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Abstract 

Small molecule fluorescent probes that bind selectively to plant cell wall polysaccharides 

have been instrumental in elucidating the localization and function of these glycans. 

Arabinogalactan proteins (AGPs) are cell wall proteoglycans implicated in essential functions such 

as cell signaling, plant growth, and programmed cell death. There is currently no small molecule 

probe capable of fluorescently labeling AGPs. The Yariv reagents are the only small molecules 

that bind AGPs, and have been used to study AGP function and isolate AGPs via precipitation of 

an AGP-Yariv complex. However, the Yariv reagents are not fluorescent, rendering them 

ineffective for localization studies using fluorescence microscopy. A fluorescent version of a Yariv 

reagent that is capable of both binding as well as imaging AGPs would provide a powerful tool for 

studying AGPs in planta. Herein, we describe the synthesis of an azido analog of the Yariv reagent 

that can be further functionalized with a fluorophore to provide a glycoconjugate that binds AGPs 

and is fluorescent. We show that the modified reagent binds gum arabic in in vitro binding assays 

when used in conjunction with the βGlcYariv reagent. Fluorescent imaging of AGPs in fixed maize 

leaf tissue enables localization of AGPs to cell walls in the leaf. Significantly, imaging can also be 

carried out using fresh tissue. This represents the first small molecule probe that can be used to 

visualize AGPs using fluorescence microscopy. 
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Introduction 

 Plant cell walls are comprised of an intricate assembly of polysaccharides including 

cellulose, hemicelluloses, and pectins, along with crosslinked lignins and proteoglycans such as 

arabinogalactan proteins (AGPs).1–4 There is a pressing need for the development of tools that can 

image the complex and dynamic plant cell wall.5–8 Fluorescence microscopy is a powerful method 

for visualizing components of the plant cell wall because of its high sensitivity and spatial 

resolution. Small molecule fluorescent dyes are vital compounds in elucidating the distribution of 

these components. For example, Sirofluor and Calcofluor White (Figure 1) are commonly used as 

fluorescent stains for callose and cellulose, respectively. However, not all cell wall components 

have corresponding small molecule fluorescent probes that can be used for imaging. We report 

here the result of our efforts to develop a method for fluorescently imaging AGPs using small 

molecules.  

AGPs are proteoglycans found throughout the plant, including in leaves, roots, stems, 

pollen tubes, and pollen grains.9 AGPs are implicated in myriad functions ranging from plant 

growth, cellular signaling, programmed cell death, and many others.10–12 AGPs contain protein 

domains rich in hydroxyproline residues that are glycosylated with long β(1→3)-linked galactan 

chains that make up the bulk of AGP mass.13,14 Shorter branching β(1→6) galactan side chains are 

linked from the galactan main chains and are commonly decorated with arabinofuranose residues 

and other monosaccharides, with variations in the specific composition of the branches depending 

on the species and plant tissue.  

There are currently two methods for investigating the localization of AGPs in planta – 

immunofluorescence using monoclonal antibodies (MAbs), and the set of dyes known as the Yariv 

reagents (vide infra).9 While MAbs can provide bright images showing AGP decoration, they are 



4 
 

highly epitope specific, and due to their large size, the antibodies may not be able to access all 

parts of the cell wall.6,8 On the other hand, the Yariv reagents, dyes based on a tri-glycosylated 

phloroglucinol core (Fig. 1), bind AGPs but can only be visualized using the less sensitive 

brightfield microscopy. The AGP binding ability of the Yariv reagents depends on the structure of 

the sugar moieties attached to the aromatic core.15,16 Yariv reagents bearing β-D linked glucose 

(βGlcYariv) or galactose bind strongly to AGPs and have been used to isolate AGPs from plants 

by precipitation of an AGP-Yariv complex.17–19 Yariv reagents comprised of α-linked sugars or L 

sugars do not bind to AGPs. The Yariv reagents aggregate in solution and bind to the core β(1→3)-

linked galactan backbone, which is postulated to be helical.20,21 We have used circular dichroism 

(CD) spectroscopy to show that the Yariv reagent aggregates are also helical, and that the sense 

and magnitude of helicity correlates with AGP binding ability.16 The Yariv reagents are 

exceptionally selective for AGPs and do not bind strongly to other polysaccharides present in the 

plant cell wall. Given the specificity of Yariv reagents for AGPs, they are an excellent scaffold for 

designing a fluorescent probe for this important cell wall component. 

 

Figure 1 – Small molecule plant cell wall probes  

In this work, we describe the first synthesis and use of a fluorescent version of a Yariv 

reagent, prepared using an azido analog of the parent Yariv reagent (AzYariv) as a key 

intermediate. Modification of AzYariv with an alkyne-linked fluorophore provides the target 

glycoconjugate. The modified Yariv reagent binds to AGPs in vitro using an agarose reverse gel 
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assay. Most importantly, experiments using the fluorescently tagged Yariv reagent with maize 

leaves demonstrate the ability to visualize AGPs using fluorescence microscopy. These results 

validate the utility of the new probe for studying AGPs, and provide an opportunity for researchers 

to carry out more sophisticated imaging of AGP localization and function in planta. 

 

Results & Discussion 

Synthesis and Characterization of AzYariv  

 Our design of a fluorescent Yariv reagent was guided by the observation that the Yariv 

reagent prepared from 6-methoxy-D-glucose retains the ability to bind AGPs, while other analogs 

such as the 2-methoxy-D-glucose or L-glucose derivatives do not bind.15 This suggested that the 

6-position on a β-D-glucosyl residue could serve as the attachment point for a fluorescent 

chromophore. We also sought a linkage chemistry that would undergo facile functionalization and 

allow for a simple purification and isolation of the dye-adduct. The use of a 6-azido substituent 

was considered ideal as the azide can be readily functionalized via click reactions with alkynes, 

especially cyclooctynes.22 This is of particular interest as the strain-promoted azide alkyne 

cycloaddition (SPAAC) of cyclooctynes does not require the presence of additional reagents which 

would need to be separated from the final adduct. Additionally, the absence of copper, which can 

be toxic to plants,23 is a further advantage of the SPAAC. Finally, reports of mixed Yariv reagents, 

where one of the glucosyl residues was substituted with another sugar or even a p-nitroaniline 

without complete loss of AGP binding suggested that introduction of a single azido sugar 

substitution should not be deleterious.15 Thus, we set out to synthesize an azido analog of 
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βGlcYariv in which one of the glucosyl units has been replaced by a 6-deoxy-6-azido β-D-glucosyl 

residue (AzYariv, Scheme 1). 

  

 
Scheme 1 – Syntheses of A) 3; B) 7; C) AzYariv reagent. 

 In order to synthesize AzYariv, we required the bis-glucosylated phloroglucinol adduct 3 

as an intermediate (Scheme 1, A). This adduct, which is observed as a side-product in the synthesis 

of βGlcYariv,24 could be obtained in a preparatively useful yield by using a five-fold excess of 

phloroglucinol in the coupling reaction. Synthesis of the 6-deoxy-6-azido-p-aminophenyl-β-D-

glucoside (7) was accomplished by Boc protection of the corresponding aniline (1) followed by 

tosylation, substitution with azide, and carbamate deprotection (Scheme 1, B). Diazotization of 7, 

subsequent coupling with 3, followed by isolation and purification using a redissolution and 

reprecipitation protocol afforded AzYariv in 18% yield (Scheme 1, C). The 1H NMR spectrum of 

AzYariv (Supporting Information) indicates the presence of distinct anomeric and OH resonances 
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derived from the glucosyl and 6-azido glucosyl moieties. The IR spectrum of AzYariv displays 

the characteristic azide stretch at 2100 cm-1 (Figure S1). The CD spectrum of AzYariv exhibits 

two positive bisignate Cotton effects similar to other β-D glycosyl Yariv reagents, with a lower 

intensity than the parent βGlcYariv (Figure 2A). To confirm that installation of the azide does not 

disrupt the AGP binding of AzYariv we carried out reverse gel assays to determine binding. The 

precipitate halos formed by AzYariv indicate that it still binds gum arabic, although the halos are 

smaller than those observed for βGlcYariv, indicative of weaker binding (Figure 3, black boxes). 

These findings are consistent with the recently reported correlation between the magnitude of the 

CD signal and AGP binding ability.16 

 

Figure 2 – A) CD spectra of AzYariv and βGlcYariv; B) Absorbance spectrum of AzYariv. All spectra obtained in 
water at [300 μM]. 

 

Optimization of Click Reaction Conditions 

 With the AzYariv reagent in hand, we turned our focus to the cycloaddition. The choice 

of fluorescent chromophore is limited by the strong 400 nm and 490 nm absorptions of the Yariv 

chromophore (Figure 2B). We opted to proceed with the cyanine dye Cy5, which has absorption 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

200 300 400 500 600 700

A
bs
or
ba
nc
e

λ [nm]-70

-50

-30

-10

10

30

250 350 450 550 650

Δe
/ L
m
ol
-1
cm

-1

λ / nm  

AzYariv

βGlcYariv

A B



8 
 

and emission maxima at 646 and 662 nm, respectively. The tris azo phloroglucinol Yariv 

chromophore does not strongly absorb at these wavelengths, reducing the potential for self-

quenching. The cycloaddition of AzYariv with the commercially available conjugate of Cy5 

linked to azodibenzocyclooctyne (Cy5-DBCO) was examined under a variety of solvent systems, 

times, and reagent ratios (Table 1). The reaction was first attempted with a 1:2 cyclooctyne:azide 

ratio in DMSO/water (15:85) over 16 hours. After dilution of the reaction in water and extraction 

with dichloromethane, we observed that the organic solution was an intense blue color, indicative 

of unreacted Cy5-DBCO (Table 1, Trial 1). Conducting the reaction for a longer time did not 

reduce the intensity of the blue color (Table 1, Trial 2). Increasing the ratio of DMSO (1:1) slightly 

reduced the blue color after work-up, suggesting that poor solubility of Cy5-DBCO in the reaction 

solution could be a factor contributing to the incomplete reaction (Table 1, Trial 3). Increasing 

temperature did not reduce the blue color in the organic phase, although performing the reaction 

in pure DMSO suggested increased conversion, as indicated by a fainter color after work-up (Table 

1, Trials 4-6). Reducing the cyclooctyne:azide ratio from 1:2 to 1:5 greatly reduced the color after 

extraction, and after performing the reaction for 4 hours we found no blue color was washed out 

during extraction (Table 1, Trials 7,8). High resolution mass spectrometry of the reaction after 

work-up shows the expected [M+] ion at 1780.7686 Da, along with excess unreacted AzYariv 

(Figure S2). The AzYariv-Cy5 conjugate was not further purified, and was used as a 1:4 mixture 

of AzYariv-Cy5:AzYariv in subsequent mixtures.  
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Trial  Cy5-DBCO 

[mM] 
DMSO 
% 

Time 
[hr] 

Temperature 
[°C] 

Outcome 
 

1 0.515 15 16 25  
 
 

Incomplete Reaction 

2 0.515 15 40 25 
3 0.515 50 16 25 
4 0.515 50 4 60 
5 0.515 50 16 60 
6 0.515 100 16 25 
7 0.206 100 2 25 
8 0.206 100 4 25 Reaction Completion 

Table 1 – Optimization of click reaction conditions between AzYariv and Cy5-DBCO. AzYariv concentration was 
kept at 1.03 mM.  

 

Agarose Gel Studies of AzYariv-Cy5•Gum Arabic Binding  

 To evaluate the binding efficiency of the fluorescently labeled AzYariv-Cy5 we carried 
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orange halo, indicating that it does not bind and precipitate gum arabic AGP (Figure 3). We 

speculate that the lack of binding of pure AzYariv-Cy5 could arise due to the poor water solubility 

of AzYariv-Cy5 and/or the lack of formation of aggregates required for binding. However, when 

AzYariv-Cy5 is formulated as a mixture with βGlcYariv in percentages ranging from 0.1% to 5%, 
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Figure 3 – Reverse gel assay with AzYariv-Cy5 doped into βGlcYariv [1.03 mM] and relevant controls. Scale bar 

= 1 cm. 

While the above results indicate halo formation in the reverse gel, they do not confirm that 

AzYariv-Cy5 has formed co-aggregates with βGlcYariv and is present in the precipitated halos. 

To determine whether AzYariv-Cy5 was present in the aggregate we imaged halos produced by 

the AzYariv-Cy5/βGlcYariv mixture using fluorescence microscopy. Examination of the halos 

under a fluorescent microscope indicated the presence of a fluorescent ring where precipitate could 

be observed visually (Figure 4). A dilution series indicated that a fluorescent ring could be 

observed when AzYariv-Cy5 was present at concentrations of 100 nM and higher (Figure 4, A-

C). As negative controls we evaluated the fluorescence of wells containing only βGlcYariv and 

AzYariv-Cy5 independently. Gratifyingly, we found no localized fluorescence in these 

experiments (Figure 4, E, F). The tris α-D-galactosyl Yariv reagent (αGalYariv), a non AGP 

binding Yariv reagent, showed no binding and no fluorescence, as expected (Figure 4G). 

Furthermore, no fluorescence was observed when AzYariv-Cy5 was added to αGalYariv (Figure 

4H). The fluorescence of gels with AzYariv alone and βGlcYariv doped with Cy5-DBCO were 

also evaluated and found to be negligible (Figure S3). No loss of binding was observed when a gel 

binding assay was carried out with a sample of the AzYariv-Cy5/βGlcYariv mixture that had been 

lyophilized and reconstituted (Figure 4D). This is a significant finding, as the ability to lyophilize 
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and reconstitute the AzYariv-Cy5/βGlcYariv mixture is advantageous for storage and shipping of 

this reagent. We were highly encouraged by these studies showing that the AzYariv-

Cy5/βGlcYariv combination binds to gum arabic AGP and displays bright fluorescence, so we 

turned our attention to imaging AGPs in plants using AzYariv-Cy5. 

 
Figure 4 – Representative fluorescence images of AzYariv-Cy5 binding in agarose reverse gels with gum arabic 
AGP. Concentrations of βGlcYariv and αGalYariv are 1.03 mM. A) AzYariv-Cy5 (5 μM)/βGlcYariv, B) AzYariv-
Cy5 (100 nM)/βGlcYariv, C) AzYariv-Cy5 (5 nM)/βGlcYariv, D) AzYariv-Cy5 (5 μM)/βGlcYariv Lyophilized, E) 
βGlcYariv, F) AzYariv-Cy5 (5 μM), G) αGalYariv, H) AzYariv-Cy5 (5 μM)/αGalYariv. Scale bar = 500 μm. 

 

Fluorescence Microscopy of AyYariv-Cy5 in Maize Leaves 

 We carried out imaging studies in maize leaves to determine the ability of AzYariv-Cy5 

to visualize AGP in planta. Fixed maize leaves were treated using a mixture of AzYariv-

Cy5/βGlcYariv reagents. Fluorescence was observed in the phloem, bundle sheath, as well as 

epidermal cell walls, regions where AGPs are expected to be found (Figure 5). As a negative 

control, imaging was also carried out using AzYariv-Cy5/αGalYariv reagents, which do not bind 

AGPs, showing no labeling of these features (Figure 5). Furthermore, experiments using only 

βGlcYariv, where binding is expected but fluorescence is not, show results similar to AzYariv-

Cy5/αGalYariv (Fig S5A). Leaf autofluorescence is observed in both of these negative control 
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experiments, but the intensity and localization differ from the fluorescence observed when 

AzYariv-Cy5/βGlcYariv is used, providing evidence for specific labeling of AGPs with the 

AzYariv-Cy5 probe. Additional confirmation of the AGP binding specificity of the AzYariv-

Cy5/βGlcYariv mixture was obtained by carrying out imaging experiments with various 

monoclonal antibodies (JIM4, JIM13, LM2, MAC207), corroborating the locations of AGPs in the 

stained samples (Figures 5 and S4). The antibodies vary slightly in their localization as they all 

bind to different AGP epitopes. For example, staining with LM2, which binds to oligogalactans 

terminated with glucuronic acid, shows weaker staining of the vasculature than staining with JIM4, 

for which the trisaccharide (β-D-GlcA-(1→3)-α-D-GalA-(1→2)-α-D-Rha is a strong binding 

epitope.25,26 Staining with AzYarivCy5/βGlcYariv is stronger in the inner wall of the upper 

epidermal cells than any of the other antibodies tested. Additionally, the AzYarivCy5/βGlcYariv 

exhibits a more consistent stronger staining pattern throughout the leaf, perhaps reflecting the fact 

that it preferentially binds to the conserved β(1-3) galactan backbone of AGPs.  
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Figure 5 – Representative confocal images of fixed maize leaves treated with Yariv reagents (A-D, imaged with 651 
nm laser) and antibodies (E, F, imaged with 495 nm laser). A) AzYariv-Cy5/βGlcYariv; B ) Zoom of AzYariv-
Cy5/βGlcYariv. UE = Upper epidermal cells, P = phloem, X = xylem, BS = Bundle sheath, LE = Lower epidermal 
cells.; C) AzYariv-Cy5/αGalYariv; D) Zoom of AzYariv-Cy5/αGalYariv; E) LM2; F) JIM4. Scale bar = 50 μm.  

 An advantage of using the Yariv reagents for visualization is the ability to perform staining 

experiments in fresh plant tissue.27–29 These experiments are critical to determining AGP function 

in live cell assays and cannot be replicated by MAbs, which do not precipitate AGPs and require 

chemical fixation prior to imaging. We evaluated the ability of AzYariv-Cy5 to stain fresh maize 

leaves (Figure 6). The phloem and bundle sheath are stained strongly, as is also seen with fixed 

leaves. Surprisingly, fluorescence from the epidermal cell walls was considerably weaker, 

suggesting that AGPs in these cells might become more accessible to the Yariv reagent after fixing. 

Autofluorescence arising from chlorophyll can be seen in these images, but this is distinct from 

the bright fluorescence exhibited by AzYariv-Cy5 in the cell walls. Attempts to increase the signal 
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by varying staining time or prewashing the leaves were unsuccessful. Negative control 

experiments with both AzYariv-Cy5/αGalYariv and βGlcYariv both indicated no fluorescence 

staining of the cell walls (Figure 6 and Figure S5B Supporting Information). These findings 

indicate that imaging with AzYariv-Cy5/βGlcYariv is highly selective for AGPs, and exhibits 

bright fluorescence in plant cell walls. 

 

Figure 6 – Representative confocal images of fresh maize leaves treated with AzYariv-Cy5/βGlcYariv (top) and 
AzYariv-Cy5/αGalYariv (bottom) imaged with 651 nm laser. UE = Upper epidermal cells, P = phloem, X = xylem, 
BS = Bundle sheath, LE = Lower epidermal cells. Scale bar = 50 μm. 

 

Conclusions 

 Small molecule probes capable of localizing polysaccharides and proteoglycans are 

powerful tools for unraveling the complexity of plant cell walls. We have developed the first 

fluorescent Yariv reagent which binds AGPs. Our preliminary results with AzYariv-Cy5 show 

that these conjugated Yariv reagents, when combined with βGlcYariv, bind to gum arabic in 
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agarose reverse gel binding assays. The assays show fluorescence of AzYariv-Cy5 co-localized 

with the precipitate ring, and dim or no fluorescence is seen in negative controls using AzYariv-

Cy5/αGalYariv mixtures or non-fluorescent Yariv reagents. The utility of the AzYariv-Cy5 

reagent as a tool for plant biology is seen in the results of imaging experiments in fixed maize 

leaves, which show distinct fluorescence emanating from the cell walls of phloem, epidermal, and 

bundle sheath cells. Imaging experiments with fresh leaves also show expected binding patterns 

as well as bright fluorescence from cell wall staining, providing the opportunity to use the 

AzYariv-Cy5 reagents for real-time imaging experiments.  

 Given the facility of azide functionalization using the SPAAC, there are a variety of 

additional conjugates of AzYariv that can be prepared. While the core Yariv reagent chromophore 

necessitates that any fluorescent chromophores that are clicked onto AzYariv have excitation and 

emission maxima at wavelengths greater than 600 nm, the presence of chlorophyll 

autofluorescence remains a concern at these wavelengths. The use of spectral unmixing30 or near-

infrared (NIR) dyes can reduce these artefacts. Cycloaddition of deuterated fragments can enable 

imaging using coherent anti-Stokes Raman scattering (CARS) microscopy, and the azide IR stretch 

can also be used directly for FT-IR imaging.31,32  

 

Experimental Procedures 

2,4-bis((E)-(4-β-D-glucosyloxyphenyl)diazenyl)benzene-1,3,5-triol (3) 

Procedure modified from J. Org. Chem. 2020, 85, 16236–16242. 

A 250mL round bottom flask was charged with a stir bar, 4-aminophenyl-β-D-glucose  1 (408 mg, 

1.51 mmol, 1 equiv.), and freshly prepared 1.2M HCl (4.0 mL). The flask was stirred in an ice 
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bath for 20 minutes. In a separate 2 mL Eppendorf tube sodium nitrite (106 mg, 1.54 mmol, 1 

equiv.) was dissolved in water (0.3 mL) and was also placed into an ice bath. Once cooled the 

sodium nitrite solution was added to a 1 mL syringe fitted with a 4’ 22-gauge needle clamped 

above the stirring reaction to perform a gravity assisted dropwise addition. The reaction was stirred 

at 0 °C for 2 hours. Phloroglucinol (939 mg, 7.45 mmol, 5 equiv.) was added to a 5 mL Eppendorf 

tube and dissolved in 5M NaOH (3 mL) and cooled in an ice bath. The phloroglucinol solution 

was added in one portion to the stirring diazotized sugar solution. The pH was adjusted to 10 and 

maintained by the addition of 5M NaOH as necessary and stirred overnight. The reaction was 

acidified to pH 6 by the addition of 12M HCl. After addition of HCl a thin layer of precipitated 

material was present along the walls of the flask. The solution was filtered through a Hirsch funnel 

under reduced pressure and a white solid was collected. The solid was washed with several portions 

of water. The solid was allowed to dry on the filter paper then discarded. The filtrate was charged 

with another 2 mL portion of 12 M HCl and the solution reached pH 2. Cold ethanol (200 mL) 

was added to the solution and a red precipitate formed; the flask was placed in a freezer for 24 

hours to promote further precipitation from the solution. After 24 hours the red precipitate that was 

obtained was filtered through a Hirsh funnel to yield a red powder. The powder was allowed to air 

dry in the filter for an hour then scraped and placed into a separate pre-weighed 20 mL scintillation 

vial. The vial was then placed in a vacuum oven set to 75°C for 24 hours. Crude 3 (846 mg) was 

obtained as a fine red powder contaminated with solvent and phloroglucinol. 

Redissolution and Reprecipitation 

Crude 3 (400 mg) was deposited into a 500 mL Erlenmeyer flask and charged with methanol (100 

mL). The solution was heated and vortexed until dissolution of the solid material. The solution 

was allowed to cool slightly, then charged with diethyl ether (250 mL) at which point a red 
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precipitate was observed. The solution was centrifuged and the supernatant was discarded. The 

centrifuge tube was charged with diethyl ether (10 mL) and shaken until the red powder freely 

floated through the centrifuge tube. The solution was filtered through a Hirsch funnel and allowed 

to air dry for 1 hour. The resulting dark red solid was transferred to a pre-weighed 1-dram vial and 

placed into a vacuum oven set to 75°C. The R1 3 (360 mg, 90%) was obtained as a dark red 

powder. A second redissolution and reprecipitation was performed on the R1 material with 75 mL 

of methanol and 150 mL of diethyl ether to yield R2 3 (259 mg, 0.38 mmol, 72%) as a dark red 

powder. 1H NMR (600 MHz, DMSO-d6) δ 15.57 (s, 1H, core Ar-OH), 7.61 (d, J = 8.4 Hz, 4H, Ar-

CH ortho to sugar), 7.15 – 7.10 (m, 4H, Ar-CH ortho to azo), 5.77 (s, 1H, core Ar-CH), 5.34 (d, J 

= 4.8 Hz, 2H, 2-OH), 5.10 (s, 2H, 3-OH), 5.03 (d, J = 5.1 Hz, 2H, 4-OH),) 4.89 (d, J = 7.7 Hz, 2H, 

H1),4.59 (s, 2H, 6-OH), 3.68 (dd, J = 12.1, 2.1 Hz, 2H, H6a), 3.48 (dd, J = 12.0, 5.6 Hz, 2H, H6b), 

3.34 (ddd, J = 9.9, 4.8, 2.7 Hz, 1H, H5), 3.31 (t, J = 8.9 Hz, 2H, H3), 3.24 (dd, J = 9.0, 7.7 Hz, 2H, 

H2), 3.18 (t, J = 9.2 Hz, 2H, H4). 13C NMR (151 MHz, DMSO-d6) δ 176.8 (Core Ar, C=O), 155.8 

(Ar, C-O-Sugar), 136.2 (Ar, C-N), 118.1 (Ar, C-C-N), 117.4 (Ar, C-C-O-Sugar), 101.6 (Core Ar, 

CH), 100.6 (C1), 77.1 (C5), 76.6 (C3), 73.3 (C2), 69.7 (C4), 60.7 (C6). HRMS (+ESI) m/z [M+H]+ 

calcd for C30H35N4O15 691.2093, found 691.2093. 

 

AzYariv  

A 25 mL round bottom flask containing crude p-aminophenyl-6-deoxy-6-azido-β-D-

glucopyranoside trifluoroacetate (107 mg, 0.26 mmol, 1 equiv.) was charged with a stir bar and 

freshly prepared 1.2 M HCl (1.5 mL). The flask was placed into a salt and ice bath at 0°C and 

allowed to stir for 15 minutes. In a separate 2 mL Eppendorf tube sodium nitrite (20 mg, 0.29 

mmol, 1.1 equiv.) was dissolved in water (0.25 mL) and placed into an ice bath. Once cool the 



18 
 

nitrite solution was added to a syringe fitted with a 4” 22-gauge needle clamped above the stirring 

solution and allowed to drip into the reaction solution. The reaction was allowed to stir at 0 °C for 

2 hours. After 2 hours a 2 mL Eppendorf tube was charged with 3 (180 mg, 0.26 mmol, 1 equiv.) 

and dissolved in 2M NaOH (1.5 mL), the tube was then cooled to 0°C. Once cooled the Yariv 

solution was added dropwise to the stirring diazotized azido sugar solution over a period of 10 

minutes. The solution which was at pH 5 after the addition was brought to pH 10 by the addition 

of 5M NaOH. The reaction was allowed to reach room temperature and stirred overnight. After 18 

hours of stirring the dark red reaction read pH 10. The solution was transferred to a 250 mL 

Erlenmeyer flask and acidified to pH 2 by the addition of 12 M HCl. 95% Ethanol (60 mL) was 

then added to the flask and a fine dark red precipitate formed in the solution. The flask was covered 

with parafilm and placed in a freezer for 24 hours to promote further precipitation from the 

solution. The solution was filtered under reduced pressure through a Hirsch funnel. The resulting 

dark red solid was allowed to dry for an hour in the filter before being crushed into a fine powder 

and transferred to a pre-weighed 20 mL scintillation vial. The vial was then placed into a vacuum 

oven next to a beaker with Drierite™ and dried overnight at room temperature. The crude AzYariv 

reagent (290 mg) was obtained as a fine dark red powder. Contaminated with EtOH and water. 

 

Redissolution and Reprecipitation 

The crude AzYariv reagent (290 mg) was added to a 50 mL round bottom flask and dissolved in 

water (3 mL) while heating and vortexing. Cold 95% ethanol (50 mL) was then added to the 

solution and a dark red precipitate crashed out of solution. The solution was filtered through a 

Hirsch funnel under reduced pressure and allowed to air dry for an hour in the funnel. The powder 
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was then transferred to a pre-weighed 20 mL scintillation vial. The R1X AzYariv reagent (140 

mg, 48%) was obtained as a dark red powder. 

Trituration with Methanol 

The R1X AzYariv reagent (140 mg) was added to a 25 mL round bottom flask and charged with 

boiling methanol (5 mL). The solution was filtered through a Hirsch funnel. The resulting black 

powder was further washed with 4 portions of boiling methanol (5 mL). The black powder was 

allowed to air dry in the funnel for 1 hour before being scraped into a pre-weighed 20 mL 

scintillation vial and being stored in a desiccator. The R1XM AzYariv reagent (47 mg, 36%, 18% 

from starting material) was obtained as a fine black powder. 1H NMR (600 MHz, DMSO-d6) δ 

15.92 – 15.87 (m, 3H, core Ar-OH), 7.69 – 7.66 (m, 6H, Glc Ar-H ortho to azo & AzGlc Ar-H 

ortho to azo), 7.19 (m, 6H, Glc Ar-H ortho to sugar & AzGlc Ar-H ortho to sugar), 5.50 (d, J = 

5.0 Hz, 1H, AzGlc C2-OH), 5.45 (d, J = 5.1 Hz, 1H, AzGlc C4-OH), 5.40 (d, J = 5.0 Hz, 2H, Glc 

C2-OH), 5.36 (d, J = 4.5 Hz, 1H, AzGlc C3-OH), 5.23 (d, J = 4.3 Hz, 2H, Glc C3-OH), 5.18 (d, J 

= 4.9 Hz, 2H, Glc C4-OH), 5.06 (d, J = 7.7 Hz, 1H, AzGlc H1), 4.93 (d, J = 7.7 Hz, 2H, Glc H1), 

4.67 (t, J = 5.9 Hz, 2H, Glc C6-OH), 3.69 (s, 4H, Glc H6a ), 3.66 (d, J = 9.7 Hz, 1H, AzGlc H5), 

3.54 – 3.48 (m, 3H, Glc H6b & AzGlc H6a), 3.45 (dd, J = 13.3, 7.3 Hz, 2H, Az Glc H6b), 3.34 – 

3.12 (m, 11H, Glc H2, H3, H4, & H5; AzGlc H2, H3, H4).13C NMR (151 MHz, DMSO-d6) δ 

177.7 (Core Ar-CO), 156.4 (Ar-C-Glc), 156.0 (Ar-C-AzGlc), 136.2 (AzGlc-Ar-C-Azo), 136.0 

(Glc-Ar-C-Azo), 128.4 (Core Ar-C-N), 118.5 (AzGlc and Glc Ar-C-C-N), 117.5 (AzGlc and Glc 

Ar-C-C-O-sugar), 100.5 (Glc C1), 100.1 (AzGlc C1), 77.1 (Glc C5), 76.6 (Glc C3), 76.1 (AzGlc 

C5), 75.1 (AzGlc C3), 73.3 (Glc C2), 73.1 (AzGlc C2), 70.7 (Glc C4), 69.6 (AzGlc C4), 60.6 (Glc 

C6), 51.4 (AzGlc C6). HRMS (+ESI) m/z [M+H]+ calcd for C42H47N9O20 998.3016, found 

998.3002. ATR-IR cm-1 2200w (Azide Stretch). 
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AzYariv-Cy5 

A 200 μL PCR tube was charged with a 2.06 mM DMSO stock solution of AzYariv reagent (5 μL, 

1.03 mM final concentration), a 2.9 mM DMSO stock solution of Cy5-DBCO (0.71 μL, 206 μM 

final concentration), and DMSO (4.29 μL). The tube was wrapped in foil to protect from light and 

allowed to stand for 20 hours. The PCR tube was then charged with water (75 μL) and DMSO (25 

μL) then added to a 1.5 mL Eppendorf tube. The solution was washed three times with methylene 

chloride (100 μL) and the aqueous phase was added to a 1-dram vial and lyophilized to a powder. 

The vial was wrapped in foil to protect from light and placed into a freezer for storage. The 

AzYariv-Cy5 conjugate was not further purified and used as a 1:4 mixture of AzYariv-

Cy5:AzYariv. HRMS (+ESI) m/z [M]+ calcd for C95H106N13O22 1780.7570, found 1780.7896. 

 

B. Gel Binding Assays 

General Procedure for the Preparation of Agarose Reverse Gels 

A 25 mL Erlenmeyer flask was charged with agarose (50 mg), NaCl (35 mg) and a 1 mg/mL stock 

solution of gum arabic AGP (250 μL). This was then diluted to 0.05 mg/mL by the addition of 

water (4.75 mL). The solution was heated in a microwave oven until boiling then charged with a 

0.02 (%w/v) NaN3 solution (50 μL). The hot solution was then pipetted into a 12-well microplate 

(750 μL per well) using a p200 micropipette to prevent formation of bubbles. A custom made 7-

pin well mold was then affixed into the gel to create wells for the Yariv reagent to be added. The 

well molds were removed after 10 minutes once the gels were set. Solutions of the Yariv reagent 

were added to the wells using a 2.5 μL Hamilton MicroliteTM PCG Syringe. Wells were charged 
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with the appropriate volume of Yariv reagent (1 μL for most solutions, 1.5 μL for pure AzYariv 

reagent) then the gels were placed on a platform in a water basin to prevent the gels drying out. 

The gels were incubated overnight for 16 hours before imaging. Gels were imaged on the Keyence 

All-in-One Fluorescence Microscope (BZ-X810) using the Texas Red filter (red channel) (Ex: 

560/40; Em: 630/75). 

Preparation of Lyophilized βGlcYariv/AzYariv-Cy5 Mixtures  

Lyophilized AzYariv-Cy5 was charged with DMSO (20 μL), a 2.06 mM solution of βGlcYariv in 

water (103 μL), and water (83 μL). The samples were then apportioned out into 23 PCR tubes (17 

μL each). The PCR tubes were fixed into a holder then the holder was placed into a large 

lyophilizer flask. The samples were lyophilized overnight then removed, capped, and placed into 

a 50 mL centrifuge tube containing Drierite™. The centrifuge tube was then sealed with parafilm 

and wrapped in aluminum foil to protect them from light.  

 

C. Maize Leaf Staining and Imaging 

General Procedure for Tissue Preparation and Histology 

Chemically fixed tissue samples were prepared from mature maize leaf tissue by vacuum 

infiltration in a paraformaldehyde-based fixative solution and embedded in paraffin blocks as 

described previously.33 Microtome-sectioned (8um sections) tissue was deparaffinized and 

rehydrated in an ethanol-water gradient series as described by Ruzin.34 Fresh tissue was processed 

by hand sectioning mature maize leaf tissue under a dissection scope. Yariv staining of fresh and 

fixed tissue sections was performed by incubation of tissue sections on microscope slides for 4 

hours (fresh material) or 16 hours (fixed material). Cy5 labeled Az-Yariv was diluted to 1μm in a 
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0.1mM solution of either βGlcYariv (binding) or αGalYariv as a non-binding fluorescent control. 

A solution of 0.1mM βGlcYariv without the Cy5 conjugated AzYariv spike-in was used as an 

additional control for these experiments.  

Immunohistochemistry was performed according to Tsuda and Chuck.35 Monoclonal antibodies 

JIM13, LM2, JIM4 and MAC207 were sourced from University of Georgia Complex 

Carbohydrate Research Center. Primary antibodies were diluted 1:10 and incubated for 1 hr at 

room temperature; secondary antibodies were diluted 1:100 and incubated for 2 hrs at room 

temperature. Samples were mounted in CitiFluor AF1 mounting media (Electron Microscopy 

Sciences, Hatfield PA). 

 

General Procedure for Confocal Microscopy of Maize Tissue Samples 

All samples were imaged on a Leica TCS SP8 confocal microscope system (Leica Microsystems, 

Germany) at the University of Missouri Advanced Light Microscopy Core facility. Identical 

microscope settings were used for each fluorescent probe and their respective controls. Cy5 labeled 

samples were imaged on a 20x dry objective or a 40x water immersion objective using 651 nm 

excitation laser, collecting fluorescence signal between 660 and 700 nm with a 1.0 AU pinhole 

diameter. FITC labeled samples were imaged on a 40x water immersion objective using an 

excitation wavelength of 495 nm, collecting emission between 505 and 540 nm.  
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