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Bacterial Glycoprofiling by Using Random Sequence

Peptide Microarrays

Carlos Morales Betanzos,”’ Maria J. Gonzalez-Moa,” Kathryn W. Boltz,”
Brian D. Vander Werf,® Stephen Albert Johnston,®® and Sergei A. Svarovsky*®

Current analytical methods have been slow in addressing the
growing need for glyco-analysis. A new generation of more
empirical high-throughput (HTP) tools is needed to aid the ad-
vance of this important field. To this end, we have developed a
new HTP screening platform for identification of surface-immo-
bilized peptides that specifically bind O-antigenic glycans of
bacterial lipopolysaccharides (LPS). This method involves
screening of random sequence peptide libraries in addressable
high-density microarray format with the newly developed lu-
minescent LPS—quantum dot micelles. Screening of LPS frac-
tions from O111:B4 and O55:B5 serotypes of E. coli on a micro-
array consisting of 10000 20-mer peptide features revealed
minor differences, while comparison of LPS from E. coli
0111:B4 and P, aeruginosa produced sets of highly specific pep-

Introduction

The increasing awareness of the importance of glycosylation
to biological systems has led to recognition of the need to de-
velop better tools for the analysis of protein—carbohydrate in-
teractions. In contrast to template-driven nucleic acid and pro-
tein sequences, which aid function assignments, the need for a
more empirical, high-throughput analysis of potential carbohy-
drate patterns has resulted in a variety of approaches." The
two key newcomers in the area of functional glycomics thus
far have been glycan” and lectin microarrays,””’ in which gly-
cans or lectins are immobilized on glass slides for investigating
the specificity of glycan-binding proteins or glycoconjugates,
respectively. In lectin microarrays, carbohydrate-binding pro-
teins, such as lectins and anticarbohydrate antibodies, are im-
mobilized on a solid support in high spatial density. Interroga-
tion of these arrays with fluorescently-labeled samples creates
binding patterns (glycosignatures) that depend on the carbo-
hydrate structures present, and provide a method for rapid
characterization of glycans on glycoproteins,” bacteria,” or
mammalian cells.””! The microarray format allows rapid parallel
analysis of multiple carbohydrate-protein interactions with a
minimal amount of sample. Notwithstanding the advantages,
lectin microarrays are intrinsically handicapped by restricted
availability,® and the limited and often unexpected specificities
of natural lectins.”’ Only about 60 lectins are commercially
available, and they have the ability to recognize only a fraction
of glycans present on mammalian and especially on microbial
cells® The common problems inherent to other protein
arrays,”® such as linking chemistry, orientation-dependent bind-
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tides. Peptides strongly binding to the E. coli LPS were highly
enriched in aromatic and cationic amino acids, and most of
these inhibited growth of E. coli. Flow cytometry and isother-
mal titration calorimetry (ITC) experiments showed that some
of these peptides bind LPS in-solution with a Ky of 1.75 pm.
Peptide selections against P. aeruginosa were largely composed
of hydrogen-bond forming amino acids in accordance with
dramatic compositional differences in O-antigenic glycans in
E. coli and P. aeruginosa. While the main value of this approach
lies in the ability to rapidly differentiate bacterial and possibly
other complex glycans, the peptides discovered here can po-
tentially be used off-array as antiendotoxic and antimicrobial
lead compounds, and on-array/on-bead as diagnostic and af-
finity reagents.

ing activity, and storability, are also important factors that
strongly argue in favor of alternative approaches.

Proteins are not the only molecules that bind carbohydrates.
Cyclic tricatechol® and terphenyl constructs, acyclic pyridine,
pyrimidine, and naphthyridine units,"" self-assembled struc-
tures and various boronic acid derivatives*'® have been de-
scribed. Also, aptamers and peptides have been explored.'”
Synthetic peptides have long been known as highly versatile
molecules for a variety of biological applications. Unlike pro-
teins, which unfold readily and subsequently lose their biologi-
cal activities, peptides are functionally stable and capable of
retaining their activities under most reaction conditions; this
makes them the preferred molecules for facile and robust
screening assays, especially in microarray-based formats.

We have an ongoing program applying addressable random
sequence peptide microarrays, as an alternative to phage dis-
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play, to the analysis of various biomolecular interactions. As a
part of this program, we have tested these microarrays for
their ability to detect carbohydrate interactions. We hypothe-
sized that owing to the large chemical diversity of peptide
structures with no preconceived specificity, the microarray
could provide an expedient approach to de novo discovery of
artificial lectin mimics with engineered specificities towards
glycans of interest. As a proof-of-concept, we chose to use the
microarray to analyze the saccharidic portion of bacterial lipo-
polysaccharides (LPS). The reason for choosing such a complex
target was threefold. First, the diversity of glycan structures
unique to bacteria would allow the widest dynamic range of
molecules to be tested and therefore let us evaluate the limita-
tions of this approach. Second, from a practical standpoint LPS
have been implicated in the systemic inflammatory response
and septic shock, which have claimed more than 200000 lives
each year in the U.S. alone."™ Hence, there is a great deal of
interest in developing therapeutic agents that can efficiently
bind LPS.'® Third, whereas the therapeutic strategy directed
against viral glycans was a success, a similar approach to anti-
bacterial therapies has not been systematically explored due
to difficulties in finding molecules that can selectively bind to
bacterial glycans."”

Herein, we report our findings in screening of 10000
random 20-mer peptide sequences printed on a glass slide
with newly developed luminescent LPS glycoprobes for poten-
tial lectinomimetic activity. A set of specific lectinomimetic an-
tagonists of LPS molecules have been discovered that can be
used as a new class of diagnostic, antiendotoxic, and antimi-
crobial peptide leads in both on- and off-array formats. To our
knowledge, this is the first application of peptide microarrays
to studying carbohydrate interactions.

Results and Discussion
General experimental set-up

The peptide microarrays were constructed by spotting 10000
random 20-mer sequences in duplicates on a maleimide-func-
tionalized microscope glass slide by using a robotic pin spot-
ter. The random peptide library was produced by conventional
solid-phase synthesis based on computer-generated random
sequences of 19 amino acids, excluding cysteine, for the first
17 amino acids. A C-terminal —GSC sequence was incorporated
into each peptide to facilitate coupling to the array surface.
These arrays were probed directly with fluorescently labeled
LPS.

General considerations in the design of LPS glycoprobes

LPS is a complex, negatively charged lipoglycan composed of
three distinct regions: 1) a fatty acid region called lipid A that
has very low variability; 2) a conserved glycosidic “core” con-
sisting of approximately ten monosaccharides; and 3) a highly
variable region called O-antigen, consisting of repetitive sub-
units of one to eight monosaccharides repeated up to 100
times.'® The O-antigen region defines the strain, serotype, and
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even the virulence of the bacteria; this makes it a very attrac-
tive target to study. Probing the peptide microarray with di-
rectly labeled LPS allowed us to avoid the use of secondary de-
tection reagents, which complicate the interpretation and later
deconvolution of the data. This consideration is especially im-
portant for the random peptide microarrays because each pep-
tide on the array de facto is not specific and serves as a puta-
tive ligand for any target of choice. Not only can the secondary
probe bind to the array, but it could also compete with the pri-
mary probe. In the case of carbohydrates, the binding affinities
of which are typically weak, the latter can present a serious
problem. For these reasons, the arrays were probed directly
with conventional organic dye-labeled and the newly devel-
oped quantum dot (Qdot)-labeled LPS in order to specifically
single out carbohydrate interactions.

LPS labeling with Qdots

The existing LPS labeling strategies rely on chemical modifica-
tion of LPS molecules with organic dyes (Figure 1A). This
method requires complex manipulation and purification steps,
is not site-specific, and depends on the availability of reactive
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Figure 1. A cartoon depicting: A) organic dye labeled LPS; B) Qdots-labeled
LPS; m designates the number of O-antigen repeating units, n designates
the number of LPS molecules attached to the Qdot.

groups in the LPS molecule." When such groups are unavaila-
ble, an extra functionality is introduced into the saccharidic
branch of LPS, which might affect its physical properties and
biomolecular recognition events; thus it is not ideally suitable
for the purposes of this study. For this reason, we have devel-
oped an alternative labeling strategy that takes advantage of
the amphipathic nature of LPS molecule and does not intro-
duce any new chemical modalities into the structure.

We used nanometer-sized crystals of semiconductors known
as quantum dots (Qdots) that have recently emerged as useful
luminescent labeling agents.”™™ Coating of hydrophobic Qdots
with phospholipids®'" and synthetic amphiphilic polymers have
been previously described.” Both methods rely on phase
transfer of hydrophobic Qdots from organic solvent to an
aqueous solution of an amphiphile. Using a similar approach,
we conjugated smooth-type LPS from E. coli and P. aeruginosa
to hydrophobic Qdots (Figure 1B). In this case, the lipid A,
which is responsible for self-aggregation, also confers the abili-
ty of LPS to bind to hydrophobic surfaces of Qdots. Since the
lipid functionality is attached directly to the label, Qdot-LPS
constructs are especially useful for studying the saccharidic
moiety of LPS.
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Comparison of Qdot- and organic dye-labeled LPS

Although many peptides have been shown to bind LPS in so-
lution,®® at the outset of this work it was not clear if peptides
in the microarray format would also be able to bind LPS specif-
ically and reproducibly. In order to demonstrate that the pep-
tides on the microarray indeed bind LPS and the interaction is
not dye- or lipid-induced, we conducted several experiments.
In the first of these experiments, identical concentrations of
LPS from E. coli O111:B4 (ECy,y,) labeled with FITC (FITC-ECyyy7)
and with Qdots (QDot-EC,,;;) were used to probe the microar-
ray slides. The “unblocked” sample was used as is, while the
“blocked” sample was spiked with 100-fold excess of unlabeled
ECoq1; during the binding step. For both FITC-EC,,, and QDot-
ECoqy; probes (Figure S1 in the Supporting Information) block-
ing with unlabeled LPS localized the specific interactions, as
most of the top binders to LPS become low binders when
excess unlabeled LPS is used to inhibit the specific peptide-
LPS interactions. This simple test effectively eliminated any un-
specific dye-induced interactions. The same test was applied to
all binding experiments described below.

To test the applicability of the Qdot-LPS probes for specifi-
cally detecting carbohydrate-binding events, we used scatter
plots as previously reported by Reddy and Kodadek,”" and

_ e
-

QD-ECo41 LPS/ Intensity (normalized)

compared the results with those obtained with conventionally
labeled LPS. This representation helped us to focus our atten-
tion only on peptides with high expression profile for both ex-
periments (FITC-EC,,,;, and Qdot-ECq,,;). Figure 2 shows rea-
sonable correlation (R=0.824) between the two experiments.
Although some unique hits were present both in Qdot-LPS
and FITC-LPS binding peptides, they can be attributed to dif-
ferences in the probe construction and photophysical proper-
ties of the labels. The LPS is presented on the multivalent
Qdots in a defined orientation, since the hydrophobic Qdots
only exist in aqueous solution when they are enclosed in the
hydrophilic environment created by the lipid portion of the
LPS molecules. This orientation exposes the saccharidic branch
of the LPS, similar to their orientation in the micellar (or cellu-
lar) state of LPS. In contrast the monovalent FITC-LPS probe
can potentially detect saccharidic-, dye-, and lipid-induced in-
teractions. It has been found that aggregated micellar FITC-
LPS has strongly diminished fluorescence due to quenching,
while the disaggregation of single FITC-LPS molecules from
micelles leads to enhancement in fluorescence.”™ So, it is likely
that oriented micellar LPS molecules would not be observable,
and the most significant signal detected would come from the
single LPS molecules, which include nonsaccharidic compo-
nents. Due to the well-known cluster glycoside effect,” the in-
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Figure 2. FITC-labeled versus Qdot-labeled E. coli O111:B4 LPS correlation (R=0.824). Annotated black dots indicate selected LPS-binding peptides shown in
Table 1. Both axes show normalized signal in a logarithmic (log2) scale. Blue lines delimit the twofold change.
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teraction of multiple sugars is also stronger than a single LPS
molecule. These observations highlight the utility of Qdot-LPS
for studying variable saccharidic components.

Selection of peptides binding the saccharidic branch of LPS

Since the Qdot labels were novel for LPS, we argued that only
peptides that bind both FITC-LPS and Qdot-LPS with high in-
tensity were the most reliable saccharidic LPS-binding pep-
tides. Such peptides were identified by statistical analysis by
using image-processed data, and visualized as a scatter plot.*!
We have selected only high intensity binders with a minimal
standard deviation (0<0.2) that were present in both Qdot-
LPS and FITC-LPS experiments (Figure 2). Autofluorescent pep-
tides were filtered as described in the Experimental Section
and each hit was independently confirmed by careful visual in-
spection of the slides.

The data revealed 16 peptides, QF1-QF16, that bound with
high affinity to E. coli O111:B4 LPS (Table 1). Most of these pep-
tides contain noticeably abundant cationic arginine, lysine, and
histidine, along with clusters of aromatic hydrophobic trypto-
phan and phenylalanine and/or tyrosine. Since many
of the existing LPS-binding peptides are also antimi-
crobial,”” we hypothesized that if our selections
were valid then at least some of the peptides should
share sequence similarity with the existing antimi-
crobial peptides (AMPs). To test this hypothesis, we
compared the selected sequences against several
AMP databases. In particular, we found that the
above amino acids were also abundant in indolici-
din-like AMPs.”® Moreover, using the Antimicrobial
Peptide Database,”® we found that some of these
peptides (QF1-8) shared 30 to 40% similarity to
human histatins-2, -6, or -9, which are histidine-rich
AMPs found in oral cavities. Finally, we applied a re-
cently developed algorithm that predicts antibacteri-
al sequences based on similarity to the existing 486
AMPs.B% The higher the antibacterial peptides pre-

Relative growth
of E. coliDH10B / %
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140 -
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100
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diction (APP) score, the more probable the antibacterial activi-
ty, while negative scores suggest no antibacterial activity. The
APP scores shown in Table 1 predicted that 11 out of 16 select-
ed peptides had potential antibacterial properties.

Antimicrobial properties of the LPS binding peptides

We assayed the ability of the LPS-binding peptides to inhibit
E. coli growth, and compared them to 142 LPS nonbinding
peptides (Table S1). Figure 3 shows that nearly 70% of the LPS-
binding peptides demonstrated some growth inhibition activi-
ty against E. coli DH10B, while none of the 142 nonbinding
peptides inhibited growth by more than 20% (Figure S2). Inter-
estingly, the peptides QF12, -13, -14, and -16 demonstrated en-
hancement of bacterial growth (Figure 3). In agreement with
the APP scores peptides QF1-10 displayed antibacterial activity
(Table 1). An evident outlier, QF15, which departs from the con-
ventional cationic amphipathic motifs associated with AMPs,
was also identified. Further testing through kinetic growth
curves showed that these peptides are bacteriostatic, not bac-
tericidal. This agrees with recent work demonstrating that the
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Figure 3. Relative growth inhibition activities of peptides QF1-16 tested against E. coli
DH10B. The error bars are standard deviations of triplicate measurements; Neg1 is a neg-
ative control peptide.

Table 1. E. coli 0111:B4 LPS binding peptides arranged by isoelectric point (pl), number of negative residues (NR), number of positive residues (PR), aliphat-
ic index (Al), and antibacterial peptides prediction score (APP).?”

ID Peptide sequence pl NR PR Al APP
QF1 RHWRKPRKWHKKWPPHRGSC 12.0 0 8 0 1.904
QF2 HRKHWRKRHKKHWKKRKGSC 12.0 0 n 0 2673
QF3 HWKRRHKHKWPKRHPHKGSC 11.8 0 8 0 2.035
QF4 HFRKWHKRRWKHHKKWKGSC 11.8 0 9 0 2.155
QF5 WKKKRKHRHKKHWHPWRGSC 11.8 0 9 0 1.616
QF6 WKFRHRHHRHHWHKKWKGSC 11.8 0 7 0 2.167
QF7 WEWKHKKWRRHPRKWHWGSC 11.8 0 7 0 1.567
QF8 HRKPKFRHHHFKWKHWKGSC 11.2 0 7 0 1.529
QF9 WWHHKWFKHKKEWRHKFGSC 10.6 0 6 0 2121
QF10 RVFKRYKRWLHVSRYYFGSC 10.6 0 6 49 1.296
QF11 VLKHHRVKAFKFEWHEYIGSC 9.6 1 4 73 0.724
QF12 TWTQQOMHHFRFSHKLERGSC 9.5 1 3 20 —0.566
QF13 THRPHNWYLFKNILFSHGSC 9.3 0 2 59 —0.964
QF14 GTNERYNMRKYHWWYWYGSC 9.0 1 3 0 —0.348
QF15 FQTAKLFFGYHNHTESSGSC 6.9 1 1 25 —0.036
QF16 EWHHIWINNQHYNHASHGSC 6.6 1 0 44 —0.795
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biophysical properties required to kill bacteria differ from
those to bind LPS.®" In addition to affinity for LPS, bactericidal
activity requires the abilities to traverse the LPS layer and to
disaggregate LPS micelles. Our concentration-dependent stud-
ies (data not shown) demonstrated that even at 10 um concen-
tration, peptides QF7, -8, and -10 retained their ability to inhib-
it up to 50% of E. coli growth.

Flow cytometry studies of the LPS-binding peptides

Intrigued by the high incidence of antimicrobial activity of the
selected peptides, we conducted flow cytometry studies to
quantify the in vivo binding abilities of the selected peptides
to E. coli, and the ability of preincubation with LPS to block
binding.®? The LPS nonbinding peptide, Neg1, was used as a
negative control. The peptides were biotinylated and their spe-
cificities were compared through quantifying the cell surface
staining of E. coli DH10B cells with AlexaFluor488-labeled strep-
tavidin. Cells labeled only with streptavidin were used as con-
trols, and fluorescent intensity greater than that associated
with streptavidin only labeled cells was quantified as the M1
region. Peptides QF1 through QF10 bound the cells almost
completely in the M1 region; this indicates that these peptides
bound the cells with higher affinity than would be expected
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from streptavidin-only binding (Table S2). The results for strep-
tavidin, the negative control peptide Neg1, QF5, and QF8 are
summarized in Figure 4. Both QF5 and QF8 bound to DH10B
cells, and their cell-surface binding was nearly eliminated after
preincubation with ECq;;; LPS. While these results do not eluci-
date the nature of the target on the DH10B cell surface, they
do show that the peptides bind to and are sequestered by the
interaction with their target ECg;;; LPS.

Surface plasmon resonance (SPR)

High resolution differential SPR was used to compare the bind-
ing of QF5, QF8, and Neg1 to ECy;; (Figures 5 and S3). This
technique has sufficient sensitivity to detect direct binding of
free glycans to lectins immobilized on a sensor chip and allows
the evaluation of sugar-lectin dissociation constants in the nm
range.®¥ Both QF5 and QF8 are strong antimicrobial candi-
dates, while Neg1—a peptide showing no binding to LPS on
the peptide microarrays—was used as a negative control. The
relative responses of these peptides were compared by using
normalization based on the immobilization density and molec-
ular weight of the respective peptides. Both QF5 and QF8 pep-
tides had similar abilities to bind LPS, while Neg1 had negligi-
ble binding (Figure S3A).
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Figure 4. Flow cytometry of AlexaFluor488-labeled streptavidin, Neg1 control peptide, QF5, QF8, and QF5 and QF8 after 1 h preincubation with 100-fold
excess of E. coli 0111:B4 LPS. The y axes show the cell count, and the x axes show the AlexaFluor488 intensity.
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Figure 5. A) High resolution differential (HRD) SPR responses of peptides Neg1, QF5, and QF8 to E. coli O111:B4 LPS. B) ITC titration curve of the LPS ECy;;,

with peptide QF8.

Isothermal titration calorimetry (ITC)

To estimate the ability of peptide QF8, which exhibited maxi-
mal antimicrobial activity, to bind LPS in solution, we conduct-
ed the microcalorimetry titration of LPS ECg,;, with QF8. The
integrated heats in Figure 5B represent the net heats of each
injection after subtraction of the heat of dilution of QF8 into
pure buffer. The upward position of the ITC titration peaks
(Figure S3B) and the resultant positive integrated heats indi-
cate that the association between QF8 and LPS is an endother-
mic process.?¥ With a single site independent binding model,
the enthalpy (AH) of association between QF8 peptide and
LPS is 7.8 kcalmol™" with an equilibrium association constant
(K,) of 568731 M~ (Ky=1.75 pm) and a stoichiometry of 0.2-0.4
QF8/LPS (due to heterogeneity of LPS) obtained at pH 7.4. This
ratio likely corresponds to the net charge compensation be-
tween anionic LPS (2-4 negative charges) and cationic QF8
(seven positive charges).’™ The free energy (AG) and entropy
(AS) changes of binding are estimated to be —7.8 kcal mol™
and 52.6 calmol™"deg™, respectively.

Differentiation of E. coli serotypes

Gram-negative bacteria are classified by serological types (sero-
types) based on the composition of the LPS O-antigen do-
mains. Thus, the O-antigen, which is responsible for much of
the immunospecificity of the bacterial cells, essentially serves
as the “glycosignature” of a bacterium.'® To test whether we
can distinguish among different serotypes of a bacterium
using the peptide microarray, we screened Qdot-labeled LPS
derived from two different serotypes of E. coli: 0111:B4 (ECq;;,)
and 0O55:B5 (ECgss). Figure 6 shows the 2D scatter plot corre-
sponding to these experiments. Overall, an excellent correla-
tion (R=0.907) was observed between the two serotypes; this
indicates that there are only marginal differences detectable
by the microarray. The high correlation coefficient is in agree-
ment with the compositional similarity of the LPS molecules
derived from the two serotypes (Figure 7). The O-antigen re-
peating units of ECy;;,®® and ECyss>” LPS are composed of five
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neutral monosaccharides, which include glucose (Glc), galac-
tose (Gal), N-acetyl-galactosamine (GalNAc), N-acetylglucosa-
mine (GIcNAc), and colitose (Col; 3,6-dideoxy-L-galactose). Al-
though both structures differ in branching and sequence, the
overall sugar content remains similar.

Despite the negligible statistical differences, a close visual
inspection of the slides revealed several distinct hits that are
unique to ECq,y, (Figure 6, insert) and to ECqss. In all the cases,
for a hit to be statistically significant it must be reproduced in
all replicate slides with a standard deviation of less than 0.2.

Differentiation between E. coli and P. aeruginosa

While the two E. coli serotypes have subtle compositional dif-
ferences, more prominent differences are apparent when the
LPS structures of P aeruginosa 10 (PA,;) and EC,,;; are com-
pared (Figure 7). The repeating unit of PA,, consists of three
unusual sugars: 2-O-acetyl-L.-rhamnose (RhaAc), 2-N-acetyl-L-
galacturonic acid (GalNA), and 2-N-acetyl-2,6-dideoxy-bp-glucos-
amine (QuiN).*® One of these sugars (GalNA) contains a car-
boxylic acid group that can carry negative charge and form
strong hydrogen bonds. Screening of the PA,, LPS labeled with
Qdots and statistical correlation of the results with ECy,, re-
vealed a number of distinct hits for ECy;;; and PA,,. Indeed,
even a superficial visual inspection of the slides immediately
shows differences in binding patterns between the two experi-
ments (Figure 8).

Figure 9 shows the statistical correlation between Qdot-PA,,
and Qdot-EC,,;; experiments as a scatter plot.> The correla-
tion coefficient is far lower (R=0.630) than in the case of ECy;y
versus ECqss (R=0.907; Figure 7). Peptides EC1-8 (Table 2),
which specifically bind ECqy,;;, but not PA,, were identified by
minimizing the error (standard deviation 0<0.2) while maxi-
mizing the ratio of normalized ECy;;; to PA,, signals. These
comparisons independently validate the first selection of ECq,y,
binding peptides QF1-16 (Table 1) which are annotated in blue
in Figure 9. A similar selection strategy seeking peptides that
specifically bind PA,, but not ECg,,, yielded peptides PA1-8
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Figure 6. E. coli O111:B4 versus E. coli 055:B5 Qdot-LPS correlation for triplicate experiments of each (R=0.907). The black dot corresponds to the ECy;;, spe-
cific peptide FPKDQW (shown in the insert, with ECy;;; on the left and ECyss on the right). Both axes show normalized signal in a logarithmic (log2) scale. Blue
lines delimit the twofold change. Insert shows close-up of the peptide microarray binding patterns of: A) ECq;;; and B) ECqss. The first six (of 20) amino acids

are shown. (For a full sequence see the Supporting Information.)

(Table 2). The heat map shown in Figure 9 graphically demon-
strates the expression levels of each of the EC1-8 and PA1-9
peptides in Qdot-PA,, and Qdot-EC,,,, experiments. All EC
peptides present a high expression in the ECy;;; experiment,
while the expression in the PA,, experiment is low. The oppo-
site is true for PA peptides, which have high expression in the
PA,, experiment, but low in the EC,,;, experiment.

Structural considerations

As seen in Table 2, most of the peptides unique to ECy,;;; are
enriched in aromatic tryptophan and cationic arginine, lysine,
and histidine, while peptides specific to PA,;, tend to contain
aliphatic amino acids, anionic aspartic, and glutamic acids, and
especially hydrogen bond forming glycine, proline, serine, and
threonine (Figure S4). These differences are reflected in the
consistent differences in pl values and aliphatic indices (Al) of
the selected peptides (Table 2). This can be explained by the
prominent compositional differences between ECy;;; and PA;,
LPS. Interestingly, Cherkasov et al.® recently found the same
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kind of amino acid distribution by using artificial intelligence in
the design of peptide antibiotics.

As shown in Figure 7, the O-antigens of ECq;;; and ECygs LPS
are dominated by neutral galactose-like structures, such as col-
itose, galactose, and galactosamine. The aromatic amino acids,
W, F, or Y, are known to interact with the nonpolar b-face of
galactose to provide a common binding motif residue for
most galactose-binding proteins.“®* So, it is not unusual that
the ECq;y; binding peptides show a high incidence of aromatic
amino acids, such as tryptophan, phenylalanine, and tyrosine.
These observations are further supported by two independent
investigations. In one study, peptides were selected to bind
components of the bacterial cell membrane devoid of polysac-
charides. This selection led to peptides containing only cationic
arginine and lysine, but no aromatic residues.*? In a second
study, peptides that bind LPS from S. enterica (LPSs from E. coli
and S. enterica are closely related)®” were identified by screen-
ing phage displayed peptide libraries against bead-immobi-
lized LPS."® All of these peptides were found to be enriched in
aromatic hydrophobic residues, such as tryptophan and phe-
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Figure 7. Chemical structures of the repeating units of LPS used in this wor

nylalanine, along with cationic residues. These peptides were
capable of discriminating between various bacterial species,
which strongly supports their ability to target the distinctly
variable O-antigenic domains.

In contrast to the neutral ECy;;; and ECqss repeating units,
the repeating unit of PA,, consists one third of negatively
charged galacturonic acid (Figure 7), which can form strong
hydrogen bonds with the aspartic and glutamic acids,“** as
well as with hydrophilic glycine, proline, serine, and threonine,
which are prominently over-represented in the selected PA,,-
specific peptides (Figure S4).

Electrostatic contributions

To test the contribution of electrostatic interactions to LPS
binding to microarray peptides, we measured the zeta poten-
tial (C-potential) of ECyyy; and PA,, LPS. The zeta potential is
the overall charge a particle acquires in a specific medium and
is a measure of the potential at the slipping plane, which is
the layer just past the bulk solution layer of ions surrounding
the particle. Under conditions identical to those used in the
microarray probing experiments, the ECy;;; LPS had a charge
of {=(—6.7+1.4) mV, while the PA,, LPS was also negative
and of significantly greater magnitude at {=(—25.7+3.1) mV,
which is consistent with the presence of negatively charged
galacturonic acid. Since the ECg,,; LPS has only hydroxyls in
the structure and thus lacks the ability to form strong hydro-
gen bonds in aqueous solutions,*! its interactions are domi-
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OH

o OH OH and by electrostatic attraction,
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SHo TO or o} wards hydrophobic aromatic
o 0 0 d - . ids. O
/% y e o and cationic amino acids. On
+o 0 OH i
Ho on] o OH HO o.HO oL thfa ot'her hand, the .galacturonlc
o S NHAC acid in the repeating unit of

o) OH

OH PA,, LPS has a strong propensi-
ty to form hydrogen bonds,

¢} .
which overpowers the electro-
static forces and drives the
E coli O55:B5 selection towards hydrogen-

bond-forming amino acids.

We conclude that specific in-
teractions of peptides with LPS
on microarrays are not driven
by electrostatic forces alone,
but involve far more specific
molecular interactions, such as
hydrogen bonds and hydropho-
bic forces. This makes the pep-
tide microarray a suitable tool
for studying carbohydrate inter-
actions.

Conclusions

In summary, we have developed

a LPS screening technology to
quickly identify LPS binding peptides that are specific to the
variable saccharidic branch of LPS. We demonstrated that such
a platform, which consists of only 10000 random 20-mer se-
quences, is capable of differentiating between Gram-negative
bacterial strains based on differences in their LPS structures.
We also demonstrated that the parallel analysis platform, in-
herent to the microarray format, allows rapid and, most impor-
tant, direct identification of multiple LPS interactions at the
same time. In contrast to screening of phage displayed or
other solution-based combinatorial peptide libraries, microar-
ray format allows systematic analysis and statistical deconvolu-
tion of postselection data. In the future, as peptide microarray
technology matures and the number of features increases, this
platform could enable direct discovery of high-affinity and pro-
tease-resistant peptidomimetics since peptides can be readily
synthesized with unnatural functionalities, for example, b-
amino acids, cyclic structures, and unnatural side chains, to fa-
cilitate the transition of discovered leads into the clinic. Finally,
this technology paves the way for systematic investigation of
disease-associated changes in other poorly defined complex
glycobiomolecules, such as mucins and glycosylaminoglycans
that currently present insurmountable challenges to the avail-
able analytical methods.

Experimental Section

Materials and methods: Smooth-type LPS from E. coli serotype
0111:B4 was obtained from Fluka (Cat# 62325), serotype O55:B5
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Figure 8. LPS binding patterns (“glycosignatures”) on the microarray of:

A) P. aeruginosa 10 LPS and B) E. coli O111:B4 LPS. Sequences in yellow indi-
cate peptides unique to P. geruginosa; sequences in green are unique to

E. coli; sequences in white are common binders. Only the first six (of 20)
amino acids are shown. (For a full sequence see the Supporting Informa-
tion.)

was from Sigma (Cat# 62326); P. aeruginosa 10 was from Sigma
(Cat# L8643). FITC-labeled LPS from E. coli 0111:B4 was from Sigma
(Cat# F3665). CAUTION! LPS molecules are highly pyrogenic and
can cause severe fever in humans if inhaled, ingested, or absorbed
through skin. Good laboratory practices should be employed. Wear
a lab coat, gloves, safety glasses, and a respiratory mask while han-
dling LPS.

Unless noted otherwise, all chemicals were purchased from Sigma-
Aldrich, Inc. (Milwaukee, WI, USA) and used without further purifi-
cation. Deionized water was obtained from a Millipore ultrapure
water filtration unit. PEPscreen® peptides were synthesized by
Sigma-Genosys, Inc., with 100% quality control and used as re-
ceived for initial screens. Lead peptides were resynthesized in-
house by using Fmoc chemistry and purified to 95% by HPLC. Or-
ganic Qdots® were purchased from Invitrogen (Carlsbad, CA, USA;
Cat# Q21701MP). Sephacryl HiPrep 16/60 (S-200 HR) was from GE
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Healthcare. In-solution nanosizing and zeta potential was mea-
sured by using a Zetasizer Nano-ZS instrument (Malvern Instru-
ments, Worcestershire, UK). Spectrophotometric measurements
were carried out by using a NanoDrop® ND-1000 instrument.

Labeling LPS with Qdots: The supplied solution of organic Qdots
(QDot 605 ITK™, Cat# Q21701MP, Invitrogen, Inc.) in decane (1 um)
was evaporated to dryness by using a SpeedVac® at room temper-
ature and redissolved in equal amount of chloroform. An aliquot
(100 pL) of the chloroform solution was diluted to 500 pL with
chloroform and mixed with an aqueous solution of corresponding
LPS (100 uL of 10 mgmL™"; E. coli O111:B4, E. coli 055:B5, and
P. aeruginosa 10). Methanol was added dropwise and the sample
was occasionally vortexed until both phases were completely
mixed (about 400 uL of MeOH). The mixture was then evaporated
to dryness by using a SpeedVac and the solid residue was suspend-
ed in ddH,0 (100 pL). A saturated solution of tetramethylammoni-
um hydroxide pentahydrate (Me,NOH x 5H,0) was added until the
mixture was at pH 11-12 (about 25 plL). The latter basification step
is critical as it allows the transfer of the Qdots into the aqueous
phase; no transfer occurs in nonbasified solutions. The mixture
was sonicated for 30 min, and the colored solution was then
passed through two consecutive Zeba columns (2 mL; Pierce) to
remove salts and excess free LPS. We further purified the LPS-
coated Qdots by size-exclusion chromatography using Sephacryl
HiPrep 16/60 (S-200 HR) column (50%1 cm). The Qdot-LPS con-
structs eluted in a narrow color band and were stored in the dark
at 4°C. Under these conditions, the Qdot-LPS are stable for at
least one month without any visible signs of deterioration. In a
control experiment, the above procedure was repeated without
LPS. No solubilization of Qdots was observed without LPS as deter-
mined by measuring absorbance of Qdots in the supernatant.

Peptide microarray design and construction: The peptide micro-
array consisted of 10000, 20-residue peptides of random sequence,
with a C-terminal linker of —Gly-Ser-Cys-COOH. All peptides were
synthesized by Alta Biosciences Ltd. (Birmingham, UK) based on
amino acid sequences provided by in-house custom software
(Hunter, Preston, and Uemura, Yusuke, CIM, The Biodesign Insti-
tute). Nineteen amino acids (cysteine was excluded) were selected
at random for each of the first seventeen positions with —GSC as
the carboxy-terminal linker. The synthesis scale was 2-5 mg total at
>70% purity and 2% of the peptides were tested at random by
mass spectrometry as quality control. Dry peptides were dissolved
in N,N'-dimethylformamide (100%), then diluted 1:1 with purified
water at pH 5.5 to a master concentration (2 mgmL™"). The original
96-deep-well plates were robotically transferred to 384-well spot-
ting plates, and the peptides were diluted to a final spotting con-
centration (1 mgmL™") in phosphate buffered saline at pH7.2.
High-quality precleaned Gold Seal glass microscope slides were ob-
tained from Fisher (Fair Lawn, NJ, USA; Cat# 3010). Each slide was
treated with amino-silane, activated with sulfo-SMCC (Pierce Bio-
technology, Rockford, IL, USA; Cat# 22622) to create a maleimide-
activated surface, and the quality was checked for coating efficien-
cy. During spotting, we employed a Telechem Nanoprint 60 using
48 Telechem series SMP2 style titanium pins. Each pin spots ap-
proximately 500 pL of peptide (1 mgmL™") per spot—an estimate
based on pin trajectory, surface dwell time, and the amount of
liquid each pin holds. The spotting environment was at 25°C and
55% humidity. The maleimide-activated surface reacts with the
sulfhydryl group on the peptide’s terminal cysteine. Each peptide
was spotted twice per array. The arrays were spotted in an orange-
crate packing pattern to maximize spot density. Six fiducials were
applied asymmetrically by using AlexaFluor647, -555, and -488 la-
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Figure 9. A) E. coli O111:B4 versus P. aeruginosa 10 LPS correlation (R=0.630). Annotated blue dots correspond to peptides shown in Table 1; annotated black
dots correspond to the peptides shown in Table 2. Both axes show normalized fluorescence signal at 605 nm on a logarithmic scale. Blue lines delimit the
twofold change. B) Heat map compares the level of expression (luminescent intensity, log2) for the EC and PA peptides (green: low; red: high).

Table 2. Peptides specific to EC LPS versus PA,, LPS. Column headings indicate the isoelectric point (pl), negative residues (NR), positive residues (PR), and
aliphatic index (Al).

ID Peptide sequence Qdot-ECq:y; Qdot-ECqss Qdot-PA,, pl NR PR Al
EC1 KFWHHKWWHWEKWRRRRGSC + + - 12.0 0 7 0
EC2 RHWRKPRKWHKKWPPHRGSC + + - 12.0 0 8 0
EC3 HHFKHHRHWKRRRHWEWGSC + + - 12.0 0 6 0
EC4 KFWKFWHKHRHRHRWHRGSC + + - 12.0 0 7 0
EC5 HRWWEKKKHREFRWWKRWGSC + + - 12.0 0 8 0
EC6 WRHWRRRKHFWWKRRWHGSC + + - 123 0 8 0
EC7 GWAREHHWPRIIYGVLRGSC + + - 9.5 1 3 78
EC8 HHPRHWWWKRWHPFRFFGSC + + - 1.7 0 4 0
PA1 VPTPNDQGKQWVNSVNAGSC - - + 5.8 1 1 49
PA2 RKHDYEEVESEFHPRKGGSC - - + 6.0 5 4 15
PA3 SHPRITTSDDHGDSPKGGSC - - + 59 3 2 20
PA4 VPVHDKTRKTAPAEEIVGSC - - + 6.7 3 3 73
PA5 GSSMHHHPLWPTPEPHTGSC - - + 6.4 1 0 20
PA6 RGMFHSPGDVMETEPHVGSC - - + 53 3 1 29
PA7 WIEVEKTMDSGSGPKGHGSC - - + 55 3 2 34
PA8 MTGIWSAMPYHNIESHNGSC - - + 5.9 1 0 44
PA9 SHGNNQSHPEAYPGPWTGSC - - + 59 1 0 5

beled peptides. The fiducials were used to align each subarray  Perkin-Elmer, Wellesley, MA, USA) at 647 nm to image the spot
during image processing. The printed slides were stored under an  morphology. If the batch passed this test, further testing of ran-
argon atmosphere at 4°C until used. Quality control included  domly selected slides with known proteins and antibodies was car-
imaging the arrays by laser scanner (Perkin—EImer ProScanArray HT,  ried out for the quality control of precision spot intensity. Array
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batches that failed to meet an array-to-array variability of 30% CV
(coefficient of variation) were discarded.

Microarray probing: Each microarray probing was performed in
triplicate. The slides were placed in a humidified chamber and
blocked for 1 h at room temperature with BSA (650 pL of 3% solu-
tion) and methoxytetraethyleneglycol thiol (mPEG,-SH; 1 mm)“® in
1% PBS with Tween-20 (TBS-T; 0.05%). The slides were washed with
1XTBS-T (3% 30 inversion in a Coupling jar) and ddH,O (3x30 inver-
sion in a Coupling jar). The slides were then dried by centrifugation
at 1500 rpm for 3 min, with the barcode label at the bottom to
avoid the spread of the label glue onto the slide surface. The slides
were then scanned at the appropriate wavelength to note any
peptide autofluorescence. An AbGene frame was then attached to
the surface of each slide to confine the solution (260 uL) of labeled
LPS in 1xPBS (0.154 mgmL™' for FITC-LPS or AF488-LPS and
0.630 mgmL~" for Qdot-LPS) that was added to the printed area.
A plastic coverslip was used to spread the solution on the surface
of the slide and seal the frame while avoiding bubbles. The slides
were incubated for 1 h in the dark at room temperature in a hu-
midified chamber. The coverslips and AbGene frames were then re-
moved, and the slides were washed by being dipped two times in
ddH,0, then incubated for 5 min in ddH,O, and then dipped two
more times in ddH,0; the solution was changed each time. Finally
the slides were dried by centrifugation at 1500 rpm for 3 min at
room temperature and scanned.

Microarray scanning and image analysis: Microarrays were
scanned by using a Perkin—Elmer ProScanArray HT Microarray Scan-
ner with the 488 and 543 nm excitation lasers at 100% power and
70% photomultiplier tube gain. Detection was done at 605 nm for
Qdot probes and at 543 nm for FITC probes. All scanned images
were analyzed by using GenePix Pro 6.0 software (Axon Instru-
ments, Union City, CA, USA). Upon careful visual inspection, bad
spots were eliminated by flagging them “absent”. Median spot in-
tensities were used in further analyses. Statistical analysis compari-
son of microarray data was done with GeneSpring 7.2 (Agilent,
Inc., Palo Alto, CA, USA) by importing image-processed data from
GenePix Pro 6.0 (Molecular Devices, Inc.). Median signal intensities
were used in the calculations. For statistical comparisons, each
slide was normalized to 50" percentile. Measurements of less than
0.01 were set to 0.01; per “gene” normalization were not included
since it tends to overemphasize differences in peptide expression,
even when the intensity value is almost negligible for all the ex-
periments. However, the goal of this work is to differentiate pep-
tides that show a distinct behavior towards different probes, not
only by statistical means, but also by visual inspection of the
slides. Autofluorescent peptides were identified by scanning the
slides prior to binding with LPS, peptides which had fluorescent in-
tensities comparable to the postbinding intensity were eliminated
from the final selections. The results collected for each experiment
were represented by using scatter plots as previously reported by
Reddy and Kodadek.?" This representation helped us focus our at-
tention only on peptides with the right expression profile, that is,
either with high expression against one of the LPSs tested and low
expression for the other LPS, or with high expression for both.

Antimicrobial assays: DH10B E. coli cells (MAX Efficiency® DH10B™
Competent Cells, Cat# 18297-010, Invitrogen Inc.) were grown,
overnight, at 37°C at 270 rpm rotation in LB medium with strepto-
mycin (0.1%) to a cell density of 2000x 10° CFUmL™". An aliquot
(1 pL) of these cultured cells was then mixed with fresh medium
(1 mL) containing an individual peptide at concentrations of 25, 50
and 100 um, and allowed to grow, overnight. The McFarland tur-
bidity scale for E. coli™*® was used to quantify the overnight
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growth of the cells by comparing the optical density of the cells at
600 nm to the turbidity equivalent of BaCl, (1%)/H,SO, (1%) in the
microplate reader (Spectra MAX 190, Molecular Devices, Inc.). In
control experiments, the above procedure was repeated with no
peptide in the culture and with nonbinding peptide (Negl, se-
quence EFSNPTAQVFPDFWMSDGSC) as a negative control.

Flow cytometry: Peptides were conjugated to biotin by incubation
with heterobifunctional maleimide-PEO,-biotin linker (Pierce Bio-
technology, Inc.; Cat# 21901) in 1xPBS at pH 7.2, overnight, at
room temperature. Excess biotin was removed by overnight dialy-
sis by using 1 kDa cutoff membrane (Spectrum Laboratories, Inc.).
E.coli DH10B (MAX Efficiency” DH10B™ Competent Cells, Cat#
18297-010, Invitrogen Inc.) were cultured under routine conditions,
pelleted by centrifugation and washed (3x1xPBS) to remove
traces of media. The harvested cells were resuspended in blocking
buffer (1xPBS, 0.05% FBS). Experiments with LPS preincubation
involved mixing biotinylated peptide solution (400 um; 10 uL) with
LPS solution (200 um; 20 ub) for 1 h at room temperature. Then,
10x10° cells were mixed with biotinylated peptides (400 um;
10 pL), biotinylated peptides preincubated with LPS, or biotinylat-
ed wheat germ agglutinin (WGA) lectin (EY Laboratories, Inc.; 10 uL
of 1 mgmL™" solution) and incubated for 1 h on ice. The cells were
then washed three times with blocking buffer (1 mL) to remove
unbound peptides or lectins. For detection of bound peptides and
lectins, streptavidin-AlexaFluor488 (4 ugmL~', 100 pL; Invitrogen,
Inc., Cat# S-11223) was added to the cells and incubated for 1 h.
Cells were washed three times in blocking buffer, resuspended in
blocking buffer (300 pL) and analyzed for cell-surface staining by
using the FACS Caliber machine (BD Biosciences, Inc.). Cells stained
with streptavidin-AlexaFluor488 only, were used as controls.

Surface plasmon resonance: Bare gold SPR sensor chips (Biosens-
ing Instruments, Tempe, AZ, USA) were functionalized by adding 8-
amino-1-octanethiol (1 mm; Dojindo Molecular Technologies, Inc.,
Cat# A424) in ddH,O to the ethanol prewashed gold surface and
incubating for 2 h at room temperature in a humidified chamber.
The surface was then washed with ddH,O and dried by using ultra-
pure argon gas. A solution of sulfo-SMCC linker (1 mm; bio-
WORLD, Dublin, OH, USA) in 1xPBS was added to the gold surface,
incubated for 30 min at room temperature in a humidified cham-
ber, then washed and dried as above. The SPR instrument sensitivi-
ty was calibrated by using the response from ethanol (1%) in
water on a bare gold sensor chip as a standard. The AOT/sulfo-
SMCC modified chip was mounted on the instrument, and the
peptide was immobilized in the sample channel by injecting a so-
lution of peptide (100 um) in TBS-T. A solution of sodium dodecyl-
sulfate (0.01 %; SDS) in TBS-T was injected to dissociate any peptide
aggregates. The SPR response after the SDS wash was used to
calculate the immobilization density, where 1 RU=1pgmm™= To
abrogate possible unspecific interactions, a solution of mPEG,-SH
(1 mm)® was used to block unreacted maleimide groups on the
sample channel and to act as a nonbinding control on the refer-
ence channel. A solution of LPS (1 mgmL™") from E. coli serotype
0111:B4 was injected at 20 uLmin~" flow rate in the TBS-T analyte
solution. Regeneration was accomplished by using SDS (0.05 %) fol-
lowed by an injection of glycine (10 mm; pH 2.5).

LPS zeta potential ({-potential) and size measurements: The
zeta potential of the LPS was determined by electrophoretic mobi-
lity by using a Zetasizer Nano-ZS (Malvern Instruments). Measure-
ments were performed at 25°C in clear disposable Zeta cells (Mal-
vern Instruments). LPS concentrations were the same as the ones
used in the microarray probing experiments. All measurements
were done in triplicate.
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ITC measurements:*? LPS was dissolved in PBS, pH 7.4, to give a
75 um solution (assumed M,,= 10000 kDa) equilibrated by dialysis,
overnight, and degassed under vacuum. The QF8 peptide was dis-
solved in the same buffer at 1 mm and degassed under vacuum.
Isothermal calorimetric titrations were performed by using the
Nano ITC (TA Instruments, New Castle, DE, USA) at 23.5°C. De-
gassed LPS (0.075 mm) was loaded into the sample cell (volume
950 pL), the reference cell was filled with water, and the degassed
QF8 peptide (1 mm) was loaded into the injection syringe. Aliquots
of QF8 (20x5 pL) were titrated into the LPS in the reaction cells at
an interval of 300 s while being stirred at 150 rpm. Raw data were
corrected for the heat of dilution of QF8 into buffer and integrated
by using NanoAnalyze 1.1.0 software. The independent binding
model allowed the determination of the binding stoichiometry (n),
association constant (K,), and enthalpy change (AH). The free
energy (AG) and enthalpy (AS) changes were calculated through
the fundamental equations of thermodynamics: AG=—RTInK, and
AS=(AH—AG)T™", respectively. All titration curves were repeated
at least three times.
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