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Laminin targeting of a peripheral nerve-highlighting
peptide enables degenerated nerve visualization
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Target-blind activity-based screening of molecular libraries is often used
to develop first-generation compounds, but subsequent target identi-
fication is rate-limiting to developing improved agents with higher
specific affinity and lower off-target binding. A fluorescently labeled
nerve-binding peptide, NP41, selected by phage display, highlights
peripheral nerves in vivo. Nerve highlighting has the potential to
improve surgical outcomes by facilitating intraoperative nerve identi-
fication, reducing accidental nerve transection, and facilitating repair of
damaged nerves. To enable screening of molecular target-specific
molecules for higher nerve contrast and to identify potential toxicities,
NP41’s binding target was sought. Laminin-421 and -211 were identi-
fied by proximity-based labeling using singlet oxygen and by an adapted
version of TRICEPS-based ligand-receptor capture to identify glycopro-
tein receptors via ligand cross-linking. In proximity labeling, photooxi-
dation of a ligand-conjugated singlet oxygen generator is coupled to
chemical labeling of locally oxidized residues. Photooxidation of meth-
ylene blue-NP41-bound nerves, followed by biotin hydrazide la-
beling and purification, resulted in light-induced enrichment of
laminin subunits a4 and a2, nidogen 1, and decorin (FDR-adjusted P
value < 10~7) and minor enrichment of laminin-y1 and collagens I and
VI. Glycoprotein receptor capture also identified laminin-a4 and -y1.
Laminins colocalized with NP41 within nerve sheath, particularly peri-
neurium, where laminin-421 is predominant. Binding assays with
phage expressing NP41 confirmed binding to purified laminin-421,
laminin-211, and laminin-a4. Affinity for these extracellular matrix
proteins explains the striking ability of NP41 to highlight degenerated
nerve “ghosts” months posttransection that are invisible to the
unaided eye but retain hollow laminin-rich tubular structures.

nerve highlighting | laminin | proximity-based labeling |
molecular imaging | surgery with molecular navigation

M olecular interactions including ligand-receptor binding are
a key component of nearly every biological process. Dis-
covering such interactions is especially challenging if they are low
affinity, context-dependent, or the receptors are difficult to iso-
late. However, their identification improves our fundamental un-
derstanding of biological processes and enables development of
synthetic ligands with clinical applications. Phage display is a pow-
erful affinity-based molecular selection tool that has enabled the
generation of peptides, proteins, and antibodies that bind to specific
targets (1). Selections against complex sources, such as live cells, cell
extracts, or organs, have also yielded promising results (2-4). Despite
the obvious implications of these ligands as potential clinical agents
and their receptors as biomarkers, few targets have been defined (5).

A variety of methods to capture native ligand-receptor interactions
have used chemical or photo—cross-linking followed by mass spec-
trometry (MS), some requiring that ligands retain binding activity after
potentially disruptive chemical treatment (6-9). In most cross-linking
techniques, the ligand must reach an appropriately reactive site on the
target for cross-linking to occur, while being conjugated to a potentially
bulky purification tag, which can weaken specific binding. Proximity-
based labeling techniques using fusion proteins have recently been
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developed for the discovery of new interacting or nearby proteins (10—
12); however, bulky fusion proteins are likely to affect ligand binding.

To more efficiently capture low-affinity and easily disrupted in-
teractions, a small molecule proximity tagging method was developed
using photooxidation coupled to affinity tagging (Fig. 1). A light-
driven, singlet oxygen-generating molecule [SOG; e.g., methylene
blue (MB), fluorescein derivative] is conjugated to a ligand. Upon
binding of the ligand-SOG to tissue and exposure to light, oxidation
of molecules proximal to the ligand occurs. In biological samples,
singlet oxygen has an extremely short half-life, in the range of hun-
dredths to tenths of a microsecond, during which it is estimated to
diffuse within a range of tens of nanometers from its source (13, 14).
Proteins are a major biological quencher of singlet oxygen, and re-
action with specific amino acids forms byproducts containing ketones
and aldehydes (15, 16). Such carbonyl groups are normally rare in
tissues, enabling site-specific labeling of oxidized amino acids on
proximal proteins. For example, tryptophan is converted into ketone-
containing kynurenine or N-formylkynurenine (17-19). Biotin-
conjugated hydrazides or hydrazines (BHs) have specific reactivity
for ketones and aldehydes (15, 20). BHs can be reacted with tissue
exogenously (Fig. 1, scheme A) or coupled directly to the ligand—
SOG (Fig. 1, scheme B), allowing photooxidation and chemical
conjugation to be performed simultaneously in vivo. Biotin-tagged
proteins are then purified from tissue homogenates with immobilized
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Fig. 1. Schematic of photooxidation-mediated iden-
tification of ligand-proximal molecules. (Scheme A) A
ligand of interest is conjugated to a SOG and applied
to tissue with ligand-binding activity. Upon excitation
with SOG-activating light, singlet oxygen is produced,
which reacts locally and results in oxidation sites,
including ketones and aldehydes. BH is applied to
label these carbonyl groups. Biotinylated proteins
are streptavidin-purified from tissue homogenate. The
hydrazone bond is released, and proteins are trypsi-
nized and analyzed by LC-MS/MS. Label-free quantifi-
cation is used to compare relative protein amounts to a
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control sample using NL or a nontargeted ligand such
as the p-enantiomer. (Scheme B) Ligand is conjugated
to SOG, biotin, and a ketone-reactive group—for ex-
ample, pyridylhydrazine—and treated on ligand-bind-
ing tissue. Tissue is exposed to light, and biotinylated
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streptavidin, dissociated via acidic hydrolysis of the hydrazone bond
(21), digested with trypsin, and identified by liquid chromatography-
tandem mass spectrometry (LC-MS/MS). Label-free quantification
is then used to compare protein abundance relative to a control.

Alternatively, ligand-directed receptor capture (LRC) using
TRICEPS technology has been shown to enable carbohydrate-
directed tagging of receptors and subsequent identification by
MS (8, 9). Mild sodium periodate (NalO,) treatment oxidizes cis-
glycol groups in carbohydrates to aldehydes, and newly generated
aldehydes cross-link to a BH-containing ligand. Samples are then
purified using immobilized streptavidin and released by the
endoglycosidase PNGaseF.

In this report, ligand-proximal photooxidation and an adapted
version of TRICEPS LRC of glycoproteins were used to identify
extracellular matrix proteins laminin-421 and -211 as the binding
targets of NP41. This nerve-binding peptide was previously identified
by phage display and shown to fluorescently label nerves in vivo and
improve surgical identification, potentially reducing iatrogenic nerve
injury (2, 22, 23). This result explains NP41’s striking ability to high-
light otherwise invisible, highly degenerated nerves, which are devoid
of myelin and axons but contain laminin-rich extracellular matrix.

Results

To identify NP41 binding targets, affinity chromatography was
chosen as the initial method of isolation. Homogenized nerve was
passed over immobilized NP41 versus the control p-amino acid
enantiomer, which was previously found not to bind nerves when
injected into mice (2). No specific protein was selectively captured
as determined by MS analysis, leading us to speculate that NP41
bound with low affinity to homogenates. Thus, to capture NP41-
receptor interaction in situ, we developed a method for proximity
labeling ligand-bound proteins using photooxidation and targeted
BH labeling and also tested previously described glycoprotein
capture using TRICEPS-based chemistry (8, 9).

To test the concept of proximity-based oxidation of proteins
through photoactivation of a ligand—-SOG conjugate, ketone ad-
ducts were directly measured via MS following light exposure.
Specifically, biotin-MB, used as a ligand—-SOG, and streptavidin
were coincubated, and then MB was photoactivated with 615/40 nm
light for 0-90 s. Streptavidin was digested with trypsin and
subjected to LC-MS/MS. MS1-based label-free quantification
showed a light and ligand-MB-dependent increase in tryptophan
oxidation in streptavidin peptides with +4 (kynurenine) and +16
(tryptophan—-OH) mass changes (Fig. S1 A-C). Peak conversion
occurred after brief light exposures (30 s and 3 s, respectively) with
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proteins are purified and identified as before.

relatively lower conversion after longer exposures. This may be
due to compounding reactions by singlet oxygen that result in di-
verse or unidentifiable products, many of which are unstable (16).

Imaging Biotinylation upon Ligand-Proximal Photooxidation. To ex-
amine whether photoactivation of a NP41-SOG conjugate would
result in spatially localized BH labeling proximal to the binding site,
mouse peripheral nerve sections were incubated with carboxy-
fluorescein (FAM)-labeled NP41 and photooxidized with 480 nm
light. Controls including p-enantiomer and no light (NL) treatment
were done in parallel. Oxidized sites were labeled with 50 pM BH in
MES buffer, pH 5.5, and stained with streptavidin-Texas Red. High
biotin staining was detected at the perineurium upon photooxida-
tion with NP41-FAM, which correlated well with peptide binding as
detected by fluorescence (Fig. 2). Neither the p-enantiomer control
nor non-light-exposed tissues showed high perineurial labeling, and
photobleaching of FAM occurred in the photooxidized (PO) sam-
ple, consistent with singlet oxygen destruction of the fluorophore.

Proximal Photooxidation and BH Labeling Identify Laminin-«4, Laminin-a2,
and Nidogen as Candidate NP41 Binding Targets. Experiments to
identify NP41 binding partners by proximal photooxidation and
MS were done both ex vivo on intact excised nerves and in vivo by
injecting the probe into mice. For ex vivo experiments, NP41-MB
(Fig. 3, Top) was used to enhance distribution of photooxidation
throughout the nerve. MB has superior singlet oxygen production,
and red light (640 nm) penetrates deeper into tissue than 488 nm
(fluorescein excitation) light. Intact mouse sciatic nerves were
treated with 50 puM NP41-MB for 2 h, rinsed, and photooxidized
with 640 nm light for 10 s, 1 min, or 15 min or not exposed to light
as a control (t = 0). Nerves were reacted with 50 pM BH and
homogenized. Proteins were affinity-purified on avidin beads, re-
leased by acid hydrolysis, trypsinized, and identified by LC-MS/MS.
Protein enrichment of PO samples compared with the NL control
was determined as the fraction of the average spectral counts in PO
samples relative to total spectral counts (PO/PO + NL).

A select group of proteins including several laminins were
enriched over the NL control (PO/PO + NL > 0.5) when spectral
counts of different light-exposed samples were averaged or com-
pared individually (Fig. S2). Proteins with abundant counts (>30)
that showed the highest enrichment were laminin subunits o4 and
2 (0.76 and 0.72, average), which were enriched after only 10 s of
photooxidation (0.79 and 0.72, at 10 s). Laminin subunits p1 (0.65,
average), y1 (0.57), and o2 (0.56); nidogen (0.64); and collagen VI
chains al, o2, and a3 (0.56, 0.57, and 0.55, respectively) were also
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Fig. 2. Ligand-proximal photooxidation results in specific biotinylation of re-
gions highlighted by NP41. Photooxidation of NP41-FAM-treated nerve tissue
sections with 480/30 nm light induces BH labeling detected with streptavidin—
Texas Red (red, Left panels), which is highest in the perineurium (white arrows)
that ensheathes the myelinated Schwann cell-axon bundles. High perineurial
biotin labeling is absent from both the NP41-FAM NL control and from all
p-NP41 controls, both with and without photooxidation. Perineurial biotin la-
beling colocalizes with direct detection of peptide binding at the perineurium
in the same section (green, Right panels). Perineurium was confirmed in all
sections by plane light microscopy and autofluorescence when images were
scaled to maximum gain. Images are at matched gain within each color and
representative of at least three independent samples. (Scale bar, 50 pm.)

enriched, and spectral counts were greatest after 15 min of photo-
oxidation. Other highly abundant peripheral nerve-specific proteins,
such as neurofilament light chain (0.41) and myelin protein PO (0.41),
showed no enrichment under light-exposed conditions. To normalize
signal within each sample and test for significance, precursor ion
abundance was used as an alternate measure of quantifying protein
enrichment in light-exposed versus non-light-exposed samples.
The most statistically significant enriched proteins after 15 min of
light exposure were laminin-o4, -a2, and nidogen-1 (Fig. 3, Bottom;
log2FC = 5.09, 3.06, and 2.83, respectively; adj. P value < 10_7)
Decorin was also identified as significantly enriched (log2FC = 8.38;
adj. P value < 1077); however, it was not enriched by spectral count
quantitation. Laminin-y1 and collagen VI and I chains were among
other proteins enriched with higher P values, whereas laminin p1
and B2 chains showed enrichment below the significance cutoff.
To confirm NP41’s potential interaction with these proteins in
vivo, a SOG and pyridylhydrazine-biotin (HB) were directly
conjugated to NP41 (Fig. 1, scheme B). Dibromofluorescein (DBF)
was used as the singlet oxygen generator due to its efficient pro-
duction of singlet oxygen compared with fluorescein and because it
showed greater compatibility with NP41 targeting in vivo compared
with MB (Fig. S3). DBF-NP41-HB (Fig. S44) or its b-enantiomer
control was injected into mice. Four hours postinjection, sciatic
nerves on one side were surgically uncovered and photooxidized
with 480 nm light (PO), whereas the contralateral side was kept in
the dark (NL). Both sciatic nerves were dissected, immersed in
MES buffer pH 5.5, and processed as previously described. Spectral
counting of the PO versus the NL control revealed enrichment of
nidogen-1 and -2 (1 and 0.8); laminin subunits o4 (1.0), B2 (0.78), y1
(0.88), a2 (0.83), and B1 (0.67); heparan sulfate proteoglycan (Hspg,
0.78); and slight enrichment of collagen VI a1 (0.67), a2 (0.61), and
a3 (0.61), (Fig. S4 B and C). The p-enantiomer control showed
poor enrichment and lower spectral counts (Fig. S4D). An addi-
tional laminin subunit, a5, was identified as enriched with very few
low spectral counts. Other enriched proteins either had ratios
similar to the D-enantiomer control or showed low or no abundance
in the previous MB-NP41 photooxidation experiment (Fig. S4E).
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Identification of Laminin-a4 and -y1 as Candidate NP41 Targets by
TRICEPS-Based Ligand-Directed Glycoprotein Cross-Linking. Because
laminins and other extracellular matrix proteins are heavily glyco-
sylated (24), a modified TRICEPS-based (8) procedure was used
to capture in vivo targets of NP41. NP41-fluorescein-biotin hy-
drazine (NP41-FAM-HB; Fig. 4, Right) was first injected into
mice, and excised nerves were treated with periodate to cross-link
prebound peptide. Histological imaging of nerves labeled by sys-
temic injection of NP41-FAM-HB showed similar localization
to NP41-FAM (Fig. S54). High retention of fluorescence was
apparent in periodate-treated nerves and not in control-treated
nerves, demonstrating hydrazine-mediated cross-linking (Fig. S5B).

For target identification, NP41-FAM-HB or a p-enantiomer
control was injected into mice, and nerves were excised before
periodate application, then processed and analyzed as previously
described (8). Quantification of individual peptides containing
formerly glycosylated asparagine residues (N[115]-X-S/T motif)
revealed laminin-y1 and -a4 as enriched in the NP41-treated sample
over the control (Fig. 4, Left). Specifically enriched peptides included
laminin-y1 peptides TAN[115]ETSAEAYNLLLR, RIPAIN[115]R
and JASAVQKN[115]ATSTKADAER and laminin-a4 peptide
HVTDMNJ115]STIHLLR.

Confirmation of Ligand-Target Colocalization and NP41-Laminin Binding.
Laminins are trimers of o, B, and y subunits that complex with
nidogen, collagen IV, and Hspg to form basement membranes (25).
Collagen VI is a trimer of a1-3 chains and forms microfibrils, colla-
gen I forms fibrils, and decorin is a small proteoglycan that bridges
the two (26, 27). Laminin-a4p2yl (laminin-421), laminin-a5p2y1
(laminin-521), laminin-a2p1y1 (laminin-211), and collagen VI have
been previously shown to localize in the peripheral nerve (28, 29).

NP41-Methylene Blue o
H
ACHN-SHSNTQTLAKAPEHTG-C~N-

\ | 9
NS N~
X | N

eEnriched in NL Enriched in PO

H
C-CONH;
N
s

ow
gt ) PO = photooxidized

NL= no light control

* Not enriched

1015

P Lama4

'
'
' L)
'

lI0-|2 -
/Lama2

' :/Nld1 Den

i Lamc1
/ Col6a1l
: < Colta1l

adjusted p-value
L]
L]
L]

T T T T T T T
=10 =5 0 5 10
log, fold change (PO vs. NL)

Fig. 3. Ligand-proximal photooxidation of NP41-MB identifies binding candidates
laminin, collagen, and associated proteins. (Top) Structure of NP41-MB conjugate.
MB causes photooxidation at 650 nm. (Bottom) Comparison of protein abundance in
the PO sample versus NL control. Shown is the label-free quantitation using relative
precursor ion signal and significance testing of the PO sample (15 min) versus NL
control. The most significantly enriched proteins include laminin subunits a4 (Lama4)
and o2 (Lama2), nidogen 1 (Nid1), and decorin (Dcn). Proteins with less significant
enrichment (P < 0.01) include collagen VI chains (Col6al, Col6a2) and laminin-y1
(Lamc1). Laminin-B1 (Lamb1) and -p2 (Lamb2) were not significantly enriched.
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To directly compare the histological localization of NP41 in vitro
and in vivo with candidate binding targets in nerve, FAM- or Cy5-
conjugated NP41 was topically applied to mouse facial nerve sections
or injected into mice before dissection and imaging. Perineurial
staining was striking both in vitro (topically applied) and in vivo
(systemically injected), whereas endoneurial basement membrane la-
beling was more prevalent in in vivo- than in in vitro-labeled nerves
(Fig. 54). For comparison, analogous mouse facial nerve sections
were treated with antibodies to laminin-a4, -5, -o2, -f2, and -y1 and
collagen VI a1 and o3 and fluorescent secondary antibody. Although
laminin-a5 did not show abundant enrichment by ligand-proximal
photooxidation and was not identified by glycoprotein capture, it is
known to form a complex with laminin subunits 2 and y1 in sciatic
nerves, making it a candidate of interest (28). Anti-laminin-o4 and
-a5 showed mostly perineurial staining, whereas anti-aminin-o2 la-
beled only endoneurial basement membranes, and anti-Jaminin-$2
and -y1 and collagen VI chains highlighted both the perineurium and
endoneurium (Fig. 5B). Nidogen and Hspg, also identified as enriched
by ligand-proximal photooxidation, are ubiquitously expressed base-
ment membrane proteins known to complex with most laminin iso-
forms (25) and may be photooxidized due to their proximity to the
nerve-specific target or pulled down in complex with laminins.

To test NP4l-laminin binding, multivalent NP41-expressing
M13 phage, from which NP41 was originally discovered (2), or
control phage expressing a library of random peptides (X12) was
added to plates coated with purified recombinant protein; lam-
inin-421, -521, and -211; or collagen VI and detected with an anti-
M13 antibody labeled with horseradish peroxidase. NP41-phage
showed significantly greater binding than X12-phage to laminin-
421 and -211 (P < 0.01, Student’s ¢ test) but not to collagen VI
(P = 0.07) or laminin-521 (P = 0.25; Fig. 5C), neither of which
showed great enrichment with the MS techniques. This led us to
believe that binding occurred through the a4 domain. To control
for the possibility that purified laminins contained nidogen, which
was identified in photooxidation experiments but not in carbohy-
drate-directed LRC and could be the source of NP41 affinity, the
assay was repeated on plates coated with laminin-a4, nidogen-1, or
nidogen-2. NP41-phage showed significantly higher binding to
purified laminin-a4 subunit than did X12 control phage (P < 0.01)
and no binding to either nidogen-1 or -2 (Fig. S6).

Confirmation of Laminin Colocalization with NP41 in Nerve Degeneration
Model. Following nerve injury and subsequent Wallerian degener-
ation, the tubular space previously occupied by the axon within the
nerve becomes infiltrated with immune cells. Many components
are cleared, such as myelin and neurofilament, however the ex-
tracellular matrix structure and component proteins are retained or
up-regulated (30, 31). Because NP41 showed evidence of binding

to structural targets, NP41 colocalization with laminin expression
was examined in a degenerated nerve model (22, 23). NP41-FAM
was injected into mice in which the main branch of the facial nerve
had been surgically transected 3 mo prior and allowed to degen-
erate. Consistent with NP41 binding of extracellular matrix, fluo-
rescence imaging showed NP41-FAM labeling of degenerated
nerves in vivo that were not detectable by white light reflectance
(Fig. 64). To verify NP41 binding histologically, cryosections of
degenerated facial nerve within surrounding tissues at 6 wk and
2.5 mo posttransection were treated with NP41-FAM, stained with
hematoxylin and eosin (H&E), or immunostained for subunits of
laminin-421 and -211. In sections, NP41 labeling showed consistent
perineurial staining in highly cellular, demyelinated nerves (Fig. 6B).
Immunostaining similarly revealed the retention of laminin-421 and
-211, which colocalized at the perineurium and endoneurial base-
ment membranes (Fig. 6C).

Discussion

Fluorescent highlighting of peripheral nerves with molecules like
NP41-dye conjugates offers the potential to improve a myriad of
surgical procedures by reducing morbidity caused by inadvertent nerve
injury. However, characterization of the molecular basis of nerve
targeting, which hinges on the identification of the binding target, is
necessary for clinical translation. Optimization of NP41 binding to
laminins may result in improved peptides, thus facilitating enhanced
nerve visualization and repair and preventing nerve damage. Toward
this goal, laminin-421 and -211 have here been identified as likely
binding targets of NP41 using a ligand-proximal photooxidation assay.
An adapted version of previously reported TRICEPS-based LRC also
identified laminin-421 chains, suggesting that it is a principle target
in vivo. This conclusion was supported by prominent perineurial
colocalization of NP41 and laminin subunits o4, 2, and y1 in healthy
and degenerated nerve. The ability of phage displaying NP41 peptide
to bind purified laminin-421 as well as laminin-211 supported in-
teraction with both proteins. We speculate that targeting is primarily
mediated through o4 subunit as evidenced by striking staining of the
perineurium, significant NP41 binding to laminin-421 and a4 laminin
subunit, and the lack of significant binding to laminin-521.

Laminins and collagens form extracellular matrix in the majority of
tissues but are diverse in their composition of subunit isoforms. Al-
though laminin-421 has tissue-selective expression, it is not neural-
exclusive, as it is expressed in other tissues including blood vessels
(28). Having been developed by phage display selection for binding
intact nerves, it is logical that NP41 targets extracellular matrix and
perineurial laminin given their high abundance, prominent exterior
location, and the likely low tissue penetration of large phage particles
(between 100 and 1,000 nm long). Targeting extracellular matrix
proteins is likely beneficial for clinical imaging agents due to the high
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odate, and biotin is used to isolate the peptide target
from nerve homogenates. (Left) Glycoprotein receptor
capture with NP41-FAM-HB versus all p-amino acid
control conjugate identifies formerly glycosylated pep-
tides laminin-y1 (Lamc1) and -o4 (Lama4) peptides.
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Fig. 5. NP41 colocalizes with neural laminins and collagen and binds to pu-
rified laminin-421 and -211. (A) NP41-FAM treated on facial nerve sections
showed typical bright perineurial staining with little endoneurial staining
(Left), whereas systemically injected NP41, imaged in sciatic nerves in cross-
section (NP41-FAM, Middle) and longitudinally (NP41-Cy5, Right), shows both
high perineurial staining and endoneurial basement membrane. (Scale bar,
500 um; Left scale bar, 100 pm.) (B) Immunofluorescence of laminin and col-
lagen subunits on mouse facial nerve tissue sections has similar localization to
NP41 binding. Perineurium and endoneurial basement membranes were
stained by antibodies to laminin and collagen chains. Background staining
of no primary antibody control (none) was negligible. (C) ELISA of NP41-
expressing phage shows significantly greater binding to purified laminin
(Lam)-421 and -211 than control phage expressing a library of random
12-amino acid peptides (X12) but not to Lam-521 or collagen VI (Col6). Shown
is the average signal of four independent experiments each performed in
triplicate. Values were background-subtracted for binding to control uncoated
wells and expressed as a percent of the maximum signal in each experiment.
Error bars represent SEM. *P value < 0.01. Student’s t test, P value = 0.0039
(Lam-421), 0.25 (Lam-521), 0.0026 (Lam-211), and 0.071 (Col6).

accessibility of these proteins from circulation and because adverse
side effects may be less likely than for molecules that bind proteins
within nerve axons or myelin sheaths and potentially alter nerve
conduction. NP41 has been criticized for highlighting degenerated as
well as live nerves (32), but we regard this as an advantage because it
aids surgical repair of degenerated nerves (22, 23), whereas motor
nerve function is amenable to assessment by other means.
Proximity-based labeling offers advantages over alternative ap-
proaches for fairly weak interactions because it does not necessitate
retention of ligand binding during chemical treatment. Most current
cross-linking methods require a specific reactive group to exist in a
ligand-accessible location on the target macromolecule. This limi-
tation is eliminated with proximal photooxidation and exogenously
added BH, in which labeling potentially includes both direct ligand-
binding targets as well as closely interacting proteins. In cis-labeling,
hydrazine reaction is spatially limited by its tether length to the
ligand, likely resulting in tagging of the closest reactive site,
presumably within the direct binding target. In addition, photo-
cross-linkers such as azides and diazirines are limited to UV wave-
lengths and can only be photolyzed once (7), whereas photooxida-
tion is compatible with a multitude of SOGs, ranging from UV to
infrared, and can undergo multiple cycles, limited only by bleaching.
Disadvantages include the limited knowledge of SOG hydrazide-
reactive modifications on amino acids, glycans, and lipids and po-
tential loss of specificity due to singlet oxygen’s diffusion range.
Other proximity labeling techniques for MS, such as ascorbate
peroxidase coupled to biotin—phenol labeling (APEX) and
promiscuous biotin ligase (BioID), use bulky enzyme con-
jugates requiring biological expression rather than chemical
conjugation (10, 11). For the identification of intracellular inter-
actions by photooxidation and BH labeling, genetically encodable
SOGs could be substituted, such as miniSOG, FlAsH, or ReAsH
(33, 34). MiniSOG’s use in proximity labeling for mass
spectrometry-based identification of interacting partners has
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been explored using biotin-thiol to form disulfide bonds with
cysteine residues on nearby proteins in the presence of singlet
oxygen (12). MiniSOG was also recently demonstrated to fa-
cilitate the measurement of distances of proteins within
complexes in live cells by singlet oxygen triplet energy transfer
of a fluorescent singlet oxygen detector on two putative inter-
acting proteins (35). Furthermore, ligand-proximal photooxida-
tion techniques may be modifiable with alternatives to BH such
as antibody pull-down of proteins containing methionine sulf-
oxide or N-formylkynurenine (36, 37). Future studies will ad-
dress if molecules with higher affinity toward human laminin
subunits o4, a5, or o2 can generate greater clinically useful
nerve contrast. Alternatively, natural biomolecules known to
target laminins, for instance ML-LBP21 or phenolic glycolipid
(PGL-1), of the peripheral nerve-homing pathogen Mycobac-
terium leprae (38, 39) could be tested.

Materials and Methods

All experiments on mice were performed under protocols approved by the
University of California, San Diego Institutional Animal Care and Use Com-
mittee. SKH1 mice (Charles River Laboratories) or wild-type albino C57BL6
mice (Jackson Laboratories) were used for all tissues. Synthesis and chemical
conjugation of peptides and synthesis of DBF are described in S/ Materials
and Methods.

Ligand-Proximal Photooxidation on Tissue Sections for Imaging. Facial nerve
and surrounding muscle and fasciae were embedded in Optimal Cutting
Temperature (OCT) and frozen on dry ice. Sections 10 pm thick were cut on a

A Degenerated Healthy
NP41 White light NP41 White light
B 6 weeks post transection 2.5 months post transection
NP41

NP41

C Lama4 Lamb2 LamaZ2

Fig. 6. Nerve peptide highlights chronically degenerated nerve ghosts due to
conserved laminin structure. (A) NP41-FAM labeling in vivo visualized by
fluorescence is retained in degenerated facial nerve (Left), which is invisible by
white light reflectance (Middle Left), whereas healthy facial nerve (Middle
Right) shows both NP41-FAM fluorescence and is visible by white light imaging
(Right) due to the white appearance of intact myelinated nerve bundle.
(B) NP41 staining on sections of degenerated nerve shows continued peptide
binding despite extensive Wallerian degeneration. Sections of degenerated
facial nerve 6 wk (Left and Middle Left) and 2.5 mo posttransection (Middle
Right and Right) treated with NP41-FAM (Left and Middle Right) retain peri-
neurial fluorescence. H&E staining (Middle Left and Right) shows that trans-
ected nerves are highly cellular (dark blue) with few myelinated sheaths (pink
round structures), indicating extensive degeneration. Gain is set individually.
(Scale bar, 500 pm.) (C) Immunostaining of laminin subunits shows retention in
degenerated nerve basement membranes similar to NP41. Immunostaining on
serial sections of mouse facial nerves, 6 wk posttransection, shows continued
perineurial and endoneurial basement membrane staining of laminin-o4
(Lamad4), laminin-B2 (Lamb2), laminin-a2 (Lama2), and laminin-y1 (Lamc1). Gain
is set individually. (Scale bar, 500 pm for all images.)
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cryostat (Leica) and dried on glass slides. Tissues were preblocked with 50 pM
nicotinic hydrazide in MES buffer, pH 5.5, for 30 min. NP41-FAM at 375 pM
or p-amino acid control in 0.5x Hank'’s Buffered Saline Solution (HBSS) was
added for 20 min. Slides were washed in PBS for at least 5 min and then
exposed for 15 min to 480 nm excitation light (30 nm bandwidth, 0.07 W/cm?)
on a solar simulator, wheras control slides were kept dark. Slides were stained
with streptavidin-Texas Red for 1 h, washed in PBS, and imaged on a confocal
microscope (Zeiss) with 488 nm excitation and 505 nm LP emission (<1 s
exposure) to image FAM-peptide and 532 nm excitation and 560-675 nm
emission to image Texas Red. Zeiss Zen and Adobe Photoshop software were
used to make composite tiled images.

Ligand-Proximal Photooxidation with NP41-MB on Whole Nerves and LC-MS/MS.
Sciatic nerves were submerged in 50 M NP41-MB in PBS for 2 h. After washing
in PBS, nerves were exposed to 640 nm light for 10's, 1 min, or 15 min or kept
dark as a control. Nerves were transferred to 50 mM MES buffer, pH 5.5, with
50 pM BH for 30 min and then homogenized in PBS using a motorized tissue
grinder. Sample preparation, LC-MS/MS, and data analysis are described in S/
Materials and Methods.

TRICEPS-Based NP41-FAM-HB LRC for MS. Mice were injected with 200 nmol of
FAM-NP41-HB or its p-enantiomer control into the tail vein, and four sciatic
nerves each were dissected after 1.5 h. Nerves were minced and resuspended
in 0.8 mL 50 mM ammonium bicarbonate (Sigma-Aldrich). Sample prepara-
tion, LC-MS/MS, and data analysis are described in S/ Materials and Methods.

Immunofluorescence. Histological imaging of NP41 in vivo binding was per-
formed as previously described (2). Immunostaining was performed with
rabbit antisera to mouse laminin-a4, -p2, and -y1 (kindly provided by
T. Sasaki, Oita University, Oita, Japan), -a5 (kindly provided by J. Miner,
Washington University, St. Louis), and collagen VI a1 and o3 and rat
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antibody to laminin-a2 (clone 4H8-2, Santa Cruz Biotechnology). Addi-
tional information is provided in S/ Materials and Methods.

Phage Binding ELISA. Plates (96-well) were coated with purified recombinant
human laminin-421, -211, and -521 (Biolamina); collagen VI (Abcam); or no
protein as a control at 10 pg/mL in sodium bicarbonate (7.5%), pH 9.5, at 4 °C
overnight and then blocked with BSA. M13 phage expressing NP41 or ran-
dom 12-amino acid peptides on plil (Ph.D.12, New England Biolabs) were
added for 1 h, washed in PBS, detected by anti-M13-HRP (GE Healthcare)
and TMB 1-Step Ultra colorimetric substrate (Thermo Fisher), and measured
on a Tecan plate reader at 650 nm.

Imaging NP41 of Healthy and Degenerated Nerves in Vivo. Facial nerves were
transected as previously described (23). Three months after main branch
transection, distal facial nerve branches were imaged, as was a healthy facial
nerve control, in 6-mo-old female SKH1 mice. Mice were anesthetized with
an i.p. injection of ketamine (150 mg/kg) and xylazine (10 mg/kg). We in-
jected 20 nmol/g FAM-NP41 through the tail vein, and facial nerves were
exposed and imaged after 2.5 h washout using a customized Olympus
fluorescence dissecting microscope with white light reflectance and with
fluorescence light with 450-490 nm excitation and 500-550 nm emission.
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