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Abstract

NGR (asparagine-glycine-arginine) is a tumor vasculature-homing peptide motif widely used for 

the functionalization of drugs, nanomaterials and imaging compounds for cancer treatment and 

diagnosis. Unfortunately, this motif has a strong propensity to undergo rapid deamidation. This 

reaction, which converts NGR into isoDGR, is associated with receptor switching from CD13 to 

integrins, with potentially important manufacturing, pharmacological and toxicological 

implications. It is found that glycine N-methylation of NGR-tagged nanocarriers completely 

prevents asparagine deamidation without impairing CD13 recognition. Studies in animal models 

have shown that the methylated NGR motif can be exploited for delivering radiolabeled 

compounds and nanocarriers, such as tumor necrosis factor-α (TNF)-bearing nanogold and 

liposomal doxorubicin, to tumors with improved selectivity. These findings suggest that this NGR 

derivative is a stable and efficient tumor-homing ligand that can be used for delivering functional 

nanomaterials to tumor vasculature.
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1 Introduction

Tumor-homing peptides represent an important class of ligands that can be exploited for 

enhancing the accumulation of anticancer drugs, nanomaterials or imaging compounds in 

tumors, thereby improving their therapeutic or diagnostic properties. Among the various 

peptide motifs identified so far for this purpose, NGR (asparagine-glycine-arginine) is one of 

the most widely used.[1] Indeed, peptides containing this motif have proven useful for the 

preparation of functional materials useful for delivering a variety of compounds to tumors, 

such as liposomes, gold nanoparticles, DNA complexes, viral particles, anti-angiogenic 

compounds, chemotherapeutic drugs, imaging compounds, and proteins, such as tumor 

necrosis factor (TNF)-α, interferon (IFN)-γ, IFN-α-2a and tissue factor.[2] A primary 

mechanism underlying the tumor-homing properties of NGR relies on the recognition of 

aminopeptidase N (CD13, EC 3.4.11.2) expressed on the membrane of endothelial cells and 

other perivascular cells in tumors.[3] Remarkably, some NGR-drug conjugates are being 

tested in patients.[2d, 4] For example, the CNGRCG-TNFα fusion product, developed by 

our group and called NGR-TNF, is currently tested in Phase II and III clinical studies in 

patients with solid tumors, with evidence of activity and good tolerability.[4–5] The good 

results obtained with this drug and also with other NGR-based materials in preclinical and 

clinical studies highlight the usefulness and versatility of the NGR motif for the preparation 

of tumor-homing drugs and materials.

A major potential problem associated with the use of this motif is related to the fact that its 

asparagine residue has a strong propensity to undergo deamidation,[6] a spontaneous 

reaction that converts asparagine (N) into aspartate (D) and isoaspartate (isoD), thereby 

converting NGR into DGR and isoDGR (Figure 1A).[7] Remarkably, this reaction occurs in 

an unusually rapid manner in NGR-containing compounds (e.g., the half-life of CNGRCG is 

3–5 h in physiological solutions).[7] The consequent structural changes are associated with a 

dramatic change-of-function, causing receptor switching from CD13 to integrins.[7a, 7b, 8] 

Indeed, the isoDGR-, but not NGR- or DGR-, can mimic arginine-glycine-aspartate (RGD)-

motif and bind to the RGD-binding pocket of various integrins, such as αvβ3, αvβ5, αvβ6, 

αvβ8 and α5β1, with different affinity and selectivity depending on flanking residues and 

molecular scaffolds.[7b, 9] Considering the rapid kinetics of NGR deamidation, this reaction 

may occur during NGR-drug preparation and storage, and, potentially, also in vivo, after 

drug administration to animals or to patients. Thus, the poor stability of NGR may represent 

an important issue for drug development and manufacturing, and may also have important 

pharmacological and toxicological implications.

In this work, we show that the NGR-to-isoDGR transition can indeed occur in vivo, after 

injection into mice. Furthermore, we show that replacement of glycine with N-

methylglycine (sarcosine) in a head-to-tail cyclized peptide (c[CGNGRG]) previously used 

for targeting TNFα-bearing gold nanoparticles to tumors,[10] completely prevents 

asparagine deamidation without impairing CD13 recognition. Using murine models of solid 

tumors, we also show that this NGR-derivative has a higher selectivity for tumor tissues than 

conventional NGR peptides and that it can be used for the preparation of more stable and 

selective drug nanocarriers, such as peptide-tagged nanogold and liposomes.
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2 Results and Discussion

2.1 The NGR motif is rapidly converted to isoDGR in vivo

To assess whether the NGR-to-isoDGR transition can occur in vivo we injected in mice a 

conjugate consisting of a peptide encompassing the CNGRCG and TNF1-11 sequences 

coupled to an anti-vasostatin-1 monoclonal antibody. The plasma levels of this peptide-

antibody conjugate were then analyzed at different time points using two enzyme-linked-

immunosorbent assay (ELISA) based on the use of vasostatin-1 in the capture step, and 

antibodies against the TNF1-11 sequence (thus unable to discriminate between NGR and 

isoDGR), or antibodies specific for isoDGR, in the detection steps (Figure S1). A marked 

reduction of NGR-antibody conjugate (NGR-Ab) occurred 4 h after injection (Figure 1B, 

left panel), likely consequent to peptide degradation and antibody clearance. However, a 

marked increase of isoDGR-antibody conjugate (isoDGR-Ab) was also observed (Figure 

1B, right panel, and Table S1), indicating that the NGR-to- isoDGR transition can indeed 

occur in vivo.

2.2 The replacement of glycine with N-methylglycine in NGR peptides prevents 
asparagine deamidation

In the attempt to develop a more stable peptide, we hypothesized that glycine N-methylation 

in NGR (Figure 1C and D) can prevent asparagine deamidation and, consequently, improve 

peptide stability. To test this hypothesis, we synthetized various cyclic peptides containing 

NGR and their N-methylated derivatives (NNMeGR) embedded in different scaffolds (see 

Figure 1D and Table S2). Mass spectrometry (MS) analysis of the head-to-tail cyclized 

peptide c[CGNGRG] (called N1) before and after incubation for 16 or 42 h in 0.1 

ammonium bicarbonate, pH 8.5 (a condition known to favor NGR deamidation), showed a 

gain of 1 Da, pointing to complete deamidation (Figure 2A, upper panel, left). In contrast, 

no change of molecular mass was observed with the methylated peptide c[CGNNMeGRG] 

(called MeN1) (Figure 2A, upper panel, right). Glycine N-methylation blocked deamidation 

also in other NGR peptides, such as CNGRC (disulfide-bridged) (Figure 2A, bottom panel) 

and c[CNGRGG] (head-to-tail cyclized, called N3) (Figure S2A). Integrin binding assays 

showed that N1, N3 and CNGRC, but not MeN1, MeN3 and CNMeGRC, could bind αvβ3 

integrin after 16 h of incubation (Figure 2B and Figure S2B). Thus, glycine N-methylation 

in NGR peptides completely prevents asparagine deamidation and isoDGR formation.

2.3 Glycine N-methylation of N1 does not impair CD13 recognition

To assess whether glycine N-methylation affects CD13 recognition we performed enzyme 

inhibition assays with methylated and non-methylated peptides. Both N1 and MeN1 could 

inhibit CD13 (aminopeptidase N) enzymatic activity (Figure 3A and Table S3). Steady-state 

enzyme kinetic analyses (Figure 3B) showed that these peptides could inhibit the enzymatic 

activity of CD13 with similar potency (N1, Ki = 12.4 ± 5.4 μM; MeN1, Ki = 8.9 ± 1.8 µM). 

Interestingly, MeN1 was about 15-fold more potent than the reference CNGRC peptide 

(CNGRC, Ki = 134 ± 28 μM). MeN1, N1, and CNGRC affected the Michaelis constant 

(Km), but not the maximum velocity (Vmax) of CD13 (Figure 3B, bottom panels). These 

data are consistent with the competitive inhibition model and suggest that N1, MeN1 and 

CNGRC can bind within, or close to, the active site of the enzyme. Interestingly, while N-
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methylation of N1 did not impair CD13 binding, a reduction of inhibitory potency was 

observed after modification of N3, CNGRC and NGRAHA (Table S3). Thus, the overall 

effect of peptide methylation on CD13 recognition depends on the molecular scaffold of 

NGR. No change in the molecular mass of N1 and MeN1 were observed upon 40 min 

incubation with CD13 (Figure 3C), indicating that no peptide cleavage occurred and, 

therefore, that these peptides were not CD13 substrates.

2.4 Molecular docking of N1 and MeN1 on CD13 reveals that both peptides can 
accommodate into the same enzyme cavity

To provide a structural rationale for this hypothesis, N1 and MeN1 were docked into the 

CD13 crystallographic structure (PDB code: 4fyr),[11] as described in Supporting 

Information. Both peptides could adopt a binding mode reminiscent of that displayed by 

CNGRCG in complex with CD13 (PDB code: 4ou3)[12] (Figure 3D and Figure S3). 

Analysis of the docking poses of MeN1 and N1 revealed that the asparagine is involved in 

the coordination of the zinc ion and in stable interactions with the GXMEN catalytic motif 

of CD13. Moreover, the cysteine and the arginine establish polar interactions with the 

enzyme IV domain. Finally, the glycine and its methylated form interact with Y477 of 

CD13, an important residue involved in the catalytic transition state,[13] through polar and 

hydrophobic interactions, respectively. No other significant contacts were detected with 

residues of the large internal cavity of the enzyme. These results suggest that both peptides 

can accommodate into the enzyme cavity and that N-methylation is well tolerated (Figure 

3D, Figure S3, Figure S4 and Table S5).

2.5 MeN1 and N1 bind endothelial cells

N1 and MeN1, coupled to Qdot fluorescent nanoparticles, could bind CD13+ endothelial 

cells (HUVEC) with similar potencies (Figure 4), suggesting that the methyl-group of MeN1 

does not impair the recognition of CD13, on these cells.

2.6 Radio-labeled MeN1 homes to tumors with a selectivity higher than that of N1

To compare the tumor-homing properties of N1 and MeN1 we prepared 18F-radiolabeled 

N1-and MeN1–2,2′,2 ″-(1,4,7-triazacyclononane-1,4,7-triyl)triacetic acid (MeN1-NOTA) 

conjugates (Figure S5) and analyzed their biodistribution in B16-F1 melanoma-bearing 

mice, 3 h after injection. In parallel, to assess the contribution of deamidated products, we 

performed a similar study with c[CGisoDGRC] (called Iso1, see Figure 1D and Fig S5). The 

results showed 4-fold accumulation of MeN1-NOTA18F in tumors compared to blood and 

other tissues (Figure 5). Similar accumulation was observed with N1- and Iso1-NOTA18F. 

However, in these cases a certain degree of accumulation was observed also in other organs 

(e.g. stomach, spleen, liver, intestine, femur), pointing to a lower specificity of N1 and Iso1. 

Co-administration of labeled peptides with an excess of the corresponding free peptide-

NOTA showed a significant inhibition of tumor uptake in the case of MeN1 and Iso1, but not 

in the case of N1 (Figure S6). One possible explanation for the lower specificity of N1-

NOTA18F and the lack of inhibition by N1 is that a small amount of Iso1 was formed in this 

conjugate, which is less specific and which could not be competed by free N1. These results 

suggest that glycine N-methylation does not impair the tumor-homing properties of this 
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NGR peptide, and, remarkably, that it increases its tumor selectivity (likely by preventing 

isoDGR formation).

2.7 The MeN1-albumin conjugate accumulates on tumor and endothelial cells, but not on 
blood cells

Other in vivo assays performed with peptide-albumin conjugates and fluorescence-labeled 

albumin (HSA) (Figure 6A and Figure S7) showed that N1 and MeN1 could increase the 

accumulation of albumin in tumors, but not in spleen and kidney, to a similar extent (Figure 

6B and 6C). Interestingly, fluorescence activated cell sorting (FACS) analysis of cells 

obtained from these tumors showed that N1 and MeN1 increased albumin accumulation on 

tumor and endothelial cells, but not on blood cells (Figure 6D). These data further support 

the concept that glycine N-methylation in N1 does not abrogate its capability to target the 

tumor and endothelial cells. This also suggests that MeN1 may recognize with high affinity 

a CD13 form expressed by the endothelium of tumor vessels, and not (or less efficiently) 

CD13 expressed by other tissues. In line with this hypothesis, we did not observe binding of 

fluorescent MeN1-HSA at low (nanomolar) concentration to human acute T lymphoblastic 

leukemia cells (MOLT-4) transfected with human CD13 cDNA (CD13/MOLT-4) (Table S6).

Considering that cyclic isoDGR peptides with different scaffolds are selective for different 

integrin subtypes, [7b, 9] it is possible that changes in the NGR scaffold might also affect 

CD13 selectivity for different CD13 isoforms. The above results suggest that N1 

methylation does not cause loss of selectivity for the endothelial form of CD13, which is an 

important pre-requisite for efficient and selective tumor vascular targeting.

2.8 MeN1 can be exploited as a ligand for delivering functional nanomaterials to the 
tumor vasculature

We then investigated the potential of MeN1 to deliver drug-loaded nanoparticles, such as 

TNF-bearing nanogold and liposomal doxorubicin, to tumors. We have shown previously 

that the therapeutic properties of TNF-bearing nanogold (Au/TNF) can be enhanced after 

functionalization with N1 (N1/Au/TNF).[10] Notably, systemic administration of 

N1/Au/TNF bearing 5 pg of bioactive TNF are sufficient to induce anti-tumor effects in the 

WEHI-164 fibrosarcoma model, whereas 5 pg of non-targeted Au/TNF or free TNF were 

almost totally inactive.[10] To assess whether also MeN1can be exploited for nanodrug 

delivery to tumors we prepared N1/ and MeN1/Au/TNF, and analyzed their physicochemical 

properties, their cytotoxic activity in vitro and their anti-tumor activity in vivo. In vitro 
studies showed that these products were characterized by similar physicochemical and 

biological properties (Figure S8 and Table S7). In vivo studies showed that doses equivalent 

to 5 pg of TNF of both nanodrugs induced similar effects in the WEHI-164 model (Figure 

7A). Mechanistic studies showed a significant reduction of tumor perfusion at 48-72 h after 

5 pg dose administration, as evaluated by contrast-enhanced ultrasound (CEUS) imaging 

technique (Figure S9), presumably related to the vasculature damaging activity of TNF.[14]

Interestingly, the anti-tumor activity of N1/Au/TNF was completely inhibited by an excess 

of MeN1-HSA (Figure 7B, left panel), suggesting that N1 and MeN1can bind the same 

receptor in vivo, likely CD13, and that NGR deamidation (and integrin targeting) was not 
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necessary for activity. Furthermore, the anti-tumor activity of MeN1/Au/TNF was 

significantly inhibited by the anti-CD13 mAb R3-63 (Figure 7B, right panel), supporting the 

hypothesis that CD13 is an important receptor of MeN1 in vivo.

Next, we compared the anti-tumor activity MeN1-tagged liposomal doxorubicin (MeN1-

Lipo[doxo], 60 µg, three times) with that of liposomal doxorubicin tagged with a negative 

control peptide (ARA-Lipo[doxo]) in the B16-F1 melanoma model. Treatment with MeN1-

Lipo[doxo] significantly prolonged the survival of mice compared to ARA-Lipo[doxo], with 

no evidence of increased toxicity, as judged from animal loss of body weight (Figure 7C). 

These results suggest that MeN1can be exploited as vehicle for delivering TNF-bearing gold 

nanoparticles and liposomal doxorubicin to tumors, thereby enhancing their anti-tumor 

activity.

3 Conclusion

The results of in vitro and in vivo studies show that replacement of glycine with N-

methylglycine (sarcosine) in N1 peptide prevents deamidation without impairing CD13 

recognition. The observation that MeN1 promoted the selective accumulation of NOTA18F 

and fluorescence-labeled HSA in tumors and that the anti-tumor activities of TNF-bearing 

gold nanoparticles and liposomal doxorubicin were significantly improved after coupling 

with this peptide support the validity of MeN1 as a ligand for delivering functional 

nanomaterials to the tumor vasculature.

Thus, MeN1 represents an efficient tumor-homing ligand that overcomes a major problem 

encountered with conventional NGR peptides, i.e. their poor asparagine stability. Glycine N-

methylation may also contribute to enhance the stability of NGR to proteolytic degradation 

in vivo.[15]

MeN1 might be used, in principle, for the preparation of a variety of tumor-homing 

compounds endowed with high stability and selectivity, including nanoparticles, liposomes, 

viral particles, chemotherapeutic drugs, DNA complexes, anti-angiogenic compounds, 

cytokines, imaging compounds, and others, as previously done with NGR peptides.

4 Experimental Section

For experimental details see Supporting Information.

Supporting Information

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NGR-to-isoDGR transition and schematic representation of synthetic peptides
A) NGR deamidation occurs by nucleophilic attack on the carbonyl group of asparagine 

side-chain by the adjacent peptide-bond nitrogen, leading to formation of a succinimide ring, 

and, after hydrolysis to isoDGR and DGR (with a gain of 1 Da).

B) NGR-to-isoDGR transition in vivo. An NGR peptide-antibody conjugate (NGR-Ab) was 

injected intravenous (i.v.) into mice and plasma samples, collected after 5 min and 4 h, were 

tested by ELISAs specific for NGR-Ab or isoDGR-Ab (see Supporting Information). 

*p<0.05, **p<0.01, two-tail t-test.
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C) 2D representation of NNMeGR sequence and (D) of cyclic peptides containing NGR, 

NNMeGR, isoDGR, or ARA motifs, embedded in different scaffolds. Aminoacids are 

represented with the single letter code; NMeG, N-methlyglycine (sarcosine); SH, free thiol 

group; isoD, isoaspartate. Peptide codes are reported within each structure.
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Figure 2. Glycine N-methylation in NGR peptides prevents asparagine deamidation
A) MS analysis (deconvoluted molecular weight spectrum) of N-methylated and non-

methylated NGR peptides before and after incubation at 37 °C in 0.1 M ammonium 

bicarbonate buffer, pH 8.5 for 16 or 42 h. The molecular weights of monomers and 

disulfide-bridged dimers, formed during incubation and analysis, are shown. The +2 Da 

observed for N1 after 16-42 h likely accounts for complete dimer deamidation.

B) Binding of peptides to αvβ3 coated-microtiter plates before (0 h) and after (16 h) of 

incubation, as measured by competitive ELISA.
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Figure 3. N1 glycine N-methylation does not prevent CD13 recognition
A) Effect of different peptides on CD13 enzymatic activity. IC50, peptide concentration that 

inhibit 50% of activity; n, number of independent experiments (each in duplicate). A 

representative experiment is shown (mean ± standard error, SE).

B) Steady state kinetic analysis of CD13 in the presence of various amounts of substrate and 

peptides. Representative plots of initial velocity (V0) versus substrate concentration (upper 
panels) and double reciprocal plot (lower panels). The inhibitory constant (Ki) values 

reported in each plot are the result of two independent experiments (mean ± SE).
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C) MS analysis of N1 and MeN1 (30 µM) after incubation with or without CD13. No 

changes in the molecular mass were observed, suggesting that both peptides are resistant to 

degradation by CD13.

D) Representative decoy poses of N1 (left panel) and MeN1 (right panel) with CD13. CD13 

is shown as purple cartoon and surface. The Y477 of CD13 interacting with G or NMeG is 

highlighted in sticks and labeled with the one-letter code. The arrow indicates the N-

methylation. Zn2+ is represented as a sphere; peptides are represented as sticks.
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Figure 4. N1 glycine N-methylation does not prevent binding to CD13+ human umbilical vein 
cells (HUVEC)
Binding of N1 and MeN1 coupled to fluorescent Qdot605 nanoparticles (6 nM, 2h) to 

cultured HUVEC (see Supporting Information). None-Qdot corresponds to nanoparticles 

activated with sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (sulfo-

SMCC), but lacking the peptide.

Magnification, 400X; bar, 20 µm; red, Qdots; blue, nuclear staining with 4′,6-diamidine-2′-

phenylindole dihydrochloride (DAPI).
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Figure 5. Radio-labeled MeN1 homes to tumors with a selectivity higher than that of N1 and Iso1
Biodistribution of radiolabeled N1-, MeN1-, and Iso1-NOTA18F in B16-F1 melanoma-

bearing mice (3 h after administration). Cumulative results of 1 or 2 independent 

experiments (bars, mean ± SE; n=5-7 mice/group).
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Figure 6. N1 and MeN1-tagged albumin home to CD13+ tumors
A) Fluorescence intensity of HSA tagged with N1 and MeN1-and labeled with IRDye680, 

as analyzed using the Odyssey scanner. “Activated-HSA/IRDye” corresponds to the negative 

control (lacking the peptide).

B-C) Tumor-homing properties of N1-HSA/, MeN1-HSA/, or activated-HSA/IRDye 

conjugates in the WEHI-164 fibrosarcoma model. Tumor-bearing mice were injected, i.v., 

with 30 μg of N1-, MeN1-, activated-HSA/IRDye. After 24 h, tumors, spleen, and kidneys 

were explanted and analyzed with an Odyssey CLx scanner to quantify the fluorescence 
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uptake. Tumor fluorescence images (black-and-white) (B) and tissue fluorescence 

quantification (histograms) are shown (C). Each tumor was subdivided into small squared 

areas of equivalent size and fluorescence intensity (pixel) of each area was evaluated using 

the in-build software of the scanner. Bars represent the mean ± SE intensity values of the 15 

areas with the highest intensity (mean maximum fluorescence); the number of mice/group is 

indicated on each bar.

D) In vivo binding of N1-HSA/, MeN1-HSA/, or Activated-HSA/IRDye to tumor cells, 

tumor endothelial cells and blood cells, as measured by FACS. The blood and the tumors of 

mice described in (B) were analyzed, after tissue disaggregation, by FACS using anti-CD31 

and anti-CD45 antibodies. The percentage (mean ± SE) of IRDye680 positive cells gated on 

CD31–CD45– (tumor cells), CD31+CD45+ (endothelial cells), CD45+ (blood cells) are 

shown. The number of mice/group is indicated on each bar.
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Figure 7. Anti-tumor effects of nanodrugs functionalized with MeN1
A) Anti-tumor effects of TNF and TNF-coated nanoparticles (Au/TNF) tagged with N1 or 

MeN1 alone or in combination (B) with MeN1-HSA, anti-CD13 mAb (R3-63) or control 

mAb (IgG2a), in the WEHI-164 fibrosarcoma model. MeN1-HSA was co-administered with 

N1/Au/TNF, whereas antibodies were given 2.5 h before the MeN1/Au/TNF.

C) Effect of MeN1– and ARA–liposomal doxorubicin (–Lipo[Doxo]) on tumor growth, 

animal weight and survival in the B16-F1 melanoma model.
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Arrows, time of treatment; tumor volume (6 mice/group, mean ± SE). * (P < 0.05); ** (P < 

0.01); *** (P< 0.001), by two-tail t-test (A-B) and log-rank (Mantel-Cox) test (C).
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