer, T7 super-up
primer, 50-AGCGGACCAGATTATCGC-30 (Retrogen),
with the manufacturer_s T7Select\DOWN Primer, 50-
AACCCCTCAAGACCCGTTTA-30 following the manu-
facturer_s protocol (Novagen, Madison WI). In brief, 2 ml of
each primer were added to 5 ml phage suspension (from one
plaque resuspended in 50 ml PBS) together with 0.5 ml Taq
DNA polymerase and 2 mM NTPs in a final volume of 50 ml.
The cycle conditions were 94-C for 2 min, followed by 30
cycles of 94-C for 30 s, 55-C for 30 s and 72-C for 20 s,
followed by 1 cycle of 72-C for 5 min. An aliquot of the
reaction mixture was then used for sequencing using dye
terminator cycle sequencing (DTCS) kits according to the
manufacturer_s protocol (Beckman Coulter, Fullerton, CA).
The sequences were analyzed using a CEQi 8000 Genetic
Analysis System (Beckman Coulter).

Pharmacokinetic Analysis of Phage Particles

1�1010 pfu each of test phage and T7-lacZ phage (a T7
phage carrying the lacZ gene controlled by the lac promoter
in its genome, this phage forms blue plaque in the presence of
X-gal and serves as an internal control) were co-injected into
FVB female mice. The brain, lung, liver, kidney, blood and
spleen were harvested at 2 min, 10 min, 30 min, 1 h, 2 h, 4 h, 6 h,
12 h, and 24 h. The phage contents in each organ were
determined by plaque assay in the presence of X-gal in the top
agar.

Construction and Purification of GST Fusion Protein

DNA fragments containing sequences for the E tag
(50-GGTGCGCCGGTGCCGTA TCCGGATCCGCTG
GAACCGCGTTAA-30) and E tag-targeting peptide (50-
G G T G C G C C G G T G C C G T A T C C G G A T C C G C T G
GAACCGCGTTGTGCAGGTGCACTCTGTTACTAA-30)
were cloned into the EcoR I and Not I sites of pGEX-5x-3
vector (GE Healthcare, Piscataway, NJ). GST fusion protein
expression was induced with 1 mM IPTG and purified using a
Glutathione Sepharose 4B gel column according to the
manufacturer_s instructions (GE Healthcare), except the
wash was performed with ten bed volumes of PBS containing
1% Triton X-100, followed by 20 bed volumes of PBS before
eluting the GST protein with 10 mM reduced glutathione,
pH 8.0. The eluted fusion proteins were then dialyzed in PBS,
pH 7.6, overnight at 4-C. The fusion proteins purified in this
way were essentially free of endotoxin as determined by the
Limulus endotoxin Kinetic-QCL assay.

Computer Modeling

The Tripos software package (37) was utilized for
visualizing and generating energy minimizing structures.
The Sybyl molecular mechanics force field was used for
molecular dynamics and minimization studies. First, the
linear sequence was generated and during a constrained
minimization step, the peptide was cyclized via SS bonding.
Minimum-energy conformers of the CAGALCY peptide

were generated using molecular dynamics at high temper-
atures. Fifteen hundred structures were generated by molec-
ular dynamics at 700 K, capturing snapshots every 2 ps. We
used a time step of 1 fs under controlled temperature. Each
conformer was then submitted to 2 ps of molecular dynamics
at 298 K. Then, the 200 lowest energy structures were energy
minimized using the steepest descent, conjugate gradient and
Newton–Rahpson methodologies until the gradient was less
than 0.001 kcalImolj1IÅj1. The final ten structures were then
submitted to minimization using semi-empirical molecular
orbital methodology (PM3/MOPAC). Then, a representative
structure was chosen as a peptide model for the construction
of the pharmacophore model.

Intravital Microscopy Study

The mice were anesthetized by injection (i.p.) of ket-
amine (200 mg/kg body weight) plus xylazine (10 mg/kg). The
jugular vein was cannulated with polyethylene tubing (PE-10
or PE-50) to administer rhodamine 6G, platelets, or KCl for
euthanasia. An incision was made over the skull, which was
removed by creating a circular opening with a handheld
surgical drill. The mouse was then placed on the stage of a
Leica upright epi-fluorescence microscope (DM-FSA) with
an intensified camera (Cascade, Roper) and the 10�images
recorded on videotape for off-line analysis. At least five non-
overlapping regions were analyzed for each mouse and
each region was videotaped for about 2 min (approximately
25 min total observation period per mouse).

Mouse platelets were obtained from blood isolated via a
cannula implanted into the jugular vein, which was centri-
fuged at 120�g for 10 min to generate platelet rich plasma
(PRP; the supernatant). Human PRP was obtained from the
San Diego Blood Bank and platelets were fluorescently labeled
with carboxyfluorescein diacetate succinimidyl ester (CFDA).

Mice were injected (i.p.) with 100 mg of LPS (Sigma
Aldrich, St. Louis, MO) to induce endotoxemia. Three and a
half hours later, the mice were anesthetized, cannulated, and
a brain window developed in the skull. About 4 h after LPS
injection, test compounds were injected in a blinded fashion
via the jugular cannula and then 1�108 CFDA-labeled
platelets were injected. The number of platelets detected in
a 100 mm section of vessel was recorded and the vessel
diameter was measured from the screen by an independent
blinded scorer. The average number of platelets per unit area
was calculated for each mouse and then the blind was broken,
individual mice assigned to their relevant group and groups
compared with each other using the StatView program.

RESULTS

In Vivo Screening for Brain-targeting Phage

The original in vivo phage display methodology is
limited by very high background. Before screening for
brain-specific ligands, we first assessed the pharmacokinetic
properties of the phage particles themselves to investigate
whether the natural clearance mechanism of particulates
from the circulation by the MPS could be exploited to
improve the yield of positive hits by removing non-binding
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phage, i.e., reduce noise. The plasma pharmacokinetics of M13
and fUSE5 filamentous phage as well as T7 phage were
assessed following intravenous administration of a 1010 pfu
dose. Preliminary studies revealed that anesthetizing the mice
with Avertin before IV administration of phage resulted in a
slower and altered pattern of blood pharmacokinetics over
the first hour (data not shown). Therefore, for all subsequent
studies, phage were administered by IV tail injection to non-
anesthetized mice and Avertin was only administered 5 min
before euthanasia. The plasma pharmacokinetics of
filamentous phage (fUSE5 and M13) were slow (7 and 9 h,
respectively; data not shown), similar to published studies
(21). In contrast, the non-filamentous phage, T7, showed a
half-life in blood of 12 min, which resulted in a one log
decrease in the phage content of blood by 1 h (similar to the
results shown in Fig. 1a). This indicated that the natural
clearance mechanisms for T7 phage could be exploited to
increase the signal to noise ratio in target tissues. Fur-
thermore, choosing these longer time points for harvesting
and analyzing individual phage at a given site would select for

phage displaying peptides that confer slow off-rates and
thereby improve retention at the target site, desired features
for a targeting peptide.

To screen for brain vascular-specific peptides, a CX10C
peptide phage library was constructed and the endotoxin
levels determined. PEG precipitation (used in the original
studies for filamentous phage (15,18) failed to adequately
reduce the endotoxin level to physiologically acceptable
levels and injecting phage resulted in rapid complement
activation (data not shown). Cesium chloride gradient cen-
trifugation reduced endotoxin levels by 15,000-fold to
approximately 15 U/mL, well within a physiologically accept-
able range (22); this method was used throughout this study.
A dose of 1011 pfu in 300 mL PBS was injected intravenously
into each mouse and the phage allowed to circulate for one
hour before harvesting the target organ, brain. Five rounds of
selection were performed, and the phage numbers in the
brain and in blood were determined by plaque assay. The
ratio of phage numbers in the brain to the numbers in blood
increased after each round of selection. After the 5th round
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Fig. 1. Panels a–c: Pharmacokinetic profiles of T7-CAGALCY and T7-lacZ phage in the blood (a), brain (b), and spleen (c). 1�1010 pfu of

T7-CAGALCY and T7-lacZ phage were co-injected into FVB female mice. At the indicated time intervals, the brain, blood, and spleen were

harvested. The numbers of phage particles were determined by plaque assay, and expressed as yield (numbers of phage recovered divided by

that of injected)/g. d: Selectivity index of CAGALCY phage in the brain and reference organs. Selectivity index is defined as the ratio of T7-

CAGALCY and T7-lacZ phage recovered from the same organ. Equal numbers of CAGALCY and T7-lacZ phage were co-injected into 3

Balb/c mice via the tail vein. Organs were harvested two hours post injection. The numbers of T7-CAGALCY and T7-lacZ phage were

determined by plaque assay and the selectivity indices were calculated for each organ of individual mice. The bar in each column represents

the mean selectivity index.
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of selection, the inserts downstream from codon 348 of the 10B
capsid protein gene in the DNA isolated from individual
plaques were PCR amplified and then sequenced. Of the first
48 sequenced, 47 gave readable sequences for the inserted
peptide beginning with the first cysteine (C1). As shown in
Table 1, 64% of the recovered sequences encoded the peptide
sequence, CAGALCY, with a termination codon imme-
diately after the tyrosine, instead of the expected CX10C
motif inserted between the EcoR I and Hind III sites (codons
351 and 359) of the 10B capsid protein. This phage was
designated T7-CAGALCY.

To characterize the pharmacokinetics of the T7-
CAGALCY phage, it was co-injected in equal numbers into
mice together with a control reporter phage, T7-lacZ, which
was constructed to carry the lacZ gene controlled by the lac
promoter in its genome but with normal T7 coat protein (Fan
et al., unpublished data). Groups of mice were euthanized at
various time intervals and tissues harvested and analyzed.
Both T7-CAGALCY and T7-lacZ phage exhibited similar
rapid plasma half-lives of 8.9 and 14.7 min, respectively, over
the first 4 h, followed by a slower beta phase of clearance
(Fig. 1a), which indicates that both phage have similar blood
pharmacokinetics. In the brain, however, whereas the control
phage declined rapidly with kinetics similar to the clearance
from blood, the T7-CAGALCY phage appeared to accumu-
late over the first 2 h, then decline slowly thereafter (Fig. 1b).
In contrast T7-CAGALCY phage was rapidly cleared from
the reference organs studied. In the spleen, a major site for
phage clearance, T7-CAGALCYphage was cleared slightly
more slowly than T7-lacZ phage, but more rapidly than its
clearance from brain (Fig. 1c). These pharmacokinetic data
suggest that T7-CAGALCY indeed selectively targets brain

microvasculature, while it is rapidly cleared from the blood
and other organs.

To confirm selective targeting, the ratio of the numbers
of the targeting phage to control phage in the same organ
(defined as the selectivity index) was determined by com-
paring the number of clear (test phage) to blue (T7-lacZ
phage) plaques (pfu) in each recovered organ and in blood
2 h after phage administration. The selectivity indices for
each organ indicate that T7-CAGALCY phage specifically
targets the brain vasculature with a selectivity index around
1,000, but exhibits low specificity for the vascular beds of
the other organs (Fig. 1d).

To confirm that the CAGALCY peptide governed the
observed phage targeting activity to brain, E-tagged GST
fusion proteins with and without the CAGALCY peptide
were evaluated for their ability to compete phage targeting in

vivo. GST-E-tag-CAGALCY dose-dependently inhibited T7-
CAGALCY phage targeting, but had no effect on T7-lacZ
control phage levels (Fig. 2a). Control GST-E-tag protein did
not affect the accumulation of T7-CAGALCY phage in the
brain even at the highest dose tested (100 mg/mouse),
confirming that T7-CAGALCY targeting to brain is solely
mediated by the peptide moiety, CAGALCY.

In Vivo Kinetic Structure Activity Relationship Analysis

The most notable structural features of the brain-specific
peptide were the bulky hydrophobic core formed by the four
residues bounded by the two cysteines, the apparent cyclic
nature of the peptide and the extracyclic tyrosine at the
carboxy terminus. We decided to perform a type of structural
activity relationship (SAR) analysis in vivo by building

Table 1. CLUSTAL W (1.82) Multiple Sequence Alignment of the Peptide Sequences Deduced by Sequencing the Inserts of Phage Isolates

Recovered from Brain

Phage Isolates—Peptide Sequences

A03 –CAGALCYYRAKC—12 C03 –CAGALCYa—7

H06 –CAGALCYa—7 C01 –CAGALCYa—7

H05 –CAGALCYa—7 B03 –CAGALCYa—7

H04 –CAGALCYa—7 B02 –CAGALCYa—7

H03 –CAGALCYa—7 B01 –CAGALCYa—7

H02 –CAGALCYa—7 A05 –CAGALCYa—7

G06 –CAGALCYa—7 C06 –CAGXAVTXGGK—12

G05 –CAGALCYa—7 E02 –CAGXPGXAGa—9

G03 –CAGALCYa—7 B05 –CTGRMTXQXXXA—12

G02 –CAGALCYa—7 E04 –CQGNKTVQNSVS—12

F06 –CAGALCYa—7 C02 –CXRCTVLLACKL—12

F04 –CAGALCYa—7 F05 –CXRCTVLLACKL–12

F03 –CAGALCYa—7 A01 –CAATDHQPEAKCKLA—15

F02 –CAGALCYa—7 A02 –CATQVQHEAMHC—12

F01 –CAGALCYa—7 B04 –CTGXCDLXQR—10

E01 –CAGALCYa—7 E06 –YDPXKQLa—7

D06 –CAGALCYa—7 A04 –CPAEXRAGPVTT—12

D05 –CAGALCYa—7 A06 –CEKNPPTVXNY—11

D04 –CAGALCYa—7 D02 –VTPG-TVSLRPHS—12

D03 –CAGALCYa—7 E03 –FTPR-TIGHINWC—12

D01 –CAGALCYa—7 G10 –CMVE-RKRDEARV—12

C05 –CAGALCYa—7 E05 –LYMI-KWPGSEDC—12

C04 –CAGALCYa—7 G01 –CSX-CMDXFWAFL—12

a Indicates that the codon was followed by a termination codon, thus truncating the 10B capsid protein by õ35 amino acids.
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focused libraries around each of these features, to use the
relative rates of clearance to rank preferred amino acids at
each position, a method we called kinetic SAR or kSAR.

First, we determined whether brain-targeting activity
required the peptide to be cyclized through cysteine disul-
phide bonding. A phage variant carrying a peptide with
cysteine-6 mutated to serine was constructed and evaluated
by injecting equal numbers of the C-6 and S-6 phage species
and determining which was preferentially retained within the
brain over time. The substitution of cysteine with serine
completely abolished the targeting activity in vivo (data not
shown). Since the only difference between serine and
cysteine is that the former has an OH instead of an SH
group, these results suggest that a cyclic ring formed by
disulphide bonding is required for activity.

Next, the role of the terminal tyrosine with a free
carboxy terminus was assessed. Phage variants carrying
peptides with an additional alanine residue before or after
the tyrosine of CAGALCY or lacking the terminal tyrosine
altogether exhibited no brain targeting activity. To determine
whether a phenyl character with a carboxyl residue at a fixed
distance from the hydrophobic ring was required or whether
the key element was simply having a free carboxyl residue at
a fixed distance from the ring we built a focused library
containing all 20 amino acid variants at the Y7 position and
performed a kSAR analysis by comparing the frequencies of
the injected dose with the relative frequencies in blood and
brain at 30 min and 4 h after administration. The actual
percentage of each phage variant in the injected dose was
determined by sequencing the inserts of 184 phage randomly
picked from 184 individual plaques grown from the starting
mixture; the frequency ranged from 0–12% with the majority
of variants falling between 2 and 7% (Fig. 3a). However,
within as short a circulation time as 30 minutes in mice, a
selective accumulation of some variants over others was
evident. Most notably, the T7–CAGALCY phage, increased

markedly from 2.1% in the input mixture to 24% of the
recovered pool in perfused brain at 30 min (Fig. 3b). At 4
hours post injection, only six phage variants were detected;
T7-CAGALCY accounted for 65.5% and the phage variant
carrying a peptide ending with a phenylalanine residue
accounted for 24.14% (Fig. 3c) of the recovered phage pool,
indicating that a phenyl ring carrying a free carboxylic acid is
important for the observed brain targeting activity.

In the 3rd set of studies, the nature of the hydrophobic
core was assessed. First, each of the non-glycine residues
within the two cysteines was mutated to the amino acid,
glycine (A2G, A4G and L5G) to determine whether the
overall size of the hydrophobic cyclized core was important
for brain targeting activity. Each variant was evaluated in

vivo in a head-to-head comparison with the lacZ control
phage. Mutation of any one of these residues resulted in
selectivity indices of less than 1 for these variants, in contrast
to the high selectivity index of 700 exhibited by the parent
phage (Fig. 4a). The loss of targeting activity was not due to
shorter half-lives of these variants, because the ratios of these
variants to T7-lacZ control phage recovered from plasma
were similar to the parental phage (Fig. 4b). The analysis of
the intracyclic residues was expanded by generating phage
variants carrying peptides with one of all 20 amino acids at
the L5 position. Each phage variant was carefully titered and
mixed at equal concentrations (5% for each variant) and a
109 pfu dose of the mixture injected per mouse (three per
group). One group was sacrificed at 30 min and one at
4 h and the levels of each phage variant in blood and brain
determined. Even within 30 min after injection, a shift in
frequency was evident; by 4 h however, only three variants,
N5, M5, and L5 were detected. The results suggested that the
overall size, hydrophobic nature and nature of the side chain
at the five position were all important elements of the
pharmacophore and that N or M may be more preferred at
the five position (Fig. 4c and d).
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Fig. 2. GST-E-tag-CAGALCY dose-dependently inhibited T7-CAGALCY phage targeting to the brain. The numbers of phage particles
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The kSAR analysis and the molecular modeling studies
of the CAGALCY peptide and its variants yielded the three
dimensional structure shown in Fig. 5a. This structure is
representative of a cluster of low energy conformers obtained
using the approach described in the Computer Modeling
Methods section. It is reasonable to postulate that the
bioactive conformation of CAGALCY is found within this
cluster of low energy conformers and therefore we proposed
a 3D pharmacophore model based on the chemical and
structural features of this peptide. Fig. 5b displays a cartoon
of the proposed pharmacophore; five pharmacophoric ele-
ments were defined from the seven residues of the peptide

model: the carboxylic group, benzyl group (Y7) representing
an aromatic hydrophobic point, the isobutyl group (L5) and
the side chains of A2 and A4 representing aliphatic
hydrophobic points. We have also included another optional
pharmacophoric element represented by the OH group (Y7)
since our analysis indicates that its presence may increase
targeting activity. The carboxylic group is regarded as a key
pharmacophore element with a specific position within the
3D shape of CAGALCY. It can be assumed that an acid
group at this position is essential for interactions with basic
regions of the receptor. A pi–pi interaction between the
aromatic ring and another aromatic system from the receptor
is very plausible since the orientation of this system with
respect to the other pharmacophoric points is well defined,
our internal data suggests that any deviation of this spatial
orientation will result in lost of targeting activity, as in the
case of mutating Leucine with Proline (L5P) which produces
a kink on the cyclic system resulting in a perturbation of the
pharmacophore. The importance of the alkyl chains (A2, A4)
indicates that there are two small pockets in the active site of
the receptor; the size and hydrophobic properties tolerate no
changes. The region occupied by L5 seems to be more
flexible since it can accommodate N and M residues; it is not
clear from our data what the function of this pharmacophoric
element should be.

The relative distances of all pharmacophoric elements
shown in Fig. 5b can be used to perform a three-dimensional
query of small molecules databases that can potentially be
used to design non-peptidic ligands based on this pharmaco-
phore model. The distances were obtained from the peptide
model using a centroid around each of the pharmacophoric
elements.

CAGALCY Inhibits Platelet Adhesion to Endothelium
In Vivo

The requirement for a terminal free carboxylic acid on
an aromatic amino acid for T7-CAGALCY brain-targeting
activity is similar to the tyrosine acid analogue nature of the
aIIbb3 (gpIIb/IIIa) integrin antagonist, Tirofiban\ (23,24).
Specific orientation of a tyrosine acid relative to a hydro-
phobe is also a hallmark of mimetics of other integrin binding
sites (25–33). To address the working hypothesis that the
CAGALCY peptide represents a mimetic of a receptor/
ligand binding site expressed on circulating cells that is
involved in cell adhesion to the brain endothelium, the ability
of GST-CAGALCY to inhibit platelet or leukocyte adhesion
to the pial microvasculature activated by endotoxin was
measured by intravital microscopy to monitor blood cell
adhesion under flow directly in vivo.

First, white blood cells were labeled in situ with
rhodamine G and the pial vasculature of mice that had been
injected with LPS 4 h earlier was observed before and after
administration of 100 mg GST-CAGALCY or control GST
protein. While the rolling and adhesion of the white cells to
the microvascular endothelium of venules was clearly visible,
GST-CAGALCY had no effect on the numbers of rolling or
adherent white cells (data not shown). However, when
labeled platelets were injected into mice with endotoxemia
a marked effect of GST-CAGALCY was observed on
platelet adhesion to the pial vasculature. While mouse
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Fig. 3. Kinetic structure activity relationship analysis in vivo

(kSAR). Frequencies of the 20 variants of CAGALCX in the input

phage pool administered (a) and the phage recovered from brains at

30 min (b) and 4 h (c) post injection were determined by growing up

individual phage plaques from the pool recovered from the target

site, brain, and sequencing the inserts.
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platelets adhered markedly to small and large venules and
large and small arterioles of endotoxic mice injected with
PBS or GST control protein, mice injected with GST-
CAGALCY had significantly lower numbers of rolling and
adherent platelets in all vessel types (Fig. 6).

DISCUSSION

Phage display of peptide libraries has been explored as a
means to map the vascular diversity of different organs (15–
17). The rationale for this approach is that a single phage
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with multiple copies of a single peptide could behave much as
an activated blood cell, with the multiple copies of a given
ligand conferring avidity to complement the low affinity
typically associated with short peptide ligands. However,
screening in vivo has inherent issues of high background, all
the more apparent when a high complexity library is
administered. The data presented in this report, indicate that
incorporating the natural clearance mechanisms for partic-

ulates via the MPS phagocytic system can be harnessed to
reduce noise. By incorporating kinetic and selectivity param-
eters into the screening methods we identified a cyclic peptide,
CAGALCY, which was highly selective for brain vasculature.

Having identified a lead, it is standard practice in
pharmaceutical research to perform lead optimization and
definition of the basic pharmacophore structure by structure-
activity relationship (SAR) analysis (35–37). This approach
has been demonstrated in a number of instances for peptide
ligands. For example, the rational design of RGD peptides
that bind selectively to platelet aIIbb3 or avb3 integrin
compared to other integrin family members for the purpose
of improving thrombotic responses or tumor-targeting prop-
erties, respectively, has been described (28–34). Here we
describe a novel, rapid and effective means to perform
kinetic SAR (kSAR) in vivo using a modification of the
phage panning method whereby focused libraries around
different structural elements are evaluated over time to
determine the relative ranking order for the retention of
each variant at the target site. Using this approach, we
demonstrated that a key element of the CAGALCY target-
ing peptide was the free carboxylic acid of the C-terminal
tyrosine residue. This terminal tyrosine-carboxylic acid was a
fortuitous outcome of the termination codon that occurred
immediately after the Y7 codon of the inserted DNA that
resulted in a C-terminus immediately after the inserted
CAGALCY peptide motif and the deletion of õ35 amino
acids from the C-terminus of the wild-type capsid protein.
Analysis of the pharmacophore indicated some similarities to
known ligand mimetics of cell adhesion molecules expressed
on blood cells. By differential labeling of the different blood
cell types under activating conditions (systemic LPS), we
were able to demonstrate that the CAGALCY cyclic peptide
expressed as a GST-fusion protein was an effective inhibitor
of platelet adhesion to brain microvasculature.

Our own unpublished studies using the CAGALCY-
expressing phage as a positive control, indicate that there is
an upper limit of library diversity of one in 105 pfu, if a hit is
to be reliably identified by in vivo phage display. Although
Pasqualini and Ruoslahti (15–17) state that in vivo phage
display allows panning with libraries of large diversity (up to
1011), in fact their methods cite isolating 300 individual
plaques after each round of panning for amplification for the
subsequent round of panning. Thus after the first round, the
library diversity was automatically reduced to a maximum
diversity of 300. Our data indicate that in vivo phage display
can be used most effectively when library complexity is
relatively low, as is the case with focused libraries around a
structural component within a peptide lead. Such kSAR
studies provide a rapid means to study peptide structure
activity relationship in vivo. This method can be applied to
any peptide that can be displayed on phage surface, and
allows the optimization of the structure of the peptide ligand
for its interaction with its cognate receptor in its physiological
environment; therefore it represents a major advancement in
peptide ligand SAR research.

CONCLUSION

Incorporating the normal blood phamacokinetics of T7
phage into in vivo phage display methodology improves the

Fig. 5. a. Minimized 3-D structure of cyclic MeCONH-CAGALCY-

COOH using molecular mechanics (Sybyl force field) and molecular

orbital semi-empirical methodology (PM3). The rendering was done

using ArgusLab 4.01 (39), omitting H atoms for clarity. The atoms

are represented by the following colors: carbon=gray, nitrogen=blue,

oxygen=red and sulfur=yellow. b: A cartoon representing the 3-D

pharmacophore of a representative structure of the CALGACY

peptide. The pharmacophore elements are represented by the

following colors: light green is an aromatic hydrophobic; dark green

represents aliphatic hydrophobic; cyan corresponds to the carboxylic

acid and red is the OH group. The distances are measured in

Angstroms.

876 Fan et al



a. b.
Small venules (30-60 µm)

GST

GST-C
AGALC

Y
PBS

0

20

40

60

80

100

120

140

160

180

Treatment group

#a
dh

er
en

t 
pl

at
el

et
s/

m
m

2

 n=6

 n=9

 n=3

Large venules (65-200 µm)

GST

GST-C
AGALC

Y
PBS

0

20

40

60

80

100

120

140

160

180

Treatment group

#a
dh

er
en

t 
pl

at
el

et
s/

m
m

2
c. d.

Small arterioles (30-60 µm)

GST

GST-C
AGALC

Y
PBS

0

20

40

60

80

100

120

140

160

180

200

Treatment group

#a
dh

er
en

t 
pl

at
el

et
s/

m
m

2 n=6

n=6

n=3

Large arterioles (65-200 µm)

GST

GST-C
AGALC

Y
PBS

0

20

40

60

80

100

120

140

160

180

200

Treatment group

#a
dh

er
en

t 
pl

at
el

et
s/

m
m

2

e.  

20 min0 min
Fig. 6. Inhibition of platelet adhesion to small and large inflamed venules and arterioles by GST-CAGALCY. Groups of LPS-treated mice

were injected with fluorescent CFDA-labelled platelets and the pial vasculature image captured at two 5-min intervals before injecting either

control GST or GST-CAGALCY protein compounds. Images at 1 and 20 min post administration of test compound were scored for numbers

of adherent platelets. Treatment groups are indicated on the x-axis (n is shown in the upper panel) and the mean T SE of platelet number per

unit vessel area for five vessels per animal is plotted on the y-axis (panels a–d). e: fluorescent images prior to and 20 min after administration

of GST-CAGALCY fusion protein into endotoxemic mice; the larger fluorescent spots represent mini thrombi.
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ability to recover targeting peptide motifs. Applying kSAR
analysis to the targeting peptide allows effective lead
optimization and definition of the pharmacophore. This
approach led to the isolation of a brain-specific peptide,
CAGALCY, which appears to function as an effective antag-
onist of platelet adhesion to activated pial microvasculature.
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