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Reviewer #1: 

Remarks to the Author: 

The area of non-enzymatic glycation is an important research area with potential to make huge 

impact in health and disease as the authors of this manuscript described in the introduction and 

background of the study. … et. al. made a commendable attempt to address an interesting 

question “the factors involved in selectivity for arginine by methylglyoxal in glycation of proteins or 

in this study in peptide library”. The aim of this study is to understand formation of 

mechanistically-related AGEs and the chemical features that control their formation in the absence 

of an enzyme. To enhance methodology that can be used to predict and/or control glycation in 

living cell. However, there have been many studies, providing key insights in this area of research 

studying whole protein molecules (34) under physiological condition not the peptides as in this 

study. To identify a methylglyoxal (MG) glycation motif, authors used combinatorial peptide library 

to determine the chemical features that favour MG-H1. It is a detailed study to learn how primary 

sequence influences the formation of MGH-1. Unfortunately the study contain fundamental flaws. 

Major weakness is that the pre-analytical processes compromised the validity of the outcome. 

Major concerns 

Methodological flaws 

1. Use of commercial highly impure methylglyoxal, have many other reactive compound could 

affect the outcome. This is surprising because it is well established that the commercial MG is 

highly impure and method for preparation of high impurity MG has been published in a well-known 

protocol (1). 

 

2. Authors were aware of the problem of using strong basic conditions to cleave glycated peptides 

from the HMBA-linked resin that harsh conditions (100 mM NaOH) used to cleave the beads 

degrade MG-H1 please see (2). The effect of high pH compromise this study on 2 counts; 1) it 

profoundly degrades MG-H1, 2) it causes the MG moiety of residual MG-H1 to move between the 

residues, compromising MG modification motif identification (3). 

 

 

3. In this study, authors did not provide any analytical recoveries of the methods employed herein. 

They need to show the MG-H1 levels, before and after the cleavage, were the same for both 

methods (UV cleavage and the High pH cleavage). This can only be done by exhaustive enzymatic 

hydrolysis of the glycated and un-glycated peptide. 

 

4. Formation of CEA appears to be approximately linear i.e. proportionate with time from the start 

of the incubation and not dependent on MG-H1 precursor (Fig 4. MGH-1 is Mechanistically Related 

to MGH-DH and CEA). Previous studies of the reaction of MG with protein shows stability of MG-H1 

out to 21 days (1). This inconsistency suggest CEA may be formed from a contaminant in the 

crude MG used. The study needs to be repeated with high purity MG. 

Conceptual flaws 

1. Using peptide library to understand glycation process in primary structure in physiological 

system is flawed because the effects of secondary and tertiary structure for spatial neighbouring 

group is lost. This is crucial in directing sites of MG modification see for example reference 34 in 

the manuscript (4). Therefore, study design is not appropriate and needs major revision 

 

2. It is not possible to model microscopic pKa changes of arginine with short peptides because 

these are influenced by secondary and tertiary structure of proteins; cf. requirement of protein 

crystal structure information to compute microscopic pKa of arginine and other ionisable amino 

acid residues (3) 

Minor concerns 

Throughout the manuscript the description and some figures of experimental outcome is confused 

and do not provide accurate experimental finding. For example, MG-H1 rearrange to form CEA. 

Not clear if all peptides were glycated individually or combined. 

What are the analytical recoveries of resin cleavage in high pH (100 mM NaOH) as half-life of MG-

H1 is extremely low at high pH. 

MGO-modified beads were blocked using a 1% solution of bovine serum albumin (BSA). BSA is not 

a suitable blocking agent to study AGEs using antibodies because commercially available BSA is 



glycated and may compromise the results 
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3. Glycoconjugate J. 33, 553-568 (2016) 

4. J. Biol. Chem. 280, 5724–5732 (2005) (Ref 34 in the manuscript). 

 

 

 

Reviewer #2: 

Remarks to the Author: 

McEwen and co-workers provide a valuable, in-depth, and detailed study to pursue an important 

question in glycochemistry – why do some positions in proteins undergo particular glycation 

reactions, relative to similar side chain functional groups at other positions in the protein 

sequence? 

This question is addressed by monitoring the outcome of glycation reactions conducted on a library 

of peptide substrates immobilized on solid support and exposed to methylglyoxal. Peptides that 

undergo glycation preferentially are identified by immunochemical techniques, using an antibody 

specific to the presence of a particular methylglyoxal-derived hydroimidazolone isomer, MGH-1. 

Different glycation products are then identified and quantified using LC-MS techniques. The study 

is successful in identifying putative neighboring sequence characteristics that pre-dispose a 

particular arginine residue to undergo specific glycation reactions. In addition, the study provides a 

valuable analysis of mechanistic issues regarding the transformation/maturation of different 

glycation products. 

 

The report is recommended for acceptance in Nature Communications following some minor 

revisions, as follows. 

 

The experimental approach implies that one particular glycation product is particularly critical – 

that of MGH-1, and the study protocols and the manuscript’s discussion reflect that emphasis. The 

justification for the focus on MGH-1, relative to other MGH isomers, or other products such as 

“CEA”, “APY”, and “THP” should be explicitly clarified for the reader. 

 

The characteristics of the antibody used should be evaluated – to what extent does the antibody 

recognize MGH-1 as an epitope, relative to other glycation products? 

 

75 “hit” beads were chosen for analysis. How many beads were used in this experiment? What 

proportion of the input beads were stained by the immunochemical techniques? What type of 

analysis was conducted to establish that characterization of 75 beads was sufficient to rigorously 

identify the consensus motif? 

 

Interpretation of results should be reconsidered – in some cases, seemingly subtle differences in 

reaction outcomes are associated with significant differences in glycation susceptibility. For 

example, in Figure 3a, peptide sequence 1a (a Glu to Gln modification) was described as not 

yielding a significant change in glycation outcome, but peptide 1c (a Ser to Ala modification) was 

described as giving rise to diminished glycation products. However, casual inspection of the data if 

Figure 3a does not seem to provide clear evidence for any significant difference in comparing these 

two peptides. 

 

Identification of particular glycation products associated with particular mass values may be 

excessively speculative. It would be best if the authors merely reported their observations 

regarding the relative abundance of particular mass species, and then in a separate section 

provided their supposition regarding the likely prevalence and interconversions of particular 

glycation products. More speculative discussion and the generation of hypotheses regarding 

mechanism could be better separated from the presentation of the data obtained. 

 

The text does not make clear whether relative intensity of mass peaks in the LC-MS experiments is 

strictly correlated with relative concentration of the particular glycation products in solution. The 



extent to which this was ascertained or calibrated should be clarified. 

 

Several of the figures are exceedingly “busy”, and may try to provide too much information in too 

compact a space. It is therefore quite difficult for the reader to interpret some of these figures, 

which may be a particular problem for the broad readership of Nature Communications, who may 

not be previously familiar with glycochemistry. Particular glycation products are color-coded in the 

figures (e.g., Fig. 4B), but it is often necessary to cross-reference these color codes with previous 

figures in order to properly interpret the data. It’s fairly daunting, particularly when confronted 

with abbreviations in small font in the graph axes such as “hpd” (hours post dilution?). 

 

 

 

Reviewer #3: 

Remarks to the Author: 

This is a very well-written manuscript that sheds light on the site-specificity of non-enzymatic 

protein glycation events, a topic that is rarely considered or discussed. The figures are very well 

done and provide relatively clear results. While I believe this manuscript would be of interest to 

the Nature Communications readers, I think that a few major points need to be addressed. 

Providing an NMR of MG-H1 and MG-H3 is critical, as the authors claim that CEA can be generated 

from MG-H1 without providing this direct evidence (more on this below). In addition, I have 

following concerns: 

 

1. Why was the 3h timepoint chosen? Presumably shorter, or longer, incubations would result in a 

different profile of modifications. For example, the generation of CEA requires an intermediate (see 

DOI: 10.1021/ja301994d), so the full spectrum of modifications may be missed with this 

incubation period. 

 

2. As discussed and shown in Figure 3c, two distinct MG-H isomers can be observed, with MG-H1 

being the predominate species. The mechanism shown in Figure 4e may not be correct: as shown 

by Galligan et al. (DOI: 10.1073/pnas.1802901115) and Wang et al. (see DOI: 

10.1021/ja301994d), CEA results from the hydrolysis MG-H3, while MG-H1 remains (largely) 

stable. Did the authors confirm their findings via NMR? Further, if I am interpreting the figures 

correctly, it appears that the substitution of Phe at position +2 is sufficient to drive the formation 

of MG-H3, while other substitutions here do not. This would further push the formation of CEA, 

which is what is observed in 1e, 1f, and 1g, where the modifications are largely limited to CEA, 

rather than MG-H1. If this is true, this is perhaps equally as interesting as these findings now not 

only confer the relatively susceptibility of a given sequence to MG-H modification, but also the type 

of MG-H (and ultimately CEA) modification. 

 

3. Can the authors speculate on the role of tertiary structure in conferring Arg susceptibility to 

MGO modification? 

 

4. The authors tend to focus on the type of modification being generated, which is obviously a 

major component of this manuscript; however, which peptide yielded the highest total amount of 

glycation. The graphs tend to show most peptides yield ~10-40% glycation, whereas some 6a-d 

are above 50%. I think this is an important consideration. 

 

5. Confirmation of these findings on an intact protein would significantly increase the validity of 

these findings. Certainly, a complete proteomic survey of glycation sites is beyond the scope of 

this manuscript; however, can the authors identify sites on recombinant proteins with similar 

treatment conditions? A small survey of known glycated proteins would presumably yield sites with 

similar primary sequences as having the highest degree of modification. Further, this may yield 

interesting information on the susceptibility of Arg residues on a folded protein, rather than just 

focusing on the primary sequence. 

 

6. The evidence supporting the authors claim that “We also demonstrate, for the first time, that 

CEA is a hydrolysis product of MGH-1, and provide evidence that MGO concentrations influence 

glycation outcomes.” Is not entirely convincing. This has been shown to not be the case, again, 

see DOI: 10.1021/ja301994d. To demonstrate this point, the authors will need to chemically 



synthesize MG-H1 and conduct a similar “hpd” experiment and quantify CEA. Based on in vivo 

measurements of MGO glycation profiles, it appears CEA is the most abundant modification (DOI: 

10.1073/pnas.1802901115), with MG-H1 being second. Under these long-term conditions, should 

MG-H1 result in CEA, very little MG-H1 would be observed. 
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Reviewer #1  

“The area of non-enzymatic glycation is an important research area with potential to make huge impact in health 
and disease as the authors of this manuscript described in the introduction and background of the study. … et. al. 
made a commendable attempt to address an interesting question “the factors involved in selectivity for arginine by 
methylglyoxal in glycation of proteins or in this study in peptide library”. The aim of this study is to understand 
formation of mechanistically-related AGEs and the chemical features that control their formation in the absence of 
an enzyme. To enhance methodology that can be used to predict and/or control glycation in living cell. However, 
there have been many studies, providing key insights in this area of research studying whole protein molecules (34) 
under physiological condition not the peptides as in this study. To identify a methylglyoxal (MG) glycation motif, 
authors used combinatorial peptide library to determine the chemical features that favour MG-H1. It is a detailed 
study to learn how primary sequence influences the formation of MGH-1. Unfortunately the study contain 
fundamental flaws. Major weakness is that the pre-analytical processes compromised the validity of the outcome.” 

We appreciate Reviewer 1’s feedback and agree that the question we seek to address herein is an 
interesting and important one. Reviewer 1 points out that “there have been many studies, providing key 
insights in this area of research studying whole protein molecules (34) under physiological condition not the 
peptides as in this study.” We fully recognize that there have been many past efforts to identify the 
features that guide selective glycation on protein substrates, and this prior work has established that 
glycation occurs selectively for many proteins.1–24 However, those studies have rationalized findings 
individually without further experimental validation. For example, in ref. 34, mentioned by Reviewer 
1, the Thornalley lab reported preferential glycation of Arg410 in human serum albumin (HSA) by 
MGO. Based on an analogy to the HSA esterase mechanism, the authors proposed that MGO was 
activated by an initial hemiacetal with a nearby Tyr, thereby facilitating attachment of MGO to 
Arg410. However, this proposal was not validated experimentally. This type of approach, which is 
pervasive in the glycation literature,1–24 has led to many ideas about features that might promote 
glycation but few, if any, have been confirmed. Moreover, each study has been limited in scope and/or 
performed using conditions that are not directly comparable. Thus, these remain isolated reports that 
do not provide a unified understanding of the features that promote selective glycation.  

In contrast, our previously published work (ref. 38 in the manuscript),25 and our work reported 
herein, are the first, to our knowledge, to experimentally validate guidelines for selective glycation 
that have the potential to be generalized. By using an in vitro approach and focusing on the glycation 
of peptides, our strategy offers a practical, innovative alternative to past work by enabling us to 
identify features that promote the formation of specific AGE-products. Moreover, compared to cell-
based proteomics, or even in vitro studies using full-length proteins, our approach simplifies the 
identification of any, not only expected, AGEs, many of which are isomeric and can be difficult to 
discern in a proteomics workflow. This enables us to evaluate the fundamental question about the 
underlying chemical features that promote glycation, rather than simply enumerating cellular or in 
vitro glycation events. These advantages provide an unprecedented view of glycation under highly 
controlled conditions, which is most relevant to understand not only the intrinsic propensity of a 
given site to be glycated, but also the chemical mechanisms through which specific AGEs may form. 
In this work, we capitalize on these advantages to reveal the chemical features that promote formation 
of MGH-1, one of the most abundant and biologically-relevant AGEs.  

We strongly disagree with the characterization that any of the points raised by Reviewer 1 are 
“fundamental flaws” and, as we will describe in detail below, we have thoroughly addressed the concern 
that “the pre-analytical processes compromised the validity of the outcome.” Our responses are addressed 
on a point-by-point basis below: 
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1. Use of commercial highly impure methylglyoxal, have many other reactive compound could affect the outcome. 
This is surprising because it is well established that the commercial MG is highly impure and method for 
preparation of high impurity MG has been published in a well-known protocol (1). 

We appreciate Reviewer 1’s suggestion that a well-known protocol for distilling high purity MGO has 
been previously described, though we question if such a protocol would add much value in our study. 
Indeed, 1,2-dicarbonyls, particularly those that, like MGO, possess enolizable carbons, are notoriously 
prone to polymerization even after distillation. Although our experiments do, of course, vary from day 
to day (the degree to which is reflected in the error bars in our figures, as well as in the source data 
provided in our revised submission), we have not noticed any major differences that result from 
different bottles of commercial MGO or that are introduced over extended storage using the 
manufacturer recommended conditions. Thus, we suspect that the level of impurity in commercial 
MGO is either fairly constant and/or easily reversed once administered in our experiments. Moreover, 
our study seeks to provide useful information about how selective glycation is templated in biological 
systems. In a biological context, MGO is certainly not pure, as it is just one of many biologically-
relevant aldehydes (not to mention metabolites in general) that each has the potential to cross-react 
and/or form side products in addition to the known AGEs. Thus, adding a step to further purify MGO 
seems, to us, irrelevant in this context. Indeed, numerous recent publications in this journal26,27 and 
other top journals28 have performed well-controlled biological studies using the same commercial 
source of MGO, and we have published our prior work in Angewandte Chemie25 using these same 
materials.  

That being said, we appreciate Reviewer 1’s concern that the use of commercial MGO could affect our 
results in such a way that would diminish their applicability to glycation in a biological system. We 
felt that the most direct way to address this concern was to perform a new experiment that would 
allow us to determine if our conclusions remained applicable in living mammalian cells. Briefly, we 
expressed green fluorescent protein (GFP) fusions that were C-terminally fused to the peptide 1 
sequence (-LESRHYA, GFP-1), the peptide 3 sequence (-LDDREDA, GFP-3), or a negative control 
sequence inert to glycation (-LESAHYA, GFP-1Ala) in HEK-293T cells. These C-terminal peptide 
sequences were connected to GFP through a linker sequence containing a tobacco etch virus (TEV) 
protease cleavage site. To monitor the glycation of GFP-1, GFP-3, and GFP-1Ala, we treated cells with 
MGO following standard protocols.29 After cells were harvested and lysed, we immunoprecipitated 
against GFP and then used TEV protease to liberate the C-terminal peptide (1, 3, or 1Ala) fragment 
from GFP. Using LC-MS, we found that only GFP-1 led to appreciable formation of an [M+54] adduct 
(likely MGH-1), as well as [M+72] adducts, whereas GFP-3 yielded only vanishingly small quantities 
of [M+54] and GFP-1Ala led to undetectable [M+54] levels. These new results can be found in a 
newly added Fig. 6, with further data in new Supplementary Figs 24 & 25, along with 
additional discussion in the manuscript. Together, these data convincingly demonstrate that 
the chemical features we identified, which guide selective glycation in peptide substrates, are also 
relevant to the glycation of full-length protein targets expressed in living mammalian cells. Therefore, 
there is no cause for concern that the use of commercial MGO has in any way diminished the outcome 
or the impact of our results. 

 
2. Authors were aware of the problem of using strong basic conditions to cleave glycated peptides from the HMBA-
linked resin that harsh conditions (100 mM NaOH) used to cleave the beads degrade MG-H1 please see (2). The 
effect of high pH compromise this study on 2 counts; 1) it profoundly degrades MG-H1, 2) it causes the MG moiety 
of residual MG-H1 to move between the residues, compromising MG modification motif identification (3).  

We agree with Reviewer 1 that the strongly basic conditions used to cleave peptides from HMBA-
linked beads can influence the complement of AGEs observed by LC-MS. We were aware of this issue, 
which is why we did not quantify the extent of glycation for resin-bound peptides in this study. 
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Instead, after exposure of our resin-bound peptide library to MGO and subsequent selection and 
detection, we used strong base simply to liberate peptides from the resin. We could then identify the 
unique peptide sequence by performing MS/MS on the remaining unmodified peptide. Thus, our 
selection strategy was agnostic to the specific AGEs that might be detected after exposure to strong 
base. Additionally, each member of the library had only one Arg residue (and no Lys) and a capped N-
terminus, so there was only one possible site of glycation. The subsequent quantification reported in 
our study was performed for experiments where purified, synthetic peptides matching the “hit” 
sequences were treated with MGO in solution, and their glycation was assessed using LC-MS. We 
have added new text to the main text and Supplementary Information to clarify this 
point, and thank Reviewer 1 for letting us know that this critical aspect of our study was not clearly 
stated in our original submission.  

 
3. In this study, authors did not provide any analytical recoveries of the methods employed herein. They need to 
show the MG-H1 levels, before and after the cleavage, were the same for both methods (UV cleavage and the High 
pH cleavage). This can only be done by exhaustive enzymatic hydrolysis of the glycated and un-glycated peptide. 

As previously explained (see comment #2, above), [M+54] levels reported in the main text were 
quantified only for glycation reactions in solution, so determining analytical recovery does not appear 
to be relevant to the experiments that were performed. Similarly, the purpose of the experiment that 
involved UV-assisted cleavage of resin-bound peptides (described in Supplementary Fig. 11) was to 
assess if our findings from the aforementioned solutions studies matched with the results of glycation 
that was performed on-resin. Thus, we used a photocleavage to liberate glycated peptides from the 
resin, which avoids many of the pitfalls associated with the use of strong base. Indeed, using this 
strategy, we were able to demonstrate that—both in solution and on-resin—peptide 1 (LESRHYA) 
leads to higher [M+54] levels than peptide 4 (LLVRYTA), and forms a single [M+54] adduct.  We 
have added new text to the main text of the manuscript to clarify this point and we note 
that determination of the analytical recovery would not impact this conclusion.  

 
4. Formation of CEA appears to be approximately linear i.e. proportionate with time from the start of the 
incubation and not dependent on MG-H1 precursor (Fig 4. MGH-1 is Mechanistically Related to MGH-DH and CEA). 
Previous studies of the reaction of MG with protein shows stability of MG-H1 out to 21 days (1). This inconsistency 
suggest CEA may be formed from a contaminant in the crude MG used. The study needs to be repeated with high 
purity MG.  

We agree with Reviewer 1 that past work has suggested that CEA cannot be formed directly from 
MGH-1. To unambiguously determine that MGH-1 is indeed a direct precursor to CEA, we purified 
MGH-1-modified peptide 1 and confirmed it to be MGH-1 using NMR (peptide 1MGH-1) 
(Supplementary Fig. 16). We then incubated pure peptide 1MGH-1 in buffer for up to 48 hours and 
analyzed the reaction using LC-MS. We found that peptide 1MGH-1 is hydrolyzed directly to result in 
the formation of the peptide 1 [M+72]B adduct (Fig. 4c-e). Although those findings were reported in 
the supplementary materials from our prior submission, we performed a new and improved version of 
this experiment using different concentrations of purified peptide 1MGH-1 (Fig. 4d, Supplementary Fig. 
19). We found that the extent of hydrolysis was greater when lower concentrations of peptide 1MGH-1 
were used. These new data can be found in main text Figure 4 and Supplementary Fig. 
19, along with additional discussion in the main text of the manuscript. We also 
unequivocally confirmed that the peptide 1 [M+72]B adduct is peptide 1CEA using NMR and chemical 
derivatization. These new data appear in Supplementary Fig. 17 and Supplementary Fig. 
18. Because CEA forms from a pure sample of verified peptide 1MGH-1, our data are most consistent 
with a model in which MGH-1 is directly converted to CEA.  

Using forcing conditions to prepare larger quantities of peptide 1MGH-1, we also were able to identify a 
small peptide 1 [M+54] peak (most likely MGH-3) with a distinct retention time from peptide 1MGH-1. 
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We purified this product and found that the rate of its hydrolysis to CEA was greatly enhanced relative 
to the observed rate of hydrolysis for peptide 1MGH-1. This new data can be found in 
Supplementary Fig. 20. Given that the profile of CEA formation observed in our dilution studies, 
where AGE-modified peptide concentrations are low, tracks very closely with that which is observed 
for peptide 1MGH-1 (Fig. 4 and Supplementary Fig. 19) rather than the putative MGH-3-modified 
peptide 1 adduct (Supplementary Fig. 20), these results lend further support to our conclusion that 
peptide 1MGH-1 is directly hydrolyzed to peptide 1CEA, despite prior findings to the contrary by other 
groups.  

 
5. Using peptide library to understand glycation process in primary structure in physiological system is flawed 
because the effects of secondary and tertiary structure for spatial neighbouring group is lost. This is crucial in 
directing sites of MG modification see for example reference 34 in the manuscript (4). Therefore, study design is not 
appropriate and needs major revision 

Our prior study,25 published a few years ago in Angewandte Chemie, found that selective glycation is 
not correlated with a lowered Arg pKa or with increased solvent exposure, as suggested in past 
work.2,30–33 Instead, our previously published work has revealed that primary sequence is a major 
driver for glycation.25 Primary sequence dictates both the overall susceptibility for a site to become 
glycated and also influences the specific distribution of AGEs that form at that site. In this work, we 
demonstrate this point even more definitively by discerning the specific ways in which primary 
sequence influences the formation of discrete AGEs, like MGH-1. In particular, our combinatorial 
peptide-based approach reveals that, when properly positioned, tyrosine plays an active mechanistic 
role that facilitates MGH-1 formation. Moreover, we have demonstrated that —even within short, 
unstructured peptides—nearby side chain functional groups work cooperatively to promote formation 
of specific AGEs (see Fig. 3, Fig. 5 & Supplementary Fig 23).  Thus, while past work by others has 
considered sequence and structure together, as mentioned by Reviewer 1, our work provides clear 
evidence that sequence alone can contribute to the specific AGE outcome. This finding has practical 
implications, because it allows for the study of glycation using simpler substrates, like peptides, that 
can deconvolute sequence effects from structural effects. This finding also has an important 
conceptual implication, because it enables us to reveal (and experimentally validate) the molecular 
features that govern the intrinsic propensity of a certain site to form certain AGEs.  

Thus, we agree with Reviewer 1 that our study removes the effects of “secondary and tertiary structure”. 
However, we see this as an advantage that simplifies the system and allows us to make more robust 
conclusions than would be possible from protein substrates, like the ones we used in our prior study.25 
However, we are still able to generate information about the influence of “spatial neighbouring groups”, 
as 7-mer peptides certainly present a distinct molecular environment surrounding the reactive Arg, 
which influences its reactivity. We show that primary sequence can govern the overall propensity for a 
site to become glycated, as well as influence the resulting distribution of AGEs that form at that site, 
as evidenced by the distinct sequence motifs derived using different library screening methods (Fig. 2 
& Supplementary Figs. 7 & 8). We further demonstrate this to be true even for peptides that vary by 
only a single amino acid substitution or by a different order of the same residues (Figs. 3 & 5 and 
Supplementary Figs. 9, 10, & 13). Moreover, as seen in a newly added Fig. 6, the trends that influence 
glycation on short peptides in vitro remain applicable for full-length protein substrates expressed in 
mammalian cells. Therefore, our careful experimental design and our resulting conclusions make 
clear that the study design is both appropriate and novel for this field.  

 
6. It is not possible to model microscopic pKa changes of arginine with short peptides because these are influenced 
by secondary and tertiary structure of proteins; cf. requirement of protein crystal structure information to compute 
microscopic pKa of arginine and other ionisable amino acid residues (3)  
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We thank Reviewer 1 for this comment, and we agree that there have been many studies, including the 
one mentioned, that calculate Arg pKa perturbations using available structural information. However, 
in this study, we did not model or compute any microscopic pKa changes based on secondary or 
tertiary structure. It appears this comment is in response to our discussion about how the Arg pKa in 
peptide 1 would be expected to be influenced by a nearby Tyr when it is substituted with mono- and 
di-chloro Tyr derivatives. Using the Henderson-Hasselbalch equation, it is straightforward to 
conclude that, with a pKa of 6.8, the majority of di-chloro Tyr will be deprotonated with a reaction pH 
at 7.3. In this case, a proximal negative charge (introduced on peptide 12Cl) can be expected to raise 
the nearby Arg pKa due to a stabilization of the positively-charged Arg conjugate acid. This is a 
fundamental principle of acidity that is taught in most Biochemistry courses, particularly those with a 
high degree of chemical rigor. As a result, Arg pKa in this context (peptide 1 vs. peptide 12Cl) can be 
predicted based solely on chemistry fundamentals, and without requiring any computation or 
modeling. Our discussion is in complete agreement with such a treatment. 

 
7. Throughout the manuscript the description and some figures of experimental outcome is confused and do not 
provide accurate experimental finding. For example, MG-H1 rearrange to form CEA. 

This point was addressed in our response to comment #4 from Reviewer 1. We have performed 
rigorous, new experiments to even more strongly demonstrate that MGH-1 can indeed hydrolyze to 
form CEA. These new data are found in main text Fig. 4, Supplementary Fig. 17, 
Supplementary Fig. 18, Supplementary Fig. 19, and Supplementary Fig. 20. We have 
also revised the text significantly, which we hope will provide greater clarity about our 
experimental methods and our conclusions.   

 
8. Not clear if all peptides were glycated individually or combined. 

We apologize for any lack of clarity about our methods in the original submission. This information 
was previously described in the Methods section, with even more detail available in the 
Supplementary Information. However, in this revision, we have added new text to the Results 
section and Supplementary Information to clarify the experimental methods used.  

 
9. What are the analytical recoveries of resin cleavage in high pH (100 mM NaOH) as half-life of MG-H1 is 
extremely low at high pH. 

As mentioned in our response to comment #3, we did not quantify MGH-1 levels after treatment with 
100 mM NaOH, so it was not necessary to determine analytical recoveries.  

 
10. MGO-modified beads were blocked using a 1% solution of bovine serum albumin (BSA). BSA is not a suitable 
blocking agent to study AGEs using antibodies because commercially available BSA is glycated and may 
compromise the results. 

We are grateful to Reviewer 1 for pointing this out. During library screening, all beads were treated 
with this blocking solution. Thus, even if there were a possibility for low-level background signal from 
the small proportion of glycated BSA, the detection strategy was still able to amplify true signal from 
only the most modified beads. We performed many controls to optimize our library screening 
conditions (which can be found in Supplementary Fig. 3, Supplementary Fig. 4, and Supplementary 
Fig. 5). Furthermore, the hit sequences identified from our library were then independently and 
rigorously validated using solution studies that did not include detection reagents or blocking agents 
such as BSA (as seen in Fig. 2 and Supplementary Fig. 8). Thus, in our view, there is no concern that 
the use of this reagent could have compromised our results.
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Reviewer #2  

“McEwen and co-workers provide a valuable, in-depth, and detailed study to pursue an important question in 
glycochemistry – why do some positions in proteins undergo particular glycation reactions, relative to similar side 
chain functional groups at other positions in the protein sequence?  
This question is addressed by monitoring the outcome of glycation reactions conducted on a library of peptide 
substrates immobilized on solid support and exposed to methylglyoxal. Peptides that undergo glycation 
preferentially are identified by immunochemical techniques, using an antibody specific to the presence of a 
particular methylglyoxal-derived hydroimidazolone isomer, MGH-1. Different glycation products are then identified 
and quantified using LC-MS techniques. The study is successful in identifying putative neighboring sequence 
characteristics that pre-dispose a particular arginine residue to undergo specific glycation reactions. In addition, the 
study provides a valuable analysis of mechanistic issues regarding the transformation/maturation of different 
glycation products.”  
 
The report is recommended for acceptance in Nature Communications following some minor revisions, as follows. 

We greatly appreciate this feedback from Reviewer 2. A point-by-point response to their specific 
comments can be found below:  
 

1. The experimental approach implies that one particular glycation product is particularly critical – that of MGH-1, 
and the study protocols and the manuscript’s discussion reflect that emphasis. The justification for the focus on 
MGH-1, relative to other MGH isomers, or other products such as “CEA”, “APY”, and “THP” should be explicitly 
clarified for the reader.  

We thank Reviewer 2 for pointing this out. We have added text to the Introduction as well as 
the beginning of the Results section to further clarify that we chose to focus on MGH-1 as it is 
one of the most abundant AGEs and is also thought to be one of the most biologically-relevant. It was 
also the AGE that was most frequently detected in our prior study, making it an excellent starting 
point for the current work.  

2. The characteristics of the antibody used should be evaluated – to what extent does the antibody recognize MGH-
1 as an epitope, relative to other glycation products? 

We appreciate this comment from Reviewer 2, and in response we have added additional text to 
the Supplementary Information, which provides more detail about the antibody used. Briefly, 
the ⍺-MGH-1 antibody was originally reported in Molecular Medicine  in 2002.34 The antibody was 
developed using MGH-modified ovalbumin. It has been reported to be specific for MGH-1, based on a 
competition assay using several different AGE-modified antigens, and it was also validated to detect 
MGH-1 using synthetic MGH-1-modified immunogens.35  

3. 75 “hit” beads were chosen for analysis. How many beads were used in this experiment? What proportion of the 
input beads were stained by the immunochemical techniques? What type of analysis was conducted to establish 
that characterization of 75 beads was sufficient to rigorously identify the consensus motif?  

We are grateful to Reviewer 2 for pointing this out, and we apologize that more information about our 
library protocol was not included in our original submission. In the revised manuscript, we have 
added additional text to the Methods section and the Supplementary Information, 
which describes that roughly 360,000 (120,000 x 3 replicates) beads were screened for a library of 
close to 40,000 unique sequences. From these 360,000 beads, all beads that produced a dark purple 
color were selected and sequenced, yielding just 75 hits. These protocols are based on widely accepted 
standards for sampling one-bead one-compound peptide libraries.36  
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4. Interpretation of results should be reconsidered – in some cases, seemingly subtle differences in reaction 
outcomes are associated with significant differences in glycation susceptibility. For example, in Figure 3a, peptide 
sequence 1a (a Glu to Gln modification) was described as not yielding a significant change in glycation outcome, 
but peptide 1c (a Ser to Ala modification) was described as giving rise to diminished glycation products. However, 
casual inspection of the data if Figure 3a does not seem to provide clear evidence for any significant difference in 
comparing these two peptides.  

We appreciate this point from Reviewer 2. We apologize for the lack of consistency in our prior 
submission, which likely was a result of a split focus (on our part) in describing both the magnitude of 
glycation differences and the statistical significance for each while discussing the results in Fig. 3. In 
practice, however, we did indeed focus our attention on substitutions that produced both noticeable 
changes in AGE levels/distributions and were statistically significant. The manuscript text has 
now been revised to reflect this approach more accurately.  

 
5. Identification of particular glycation products associated with particular mass values may be excessively 
speculative. It would be best if the authors merely reported their observations regarding the relative abundance of 
particular mass species, and then in a separate section provided their supposition regarding the likely prevalence 
and interconversions of particular glycation products. More speculative discussion and the generation of 
hypotheses regarding mechanism could be better separated from the presentation of the data obtained.  

We greatly appreciate this comment and we have revised the manuscript accordingly. We agree that 
this is an important change, and we were pleased to find that this revision significantly improved the 
flow of our narrative. Specifically, we found that by reporting the observations about relative 
abundances of specific AGE adducts first, it then left ample space to fully and clearly describe the 
steps we took to characterize each AGE of interest (including NMR characterization for peptide 1MGH-1 

and peptide 1CEA, and chemical derivatization for peptide 1CEA and MGH-DH), and to link them 
mechanistically. These new sections of text can be found in the revised manuscript.  

 
6. The text does not make clear whether relative intensity of mass peaks in the LC-MS experiments is strictly 
correlated with relative concentration of the particular glycation products in solution. The extent to which this was 
ascertained or calibrated should be clarified.  

We agree that this is an important point to clarify. We have added new text to the manuscript 
that explains how our quantification approach (using % glycation) allows us to compare glycation 
levels across peptide variants that may have slight differences in ionization efficiency. Although we 
did not explicitly determine differences in ionization due to different AGEs, we would expect these 
differences to be fairly consistent between peptides, thus allowing us to compare AGE adduct 
distributions between discrete glycated peptides. We have also added new text in the 
Supplementary Information that clarifies how we quantified using a “molecular feature 
extractor” that tracks any and all charge states associated with a given ion, resulting in a more robust 
determination of abundance than integrating over a single peak area for a given charge state.  

7. Several of the figures are exceedingly “busy”, and may try to provide too much information in too compact a 
space. It is therefore quite difficult for the reader to interpret some of these figures, which may be a particular 
problem for the broad readership of Nature Communications, who may not be previously familiar with 
glycochemistry. Particular glycation products are color-coded in the figures (e.g., Fig. 4B), but it is often necessary 
to cross-reference these color codes with previous figures in order to properly interpret the data. It’s fairly daunting, 
particularly when confronted with abbreviations in small font in the graph axes such as “hpd” (hours post 
dilution?).  

We thank Reviewer 2 for pointing this out and apologize for these omissions in our prior version. In 
the revised submission, we have revised all of the main text figures to make certain that 
each panel has its own legend and that any abbreviations are clearly stated in the 
figure display. While we added significant new data to Fig. 4, we also edited the original data 
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displayed in that figure, and feel that the revised version is more streamlined, clear and, as a result, 
significantly more impactful.  

 
Reviewer #3  
 
“This is a very well-written manuscript that sheds light on the site-specificity of non-enzymatic protein glycation 
events, a topic that is rarely considered or discussed. The figures are very well done and provide relatively clear 
results. While I believe this manuscript would be of interest to the Nature Communications readers, I think that a 
few major points need to be addressed. Providing an NMR of MG-H1 and MG-H3 is critical, as the authors claim 
that CEA can be generated from MG-H1 without providing this direct evidence (more on this below).”  

We greatly appreciate this feedback from Reviewer 3. Our revised manuscript now includes an NMR 
and chemical derivatization of peptide 1CEA , in addition to the peptide 1MGH-1  NMR that was included 
in the prior submission (Supplementary Fig. 16, Supplementary Fig. 17, and Supplementary Fig. 18). 
We also present new experiments that provide direct evidence that MGH-1 can be hydrolyzed to yield 
CEA (Figure 4 and Supplementary Fig. 19 and Supplementary Fig. 20). More detail about these 
changes can be found in the point-by-point response to Reviewer 3’s specific comments, below: 

1. Why was the 3h timepoint chosen? Presumably shorter, or longer, incubations would result in a different profile 
of modifications. For example, the generation of CEA requires an intermediate (see DOI: 10.1021/ja301994d), so 
the full spectrum of modifications may be missed with this incubation period.  

We completely agree with Reviewer 3 that time is an important factor that can influence AGE 
distributions, as we report in Fig. 4 and in several supplementary figures. We have revised the 
main text to emphasize the reasons why we have selected the 3 h timepoint and have 
included a new Supplementary Fig. 8 along with additional discussion in multiple 
Supplementary Figure captions. In particular, a newly added Supplementary Fig. 8 evaluates 
glycation at 3 and 24 h for “hit” peptide sequences identified from our library, along with 
Supplementary Fig. 14, which monitors peptide 1 glycation over a period of 4 weeks. In our past 
work,25 we evaluated peptide glycation at multiple times, including 3 h and 24 h, and, in unpublished 
work, we’ve extensively monitored glycation at earlier time points (>3 h), intermediate time points (3-
24 h), and for longer durations. This prior work has revealed that 3 h is an ideal time to check for 
preferential glycation, as we can see enough overall glycation that allows us to observe real differences 
in AGE distributions. Notably, we’ve found that these “early” differences are a more robust measure of 
the intrinsic glycation reactivity for a given peptide, particularly when the MGO concentration is 
equimolar with peptide. This is because, at later time points, the selectivity observed can appear to be 
eroded by the formation of AGEs that require multiple MGO molecules to react, or by rearrangements 
that share a common mechanistic intermediate. This is clearly observed in Fig. 4, where we compare 
time-dependent differences in glycation at high and low MGO concentrations, and is also apparent in 
Supplementary Fig. 3, Supplementary Fig. 8, Supplementary Fig. 14, and Supplementary Fig. 22.  

 
2. As discussed and shown in Figure 3c, two distinct MG-H isomers can be observed, with MG-H1 being the 
predominate species. The mechanism shown in Figure 4e may not be correct: as shown by Galligan et al. (DOI: 
10.1073/pnas.1802901115) and Wang et al. (see DOI: 10.1021/ja301994d), CEA results from the hydrolysis MG-H3, 
while MG-H1 remains (largely) stable. Did the authors confirm their findings via NMR? Further, if I am interpreting 
the figures correctly, it appears that the substitution of Phe at position +2 is sufficient to drive the formation of MG-
H3, while other substitutions here do not. This would further push the formation of CEA, which is what is observed 
in 1e, 1f, and 1g, where the modifications are largely limited to CEA, rather than MG-H1. If this is true, this is 
perhaps equally as interesting as these findings now not only confer the relatively susceptibility of a given sequence 
to MG-H modification, but also the type of MG-H (and ultimately CEA) modification.  

We appreciate these comments and agree that past work has explicitly stated that CEA can only form 
from MGH-3, even though our work demonstrates that MGH-1 can also produce CEA. In addition to 
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the peptide 1MGH-1 NMR that was reported in our original submission, we have performed new 
experiments to confirm that the peptide 1 [M+72]B adduct is peptide 1CEA using both NMR and 
chemical derivatization. These new data appear in Supplementary Fig. 17 and 
Supplementary Fig. 18.  

As described in response to some of Reviewer 1’s comments, we also purified MGH-1-modified 
peptide 1 (peptide 1MGH-1) and then incubated pure peptide 1MGH-1 in buffer for up to 48 hours and 
analyzed the reaction using LC-MS. We found that peptide 1MGH-1 is hydrolyzed directly to result in 
the formation of the peptide 1CEA. Although those findings were reported in the supplementary 
materials from our prior submission, we performed a new and improved version of this experiment 
using different concentrations of purified peptide 1MGH-1, as shown in Fig. 4 and Supplementary Fig. 
19. Using forcing conditions (pH = 12) to prepare larger quantities of peptide 1MGH-1 that were suitable 
for NMR studies, we also were able to identify a small peptide 1 [M+54] peak (most likely MGH-3) 
with a distinct retention time from the MGH-1 adduct. Although we could not obtain enough for 
NMR, we purified this adduct and found that the rate of its hydrolysis to CEA was greatly enhanced 
relative to the observed rate of hydrolysis for peptide 1MGH-1, as shown in Supplementary Fig. 20.  
This result provides further support to our conclusion that peptide 1MGH-1 is directly hydrolyzed to 
peptide 1CEA. This new data can be found in Fig. 4, Supplementary Fig. 19 and 
Supplementary Fig. 20, along with additional text in the manuscript.  

We also found that the extent of hydrolysis of peptide 1MGH-1 was greater when lower concentrations 
of peptide were used. We suspect that this may reconcile past observations that MGH-1 is recalcitrant 
to hydrolysis, as prior studies with MGH-1 were performed at high (up to 6 mM37) concentrations 
and/or using amino acid monomers that are unable to capture the influence of surrounding 
sidechains.37–40 Our studies used peptide substrates and spanned a range of low concentrations (1 µM 
– 1 mM, see Supplementary Fig. 19), which exhibit a clear increase in hydrolysis as peptide 
concentration decreases, and reflect near identical quantities of CEA observed during dilution 
experiments with peptide 1. These new data can be found in main text Fig. 4 and 
Supplementary Fig. 19, along with additional discussion in the main text of the 
manuscript. Together, these data are most consistent with a model in which MGH-1 is directly 
converted to CEA, despite prior findings to the contrary by other groups.  

We agree with Reviewer 3 that replacing Tyr in the +2 position with Phe leads to the formation of a 
second [M+54] adduct that is likely MGH-3. Past work has indicated that MGH-3 is the 
hydroimidazolone preferred by kinetics, whereas MGH-1 is more thermodynamically favorable. Thus, 
our interpretation of these results is that Tyr helps to drive formation of MGH-1 (rather than Phe 
driving MGH-3, as framed in the comment from Reviewer 3). It is certainly possible that the levels of 
CEA are somewhat enhanced during the dilution experiments for peptides 1e, 1f, and 1g, though we 
did not comment on that in the revised manuscript, as it may be overly speculative.  Either way, 
however, we strongly agree with Reviewer 3 that one of the most interesting conclusions of this work 
is that our “findings now not only confer the relatively susceptibility of a given sequence to MG-H 
modification, but also the type of MG-H (and ultimately CEA) modification.” 

 
3. Can the authors speculate on the role of tertiary structure in conferring Arg susceptibility to MGO modification? 

This is such an interesting question. Our prior work25  suggested that the surrounding protein 
structure sculpts the exact glycation outcome (the AGE distribution) while the primary sequence 
governed the overall glycation susceptibility. Of course, we have also shown that primary sequence 
influences the AGE distribution. These conclusions are reconciled by simply considering glycation to 
be templated by the molecular environment—a combination of sequence and structure—surrounding 
a reactive site. In this sense, protein tertiary structure provides a well-defined microenvironment 
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surrounding a reactive Arg, just as a short unstructured peptide provides a distinct, if looser, 
microenvironment that influences the glycation outcome. We have added new text in the 
Conclusion section that shares our current thinking on this critical question.  

 
4. The authors tend to focus on the type of modification being generated, which is obviously a major component of 
this manuscript; however, which peptide yielded the highest total amount of glycation. The graphs tend to show 
most peptides yield ~10-40% glycation, whereas some 6a-d are above 50%. I think this is an important 
consideration.  

It is true that the “peptide 6” series, which contain mostly Gly and Tyr residues do lead to higher 
overall levels of glycation. However, most of this increased glycation is due to enhanced formation of 
an [M+72] and [M+144] adducts that most likely correlate with MGH-DH and THP, not the 
formation of MGH-1. The interplay between total glycation and formation of specific adducts is quite 
complicated, which can make it difficult to connect these observations meaningfully between peptides 
with very different sequences. We suspect this has to do with participation from neighboring side 
chains that can facilitate specific rearrangement steps, as we determined for the peptide 1 scaffold 
(see Fig. 5). We have added new text to the Supplementary Fig 12 caption that explicitly 
comments on this phenomenon. 

 
5. Confirmation of these findings on an intact protein would significantly increase the validity of these findings. 
Certainly, a complete proteomic survey of glycation sites is beyond the scope of this manuscript; however, can the 
authors identify sites on recombinant proteins with similar treatment conditions? A small survey of known glycated 
proteins would presumably yield sites with similar primary sequences as having the highest degree of modification. 
Further, this may yield interesting information on the susceptibility of Arg residues on a folded protein, rather than 
just focusing on the primary sequence.  

We completely agree with Reviewer 3 that it is important to demonstrate that our findings can 
translate to intact proteins, as our study seeks to provide useful information about how selective 
glycation is controlled in biological systems. To address this concern, we performed a new experiment 
that would allow us to determine if our conclusions remained applicable not only on a full-length, 
intact protein, but also one expressed in living mammalian cells. As described in our response to 
Reviewer 1, we expressed green fluorescent protein (GFP) variants that were C-terminally fused to the 
peptide 1 sequence (-LESRHYA, GFP-1), the peptide 3 sequence (-LDDREDA, GFP-3), or a negative 
control sequence inert to glycation (-LESAHYA, GFP-1Ala) in HEK-293T cells. These C-terminal 
peptide sequences were connected to GFP through a linker sequence containing a tobacco etch virus 
(TEV) protease cleavage site. To monitor the glycation of GFP-1, GFP-3, and GFP-1Ala, we treated 
cells with MGO following standard protocols.29  After cells were harvested and lysed, we 
immunoprecipitated against GFP and then used TEV protease to liberate the C-terminal peptide (1, 3, 
or 1Ala) fragment from GFP. Using LC-MS, we found that only GFP-1 led to appreciable formation of 
an [M+54] adduct (likely MGH-1), as well as [M+72] adducts, whereas GFP-3 yielded only 
vanishingly small quantities of [M+54] and GFP-1Ala led to undetectable [M+54] levels. These new 
results can be found in a newly added Fig. 6, with further data in new Supplementary 
Figs. 24 and 25, along with additional discussion in the manuscript. Together, these data 
convincingly demonstrate that the chemical features we identified, which guide selective glycation in 
peptide substrates, are also relevant to the glycation of full-length protein targets expressed in living 
mammalian cells. We greatly appreciate this suggestion by Reviewer 3, as we feel that this experiment 
significantly strengthens our conclusions and enhances the impact of this manuscript.  

 
6. The evidence supporting the authors claim that “We also demonstrate, for the first time, that CEA is a hydrolysis 
product of MGH-1, and provide evidence that MGO concentrations influence glycation outcomes.” Is not entirely 
convincing. This has been shown to not be the case, again, see DOI: 10.1021/ja301994d. To demonstrate this point, 
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the authors will need to chemically synthesize MG-H1 and conduct a similar “hpd” experiment and quantify CEA. 
Based on in vivo measurements of MGO glycation profiles, it appears CEA is the most abundant modification (DOI: 
10.1073/pnas.1802901115), with MG-H1 being second. Under these long-term conditions, should MG-H1 result in 
CEA, very little MG-H1 would be observed.  

As previously described in our response to comment #2 from Reviewer 3, we fully agree that past 
work has explicitly stated that CEA can only form from MGH-3, even though our work demonstrates 
that MGH-1 can also produce CEA. In addition to the peptide 1MGH-1 NMR that was reported in our 
original submission, we have performed new experiments to confirm that the peptide 1 [M+72]B 

adduct is peptide 1CEA using both NMR and chemical derivatization. These new data appear in 
Supplementary Fig. 17 and Supplementary Fig. 18. We have also provided new experimental 
results that further bolster our conclusion that peptide 1MGH-1 is directly hydrolyzed to peptide 1CEA. 
These new data can be found in Fig. 4, Supplementary Fig. 19 and Supplementary Fig. 
20. Our data are most consistent with a model in which MGH-1 is directly converted to CEA, despite 
prior findings to the contrary by other groups.  

We also agree with Reviewer 3 that, in light of our findings, it is very intriguing to consider the 
significance of the observation that “CEA is the most abundant modification (DOI: 
10.1073/pnas.1802901115), with MG-H1 being second.” Our results suggest that MGH-1 is converted to 
CEA at low peptide (or protein) and MGO concentrations, thus the ratio of MGH-1 and CEA observed 
in biological samples could be a very important measure of exposure conditions, as they likely 
represent different points on a common mechanistic path. In our future studies, we are very 
interested to connect these chemical and mechanistic discoveries to the very complex and challenging 
world of glycation biology.   
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Reviewers' Comments: 

 

Reviewer #1: 

Remarks to the Author: 

The authors response to my comments are not satisfactory. 

I appreciate that Author’s accepted that MG used in this study is impure. However, their 

suggestion in response to comment 1 that impurity may reflect the physiological system, lack 

scientific integrity. Clearly if you are designing an experiment to study the effect of only MG you 

need to add to your test experiments only MG. New experiment to address mine and the reviewer 

3 ‘s concerns about the validity of the study is based on GFP linked peptide in the HEK 293T cells. 

GFP study is totally bias towards their intended outcome by designing an experiment with extreme 

super physiological increase in copy number of GFP peptides compare to all other protein motifs in 

HEK293T cell back ground. 

I would insist that they must provide data on intact protein to confirm the validity of the study 

finding, without the suggested experiment, the study is barely a reaction of chemically synthesized 

short peptides with Impure MG. 

 

 

 

Reviewer #2: 

Remarks to the Author: 

The authors have revised their manuscript extensively in order to respond to all of the reviewers' 

comments through additional experiments, analysis and commentary. Although there are clear 

differences between some of the conclusions drawn in this report and previous studies on protein 

glycation, the authors provide appropriate justification for their results and conclusions. 

 

I have some residual concerns that the study relies excessively on the proper function of an 

individual commercial anti alpha-MGH-1 antibody, and the sequence of the peptides identified did 

not match that used to obtain this antibody (in this regard it is notable that an alternative 

experimental approach evaluating impaired proteolysis by trypsin yielded results that were not 

consistent with the results presented here). In addition, I am somewhat surprised that only 75 

beads were detected as binding to this antibody out of 120,000 beads screened. 

 

Nevertheless, I am overall very satisfied with the revised manuscript and believe it is suitable for 

publication in its current form. 

 

I also note that the authors response to the reviewers' comments is among the more professional, 

thoughtful and thorough responses that I have evaluated. 

 

 

 

Reviewer #3: 

Remarks to the Author: 

This manuscript is markedly improved following revision. While I believe the authors have 

addressed most of my concerns, their approach to addressing the relevance of these findings in 

cells is a bit confusing. As per the original revision, “Confirmation of these findings on an intact 

protein would significantly increase the validity of these findings. Certainly, a complete proteomic 

survey of glycation sites is beyond the scope of this manuscript; however, can the authors identify 

sites on recombinant proteins with similar treatment conditions? A small survey of known glycated 

proteins would presumably yield sites with similar primary sequences as having the highest degree 

of modification. Further, this may yield interesting information on the susceptibility of Arg residues 

on a folded protein, rather than just focusing on the primary sequence.” 

 

The authors have seemingly attempted to address this using the GFP approach; however, by 

fusing a known glycated peptide to this approach they are inherently biasing their results. It is 

unclear why a more traditional approach, using an intact, fully folded protein was not used with a 

known glycated protein (e.g. histones, albumin). Sadly, I don’t believe that the experiment 

completed addresses the question(s) at hand. 
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Reviewer #3  

1. “This manuscript is markedly improved following revision. While I believe the authors have addressed most 
of my concerns, their approach to addressing the relevance of these findings in cells is a bit confusing.” 

We greatly appreciated Reviewer 3’s original comments and suggestions during the first round of 
review and, in response, we performed a significant number of new experiments to address them; we 
are therefore pleased that Reviewer 3 agrees that our revised manuscript is markedly improved. We 
seek to clarify our approach on a point-by-point basis below, and we have also made substantial 
revisions to the manuscript text to address the remaining feedback from Reviewer 3:  

2. “As per the original revision, “Confirmation of these findings on an intact protein would significantly 
increase the validity of these findings. Certainly, a complete proteomic survey of glycation sites is beyond 
the scope of this manuscript; however, can the authors identify sites on recombinant proteins with similar 
treatment conditions? A small survey of known glycated proteins would presumably yield sites with similar 
primary sequences as having the highest degree of modification. Further, this may yield interesting 
information on the susceptibility of Arg residues on a folded protein, rather than just focusing on the 
primary sequence.”” 

When we received Reviewer 3’s original comments, we agreed that “confirmation of these findings on an 
intact protein would significantly increase the validity of these findings.” We understood this statement to 
reflect Reviewer 3 wondering, quite fairly, if the results suggested by our in vitro work (Figs. 2-5) 
would remain relevant in a biological context. After careful consideration of Reviewer 3’s original 
comments, we designed the “GFP approach”. As described in the response to comment #3, this 
approach allowed us to draw the strongest conclusions about the specific in vitro results identified in 
this manuscript, while complementing and not retreading our previously published work (see also 
below).1  Accordingly, the experiment we performed (Fig. 6) does indeed demonstrate that our 
findings about the features that control selective glycation for peptides in vitro remain applicable on 
full-length intact proteins in living cells.  

Reviewer 3 suggested that a “small survey of known glycated proteins would presumably yield sites with 
similar primary sequences as having the highest degree of modification.” In fact, we have already 
performed that study, which was published in Angewandte Chemie in 2018 and is cited 
extensively in the current manuscript (ref. 38).1 Reviewer 3 is correct that our past study, in 
which we evaluated glycation under identical conditions for a panel of nearly 20 intact, purified 
proteins, provided “interesting information on the susceptibility of Arg residues on a folded protein.” Indeed, 
we learned that selective glycation is not correlated with a lowered Arg pKa or with increased solvent 
exposure, as suggested in past work.2–6 Instead, our study revealed that primary sequence is a major 
driver for glycation, broadly dictating the overall susceptibility for a site to become glycated as well as 
influencing the specific AGE distribution at that site. Notably, Reviewer 3’s prediction is incorrect: 
this prior study did not reveal “similar primary sequences as having the highest degree of modification.” 
Instead, our 2018 report suggested critical trends based on nearby residues (not necessarily primary 
sequence). We then performed a series of experiments to test these hypotheses using short, 
unstructured peptides and found that glycation can indeed be governed by primary sequence. Thus, 
we concluded that clustered negative charge is detrimental for glycation, whereas a combination of 
polar residues and Tyr appear to be beneficial for glycation. These trends represent broad chemical 
guidelines that remain true irrespective of the individual AGEs that form.  In the current study, we 
have substantiated and expanded these original findings using an entirely different in vitro approach. 
Further, in the current study, we have progressed the ideas to discern the specific ways in which 
primary sequence influences the formation of discrete AGEs, like MGH-1. Our results about the 
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features that promote MGH-1, which we have shown to remain true in cells, provide new chemical 
detail regarding the formation of one of the most abundant cellular AGEs.  

Further, we agree with Reviewer 3 that “a complete proteomic survey of glycation sites is beyond the scope 
of this manuscript.” Moreover, from our experience working in the glycation field, such an approach is 
also unlikely to reveal the features that bias certain types of glycation outcomes. This is because 
proteomic studies are well-suited for identifying AGE-modified cellular proteins,7–10 but struggle with 
the heterogeneity intrinsic to cellular glycation. For instance, cells contain many biologically-relevant 
aldehydes,11–18 each of which can influence the preferred sites of glycation and form many distinct 
and/or isomeric AGEs.2,19,20 Cell-based proteomic experiments can also introduce artifacts that arise 
from differential protein expression levels in cells. Thus, cataloging cellular glycation events is 
unlikely to reveal the underlying chemical features that govern preferential glycation, which is the 
scientific question we sought to address in this study. Taking an in vitro approach like the one used in 
this study enables us to evaluate the fundamental question about the underlying chemical features 
that promote glycation, rather than simply enumerating cellular glycation events. 
 
Past proteomics studies,7,21–23  and our own prior work1 have clearly demonstrated that there is no 
‘consensus sequence’ that controls selective glycation. Our work has provided a rationale for this 
finding: glycation is influenced not only by primary sequence, but also by the nearby polar and 
ionizable resides in proximity to a reactive Arg. The combination of surrounding sequence and 
structure provide a chemical microenvironment that facilitates critical rate-determining steps that 
lead to formation of stable AGEs like MGH-1. Because of this, we knew at the outset that 
experimental approaches that rely on unbiased cell-based proteomics or targeted 
studies of overexpressed, known glycated proteins (as suggested by Reviewer 3) would 
be unable to report on our current findings that focus on the fundamental question of how 
selective glycation is controlled. Thus, we turned to an alternative approach that allowed us to 
evaluate explicitly if the sequence effects we identified in vitro remain relevant for a full-length, 
folded protein in a cellular environment, as described in further detail below. However, upon reading 
Reviewer 3’s comments after our initial revision, we realize that we did not provide enough context to 
explain our experimental choice. In particular, we did not adequately acknowledge our own relevant 
background work, or past proteomics studies by others, that provides critical rationale for why a 
seemingly more straightforward experiment (like “overexpression of a histone”) would be unable to 
provide a meaningful result in this context. We deeply apologize for this omission in our earlier 
submission, and to address this problem we have added significant new text in our newly 
revised manuscript (highlighted in blue), which provides the relevant background 
and context for our approach. We appreciate this feedback from Reviewer 3, and we believe that 
this substantial new addition to the text will add significant clarity for future readers of this work.  
 
3. “The authors have seemingly attempted to address this using the GFP approach; however, by fusing a 

known glycated peptide to this approach they are inherently biasing their results.” 

As described above, after careful consideration of Reviewer 3’s original comments, we designed the 
“GFP approach”, in which “hit” (peptide 1) and “non-hit” (peptide 3) peptides identified and validated 
from our library were fused to GFP, expressed in mammalian cells as full-length protein constructs, 
and evaluated for their susceptibility to become glycated. In our view, this experiment is a beautifully 
direct way to evaluate the transferability and applicability of our in vitro findings to a protein and 
cellular context. This approach allowed us to draw the strongest conclusions about the specific in 
vitro results identified in this manuscript, while complementing and not retreading our previously 
published work (see also above).1  Accordingly, the experiment we performed (Fig. 6) does indeed 
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demonstrate that our findings about the features that control selective glycation for peptides in vitro 
remain applicable on full-length intact proteins in living cells. 

We are uncertain as to why Reviewer 3 feels that the GFP experiment we performed does not 
effectively address the aforementioned concern that “confirmation of these findings on an intact protein 
would significantly increase the validity of these findings.” The results of our extensive in vitro studies 
confirmed that peptide 1 (LESRHYA) is glycated to a greater extent than peptide 3 (LDDREDA) and 
also forms significantly greater levels of an [M+54] adduct corresponding to MGH-1. To evaluate if 
such findings are meaningful for understanding how glycation is controlled on protein substrates and 
in cells, we fused these peptides to full-length GFP (GFP-1 and GFP-3, respectively). We then 
expressed GFP-1 and GFP-3 in mammalian cells that were treated with MGO. Afterwards, we tested 
the hypothesis that GFP-1 would exhibit higher levels of glycation and more [M+54] than GFP-3 
using mass spectrometry. This experiment directly addresses the question of whether or not 
the rules that control selective glycation of peptides in vitro also remain relevant for 
controlling the glycation of proteins expressed in cells. This experiment clearly demonstrates 
that the answer to this question is “yes.” We are delighted that our work has provided the necessary 
groundwork not only to further investigate MGH-1 glycation, but also to develop new tools to control 
selective glycation in the future, enabling its study as a functional PTM.  

Reviewer 3 states that “by fusing a known glycated peptide to this approach they are inherently biasing their 
results.” We are extremely puzzled by this statement. To us, it is unclear why Reviewer 3 refers to the 
peptide 1 or peptide 3 GFP fusions as “known glycated peptides” because both of those sequences were 
only just identified in the current work that is now under consideration. Reviewer 3’s original critique 
was very reasonable, asking us to design and perform a crucial validation experiment to ask if that the 
brand-new results we generated in vitro do indeed remain applicable in a cellular context. Given that 
the sequences LESRHYA and LDDREDA are not derived from a specific mammalian protein, the only 
way to perform a true test of our in vitro results was to fuse these sequences to a carrier protein. We 
were hopeful, but not certain, that this experiment would demonstrate that the GFP-1 fusion would 
lead to greater levels of glycation and [M+54] adducts than GFP-3. That is, of course, why we felt it 
was important to do, and we are grateful to Reviewer 3 for the suggestion. As described above, to 
address this feedback from Reviewer 3, we have added substantial new text to the 
manuscript in this second round of revision to better describe the context and 
motivation for the experiment we performed.  Ultimately, we are extremely pleased that this 
experiment confirmed that the sequence effects we identified in vitro remain relevant for a full-length 
protein fusion expressed in cells, establishing that our in vitro approach is able to provide useful 
information about how selective glycation is governed in a cellular environment.  

4. “It is unclear why a more traditional approach, using an intact, fully folded protein was not used with a 
known glycated protein (e.g. histones, albumin).  

As described above, we have already performed this study, which was published in Angewandte 
Chemie in 2018 and is cited extensively in the current manuscript (ref. 38).1 In that study, we 
evaluated glycation under identical conditions for a small panel of intact proteins, including known 
glycated proteins like albumins, crystallins, and hemoglobin, to name a few. To address this 
comment, we have added substantial new text to the manuscript in this second round of 
revision to better describe our relevant prior work. 

 
5. “Sadly, I don’t believe that the experiment completed addresses the question(s) at hand.” 

From the most recent Reviewer comments, it seems that Reviewer 3 may have been expecting an 
experiment reminiscent of our previously published work and/or a targeted proteomics study of 
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overexpressed native proteins that are known to be glycated. In particular, we agree that experiments 
focused on the glycation of native proteins would, potentially, be quite interesting. However, based on 
our current understanding of selective glycation, those experiments unavoidably conflate multiple, 
distinct questions, including: 

i. Are the trends seen in vitro relevant to glycation of intact proteins by MGO in mammalian 
cells? 

ii. Are the trends seen in vitro affected by secondary structure, tertiary structure, Tm, or other 
properties of folded proteins? 

iii. Can the trends seen in vitro be used to predict glycation at sites on fully folded native 
proteins, in a proteome-wide fashion? 

The experiment suggested by Reviewer 3 (“overexpression of a histone (for example)”) would not provide 
meaningful results because it conflates all three of these questions, sacrificing the nuance required for 
each answer. Moreover, given the complex nature of glycation, it is simply not possible to address all 
three questions in a single experiment with just one or two native proteins. By contrast, the 
experiment that we performed addresses only the one most critical question, the first: 
Are the trends seen in vitro relevant to glycation of intact proteins by MGO in 
mammalian cells? In particular, the experiment we chose to perform enabled us to validate the 
most novel findings reported in our current study while advancing our collective understanding of 
how selective glycation is controlled, not simply repeating our past work (see also the response to 
comments #2-#4). As the Reviewers note, answering the second two questions will require extensive 
additional work that is hardly suitable as “add-on” experiments to the current manuscript. And while 
our lab is certainly eager to answer those second two questions, just as the Reviewers are, and this 
work is already underway in our lab, it represents years of further work that is outside of the scope of 
the current manuscript. Thus, answering the first question conclusively was the most important and 
relevant for this current work, and that is why the approach using GFP fusions is ideally suited for our 
current study. 
 
We regret that we overlooked the importance of providing the critical background–from our own 
work and the work of others—that explains why we did not choose other approaches, including a 
targeted study of overexpressed native proteins that are known to be glycated. As described above, to 
address this feedback from Reviewer 3, we have added substantial new text to the 
manuscript to better describe the context and motivation for the experiment we 
performed. Indeed, the GFP experiment in this work definitively demonstrates that we have 
uncovered molecular features that control selective glycation, not only for peptides in vitro, but also 
for full-length proteins expressed in cells. In our opinion, while Reviewer 3 may not have been 
expecting the experiment we performed, we believe it does an excellent job of addressing the one most 
important question at hand: whether the results suggested by our in vitro work (Figs. 2-5) remain 
relevant in a biological context. The experiment we performed (Fig. 6) does indeed demonstrate that 
our findings about the features that control selective glycation for peptides in vitro remain applicable 
on full-length intact proteins in living cells.  

 
Reviewer #2  

1. “The authors have revised their manuscript extensively in order to respond to all of the reviewers' 
comments through additional experiments, analysis and commentary. Although there are clear differences 
between some of the conclusions drawn in this report and previous studies on protein glycation, the 
authors provide appropriate justification for their results and conclusions.” 
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We greatly appreciated Reviewer 2 comments and suggestions during the first round of revision and 
performed a significant number of new experiments to address them; we are therefore pleased that 
Reviewer 2 agrees that our manuscript has been improved through our extensive revision, including 
significant new experiments, along with additional analysis and commentary. We further appreciate 
Reviewer 2’s acknowledgement that, although there are clear differences between our findings and 
past studies, our results and conclusions are appropriately justified. 

2. I have some residual concerns that the study relies excessively on the proper function of an individual 
commercial anti alpha-MGH-1 antibody, and the sequence of the peptides identified did not match that 
used to obtain this antibody (in this regard it is notable that an alternative experimental approach 
evaluating impaired proteolysis by trypsin yielded results that were not consistent with the results 
presented here). In addition, I am somewhat surprised that only 75 beads were detected as binding to this 
antibody out of 120,000 beads screened.  

This is an interesting point. First, we extensively optimized the screening conditions to keep the 
number of potential “hits” fairly low. This is because, from our past work on glycation, we knew that 
the effects can be subtle and hard to disentangle. By keeping the stringency high during screening, 
there were fewer hits selected, making it a bit easier to tease out the features that were having a large 
influence on glycation in our follow up studies. Regarding the alternative screening approach using 
trypsin, it is true that the consensus motif that was obtained is different from the one obtained when 
using ⍺-MGH-1 antibodies. However, we believe that these results are consistent with a model in 
which the “trypsin” approach selects for any modified glycation adduct, which could include more 
than ten known chemical structures that can form just from the reaction between MGO and Arg.24–26 It 
is most likely that the trypsin approach screens for the first steps of the glycation reaction that occur 
rapidly, such as the formation of MGH-DH (Fig. 4f), whereas the ⍺-MGH-1 screening approach 
provides information about features that promote the (presumably rate-determining) elimination 
step that converts MGH-DH to MGH-1. We had additional discussion about this in earlier drafts of 
the manuscript, but it was removed due to space constraints, as we felt it was not as essential to our 
conclusions as some of our other results. However, we greatly appreciate the curiosity and are happy 
to be able to share our thinking on this important topic.  

3. “Nevertheless, I am overall very satisfied with the revised manuscript and believe it is suitable for 
publication in its current form.  
I also note that the authors response to the reviewers' comments is among the more professional, 
thoughtful and thorough responses that I have evaluated.”  

Thank you, these comments are greatly appreciated. 

Reviewer #1  

1. “The authors response to my comments are not satisfactory. 
I appreciate that Author’s accepted that MG used in this study is impure. However, their suggestion in 
response to comment 1 that impurity may reflect the physiological system, lack scientific integrity. Clearly 
if you are designing an experiment to study the effect of only MG you need to add to your test experiments 
only MG.”  

To clarify, we do not agree with Reviewer 1’s original assertion that it is a problem to use commercial 
MGO. We note that Reviewer 1 has not provided any references suggesting that MGO we are using is 
impure. We are simply stating that, from a chemical perspective, any solution (even a recently 
distilled solution) of an enolizable 1,2-dicarbonyl like MGO will be in a dynamic equilibrium with 
itself. Thus, it is meaningless in the context of the experiments described in this work to insist that 
MGO could ever be “100% pure”. We previously noted that we have not noticed any major differences 
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that result from different bottles of commercial MGO or that are introduced over extended storage 
using the manufacturer recommended conditions. We also performed a number of studies using 
purified AGE-modified peptides, which support our initial findings, further eliminating any concerns 
about the source of MGO interfering with our results.  We also point out that numerous recent 
publications in this journal27,28 and other top journals29 have performed well-controlled studies using 
the same commercial source of MGO without further purification, and we have published our prior 
work in Angewandte Chemie1 using these same materials. The reality that MGO cross-reacts with 
itself and other cellular molecules makes the experiment we performed in live cells (Fig. 6) even more 
critical. This experiment, which we performed during the first revision of our manuscript, directly 
confirms that the features that control selective glycation of peptides in vitro also remain relevant for 
full-length, folded proteins expressed in cells. From this we conclude that the commercial source 
of MGO that we used for our in vitro studies is appropriate for generating useful 
information about how selective glycation is controlled, both in vitro and in a cellular 
environment. 

We are confused as to why Reviewer 1 thinks that we lack scientific integrity by pointing out that it is 
not scientifically accurate to suggest that MGO can be “pure” when doing experiments in complex 
environments such as the cell. Mammalian cells are estimated to contain 300 mM total metabolites 
and 3 mM total protein, while typical MGO concentrations are thought to be 1-5 µM.30–32 Thus, MGO 
is just one of many biologically-relevant aldehydes (not to mention metabolites in general) that each 
has the potential to cross-react and/or form side products in addition to the known AGEs.  

2. “New experiment to address mine and the reviewer 3 ‘s concerns about the validity of the study is based 
on GFP linked peptide in the HEK 293T cells. GFP study is totally bias towards their intended outcome by 
designing an experiment with extreme super physiological increase in copy number of GFP peptides 
compare to all other protein motifs in HEK293T cell back ground.”  

It seems that Reviewer 1 is suggesting that overexpression of a protein in a mammalian cell an 
inappropriate experimental approach.  Overexpression of proteins in mammalian cells is widely used 
across many disciplines, including cell biology and chemical biology. Even just limiting ourselves to 
the glycation literature, we found a number of recent studies in top journals that used a similar 
approach.27,28,33–36  

Additionally, we did not claim that the glycation of GFP-1 or GFP-3 is physiologically relevant in a 
native sense, as neither sequence occurs naturally in the mammalian proteome. We also were not 
comparing the glycation of these constructs to native proteins in the HEK-293T cell proteome, which 
is the only scenario in which the GFP copy number might bias the results. Instead, we used this 
experiment to demonstrate that our findings about the features that control selective glycation remain 
true on a full-length, folded protein target expressed in mammalian cells (for experimental details, 
please see the response to comment #3 from Reviewer 3). Because we were comparing the glycation 
of GFP-1 to GFP-3 (which were expressed comparably), the design of the experiment is 
completely appropriate. Even though overexpression introduced the GFP fusions at high levels, 
we can still conclude that GFP-1 is glycated to a greater extent than GFP-3 and also forms more of an 
[M+54] product. As a result, this experiment is quite effective at demonstrating that the sequence 
features we identified that control selective glycation for peptides in vitro remain applicable on full-
length intact proteins in living cells. 

3. “I would insist that they must provide data on intact protein to confirm the validity of the study finding, 
without the suggested experiment, the study is barely a reaction of chemically synthesized short peptides 
with Impure MG.” 
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As we described above, we have already performed this study, which was published in Angewandte 
Chemie in 2018 and is cited extensively in the current manuscript (ref. 38).1 However, we have also 
already included a new experiment that used GFP fusions to confirm the validity of our study 
findings, not only on full-length intact proteins, but also inside of a mammalian cell. As we explained 
above (see comment #5 from Reviewer 3), this experiment does not address the effects of 
secondary/tertiary structure on glycation, which is a complex question that we are currently pursuing 
in ongoing work in our lab. However, these efforts represent years of further work that is outside of 
the scope of the current manuscript and cannot be addressed with one or two more experiments with 
just a single intact protein. The GFP experiment we already provided does address the most relevant 
question: if the features that control selective glycation for peptides in vitro remain applicable on full-
length intact proteins in living cells. This experiment we performed clearly demonstrates that the 
answer to this question is “yes.” As described above, we have added substantial new text to the 
manuscript in this second round of revision to better describe the context and 
motivation for the GFP experiment that we performed. 
 
To call our study “barely a reaction of chemically synthesized short peptides with Impure MG” seems, at 
best, incomplete. It is true that the bulk of this study was performed using synthetic peptides and a 
commercial source of MGO. However, this unique and innovative approach enabled us to significantly 
advance our collective understanding of glycation: Our study is the first to reveal specific mechanistic 
steps connecting multiple AGEs, including MGH-DH, MGH-1, and CEA. We also demonstrate, for the 
first time, that CEA is a hydrolysis product of MGH-1 and provide evidence that both peptide and 
MGO concentrations influence glycation outcomes. Our study has found that tyrosine plays an active 
mechanistic role that facilitates MGH-1 formation, and provides clear evidence that glycation 
outcomes can be influenced through long- or medium-range cooperative interactions. Our work 
further demonstrates that these chemical features also predictably template selective glycation on 
full-length protein targets expressed in mammalian cells. With all of these significant, novel, and 
long-sought findings, it seems that the approach we have used is quite justified.  
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Reviewers' Comments: 

 

Reviewer #1: 

Remarks to the Author: 

This is second time authors came back justifying their fundamentally flawed experiments. I would 

again strongly suggest: 

These experiments must be repeated with high purity MG 

The studies in HEK293T cells need to be performed with analysis of the wild type proteome. By 

over expressing a single protein at extremely high super physiological concentration and only 

analyzing this, the author has produced extreme positive bias to the results to observe and 

achieve the preferred outcomes. 

Authors are incorrect stating that numerous previous studies did not uncover the underlying 

chemical features that govern preferential glycation. On the contrary, features positively 

influencing reactivity with MG where identified: (i) microscopic PKa1, (ii) surface exposure2 (ref 3 

in supplementary information) 

 

Ref 

1. Naila Rabbani, Amal Ashour and Paul J Thornalley Mass spectrometric determination of early 

and advanced glycation in biology, Glycoconj J (2016) 33:553–568 DOI 10.1007/s10719-016-

9709-8 

2. Ahmed, N., Dobler, D., Dean, M. & Thornalley, P. J. Peptide Mapping Identifies Hotspot Site of 

Modification in Human Serum Albumin by Methylglyoxal Involved in Ligand Binding and Esterase 

Activity. J. Biol. Chem. 280, 5724–5732 (2005). 35 

 

 

 

Reviewer #2: 

Remarks to the Author: 

Overall, the reviewers' concerns have suitably been addressed in the revisions. The authors now 

provide an additional extended passage that clarifies the motivation and significance of the in vivo 

studies utilizing a GFP fusion. 

The authors provide point-by-point responses to the concerns of Reviewer 1 and explain clearly 

the precedence for the use of commercially available MGO in a broad set of previous studies. The 

authors have conformed to accepted practices in this regard. 

 

With regard to differences in results between the antibody-based approach used in this study and 

an alternative experimental protocol evaluating impaired trypsin digestion, the authors note in 

their response that "We had additional discussion about this in earlier drafts of the manuscript, but 

it was removed due to space constraints, as we felt it was not as essential to our conclusions as 

some of our other results." 

Because this additional discussion addresses some important aspects related to reproducibility, the 

authors should consider adding it to the supplementary information. 

 

 

 

Reviewer #3: 

Remarks to the Author: 

The response to largely the only experiment I have suggested is still confusing, unless I am 

significantly missing how exactly this experiment was performed. 

 

The authors took a peptide which they reported to be a "hit" (peptide 1) and a "non-hit" (peptide 

3) and fused this to GFP. 

 

This was then expressed in cells. 

 

The authors then evaluated the extent of glycation on these short unstructured peptides, which 

they know, in a test tube, are either prone to glycation (peptide 1) or resistant (for lack of a better 

term) to glycation (peptide 3). 

 



Unless the peptides are somehow folded into GFP, these short peptides are likely to remain 

unstructured. Short, (likely) unstructured peptides, even if they are expressed in cells, do not 

provide any novel information on what is governing selective glycation on a folded protein, which 

provides physiological relevance for the study. Does this sequence exist on proteins? Are these 

proteins more prone to glycation? 

 

Lastly, the repeated references to the previous works makes this manuscript seem like an 

incremental extension of the previous publication. 

 

That being said, aside from the GFP experiment, the experiments were very well done. The figures 

are top-notch and the manuscript is very well-written. I would like to commend the authors, 

particularly the trainees, for enduring through this process. 
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Reviewer #3  

1. “The response to largely the only experiment I have suggested is still confusing, unless I am significantly 
missing how exactly this experiment was performed. The authors took a peptide which they reported to 
be a "hit" (peptide 1) and a "non-hit" (peptide 3) and fused this to GFP. This was then expressed in cells. 
 
The authors then evaluated the extent of glycation on these short unstructured peptides, which they 
know, in a test tube, are either prone to glycation (peptide 1) or resistant (for lack of a better term) to 
glycation (peptide 3).  
 
Unless the peptides are somehow folded into GFP, these short peptides are likely to remain unstructured. 
Short, (likely) unstructured peptides, even if they are expressed in cells, do not provide any novel 
information on what is governing selective glycation on a folded protein, which provides physiological 
relevance for the study.”  

We thank Reviewer 3 for further sharing their thinking regarding the GFP experiment that we 
performed. We completely agree that the fused sequences from peptide 1 and peptide 3 likely remain 
unstructured even when fused to GFP. However, we strongly disagree with the interpretation that this 
experiment “do[es] not provide any novel information on what is governing selective glycation on a folded 
protein, which provides physiological relevance for the study.” To the contrary, in our view, this experiment 
provides a significant and novel result, clearly demonstrating that the sequence effects that control 
glycation in vitro are also able to control glycation for full-length proteins present within mammalian 
cells, an environment which contains countless competing factors (e.g., metabolites, native proteins, 
etc.) when compared to a highly controlled in vitro reaction. This was a purposeful choice in our 
experimental design, because had we decided to graft the peptide 1 and 3 sequences into a structured 
region of a particular protein, the confounding influence of that structure could have drastically 
influenced the glycation outcome in an (as of yet) unpredictable manner that would not be helpful for 
understanding if the sequence effects that we identified are physiologically relevant.  In contrast, the 
experiment that we performed addresses only the most critical question: Are the trends seen in vitro 
relevant to glycation of intact proteins by MGO in mammalian cells? The experiment we performed 
directly addresses the question of whether or not the rules that control selective glycation of peptides 
in vitro also remain relevant for controlling the glycation of proteins expressed in cells. This approach 
therefore allowed us to draw the strongest conclusions about the specific in vitro results identified in 
this manuscript, while complementing and not retreading our previously published work.   

We agree with Reviewer 3 that the remaining open questions about the contribution of structure 
warrant further investigation. Ongoing work in our lab seeks to determine how the trends observed in 
vitro are affected by secondary structure, tertiary structure, Tm, or other properties of folded proteins, 
and how they could be used to predict or control glycation on relevant cellular targets. Still, within the 
context of this study, the experiment we performed (Fig. 7 in the revised manuscript) does indeed 
demonstrate that our findings about the features that control selective glycation for peptides in vitro 
remain applicable on full-length intact proteins in living cells, and we respectfully suggest that we 
have already met the bar for demonstrating the physiological relevance of our findings.  

We recognize that some of this confusion may stem from our original explanation of the experiment 
we performed. In particular, earlier versions of the manuscript used the word “folded” in the 
description of the GFP-1 and GFP-3 proteins, which may have inadvertently and incorrectly implied 
that we were attempting to evaluate the role of structure in influencing glycation outcomes. To avoid 
any confusion about and/or overstatement of the experiment we performed, we have removed all 
instances of the word “folded” from the description of the GFP experiment. In the revised manuscript, 
we have also explicitly described the “molecular features” or “trends” that control glycation as 



Response to Reviewers 
 
 

- page 2 of 5 - 

“sequence effects”, which serves to clarify both the appropriateness and the need for the experiment 
that we performed. Accordingly, the experiment we performed is a beautifully direct way to evaluate 
the transferability and applicability of our in vitro findings on peptides to proteins in a cellular 
context. In addition to the aforementioned revisions, we have also reorganized the 
discussion section and added significant new text that addresses the limitations of the 
experiment we performed and points to areas of further study.  

 
2. “Does this sequence exist on proteins? Are these proteins more prone to glycation?”  

 
We share Reviewer 3’s interest in this question. We did indeed run the LESRHYA sequence through 
BLAST. However, we found that there are no human proteins that share 100% identity with it. There 
were a handful or proteins with roughly 85% identity to that sequence, some of which could perhaps 
be interesting to pursue. However, as past proteomics studies,1–4  and our own prior work5 have 
clearly demonstrated that there is no ‘consensus sequence’ that controls selective glycation, we were 
concerned about pursuing this approach as it unavoidably conflates multiple questions about the 
differential effects of sequence and structure on glycation outcomes. Given the complex nature of 
glycation, it would simply not possible to address both sequence and structural effects as “add-on” 
experiments to the current manuscript. As the Reviewers note, answering these lingering questions 
about the influence of structure on the sequence effects we’ve identified will require extensive 
additional work, and we have now added these as explicit areas for future study in the Discussion 
section, as mentioned above. We are certainly eager to answer those questions, and this work is 
already underway in our lab, but it represents years of further work that is outside of the scope of the 
current manuscript. Thus, conclusively determining if the sequence effects seen in vitro are relevant 
to glycation of intact proteins by MGO in mammalian cells was the most important and relevant for 
this current work, and that is why the approach using GFP fusions is ideally suited for our current 
study. 

 
3. “Lastly, the repeated references to the previous works makes this manuscript seem like an incremental 

extension of the previous publication.”  
 

We thank Reviewer 3 for bringing this to our attention, as that was certainly not our intent. We had 
added discussion in our prior revision to provide much-needed context for the GFP experiment we 
chose to pursue. However, we may have overcorrected by providing too much detail about the 
findings of our prior work. To address this, we have removed the description of our prior 
work and streamlined the discussion of the results of our GFP experiment. We have also 
reorganized the Discussion section to better convey the ways in which this work represents a 
significant advance from our prior study.  
 
4. That being said, aside from the GFP experiment, the experiments were very well done. The figures are 

top-notch and the manuscript is very well-written. I would like to commend the authors, particularly the 
trainees, for enduring through this process. 

Thank you – these comments are greatly appreciated, especially by the trainees!  
 
Reviewer #2  

1. “Overall, the reviewers' concerns have suitably been addressed in the revisions. The authors now provide 
an additional extended passage that clarifies the motivation and significance of the in vivo studies utilizing 
a GFP fusion. The authors provide point-by-point responses to the concerns of Reviewer 1 and explain 
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clearly the precedence for the use of commercially available MGO in a broad set of previous studies. The 
authors have conformed to accepted practices in this regard.” 
 

We greatly appreciate these comments from Reviewer 2 and we are pleased that our prior revision has 
suitably addressed the lingering Reviewer comments from our prior submission.  

 
2. “With regard to differences in results between the antibody-based approach used in this study and an 

alternative experimental protocol evaluating impaired trypsin digestion, the authors note in their response 
that "We had additional discussion about this in earlier drafts of the manuscript, but it was removed due 
to space constraints, as we felt it was not as essential to our conclusions as some of our other results." 
Because this additional discussion addresses some important aspects related to reproducibility, the 
authors should consider adding it to the supplementary information” 

This is a great point. We have added some discussion on this point to the figure caption in 
Supplementary Fig. 7. Thank you for the suggestion! 

Reviewer #1  

1. “This is second time authors came back justifying their fundamentally flawed experiments. I would again 
strongly suggest: These experiments must be repeated with high purity MG” 

As mentioned by Reviewer 2, we have conformed to accepted practices within the glycation field. A 
number of our studies were performed with purified AGE-modified peptides, and some were 
performed in the complex environment of a living mammalian cell. In both cases, our additional 
results supported our initial in vitro findings, eliminating any concerns about the source of MGO 
interfering with our results. Reviewer 1 has not provided a compelling or specific argument suggesting 
otherwise, despite raising this point on each revision. Numerous recent publications in this journal6,7 
and other top journals8,9 have performed well-controlled studies using the same commercial source of 
MGO without further purification, and we have published our prior work in Angewandte Chemie5 
using these same materials. Thus, the commercial source of MGO that we used for our in vitro studies 
is appropriate for generating useful information about how selective glycation is controlled, both in 
vitro and in a cellular environment. 

2. “The studies in HEK293T cells need to be performed with analysis of the wild type proteome. By over 
expressing a single protein at extremely high super physiological concentration and only analyzing this, the 
author has produced extreme positive bias to the results to observe and achieve the preferred outcomes.” 

We strongly object to Reviewer 1’s claim that our experiment was biased. Overexpression of proteins 
in mammalian cells is widely used across many disciplines, including cell biology and chemical 
biology. Still, it seems that Reviewer 1 is once again suggesting that overexpression of a protein in a 
mammalian cell an inappropriate experimental approach for reasons that remain unclear.   

In this work, we compared the glycation of two different overexpressed GFP fusions (GFP-1 and GFP-
3) to one another. We confirmed by western blot that GFP-1 and GFP-3 were expressed at 
comparable levels. Thus, any differences in their glycation can and should be attributed 
directly to the differences in the GFP-1 and GFP-3 peptide sequences.  The design of the 
experiment is completely appropriate and unbiased. 

3. “Authors are incorrect stating that numerous previous studies did not uncover the underlying chemical 
features that govern preferential glycation. On the contrary, features positively influencing reactivity with 
MG where identified: (i) microscopic PKa1, (ii) surface exposure2 (ref 3 in supplementary information).  
Ref 
1. Naila Rabbani, Amal Ashour and Paul J Thornalley Mass spectrometric determination of early and 
advanced glycation in biology, Glycoconj J (2016) 33:553–568 DOI 10.1007/s10719-016-9709-8 
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2. Ahmed, N., Dobler, D., Dean, M. & Thornalley, P. J. Peptide Mapping Identifies Hotspot Site of 
Modification in Human Serum Albumin by Methylglyoxal Involved in Ligand Binding and Esterase Activity. 
J. Biol. Chem. 280, 5724–5732 (2005).”  

We fully recognize that there have been many past efforts to identify the features that guide selective 
glycation on protein substrates, and this prior work has established that glycation occurs selectively 
for many proteins. However, those studies have rationalized findings individually without further 
experimental validation. For example, in the second article mentioned by Reviewer 1 (ref. 25 in our 
revised manuscript), Ahmed et al. reported preferential glycation of Arg410 in human serum albumin 
(HSA) by MGO. They computationally modeled the predicted surface exposure for each Arg in HSA 
and found that glycation occurred at some Arg that were largely solvent accessible, but also at some 
Arg that were less solvent exposed (including Arg410). They speculated that interactions between Arg 
and a nearby Asp “may stabilize the guanidinium group and decrease its reactivity for surface 
exposed Arg that remained unmodified.” While we agree this is completely plausible, this article does 
not provide any direct experimental evidence in support of their claims that “surface exposure and 
neighboring group effects on the basicity of arginine residues may therefore account for the 
selectivity of glycation by methylglyoxal in HSA”. Furthermore, based on an analogy to the HSA 
esterase mechanism, the authors proposed that MGO was activated by an initial hemiacetal with a 
nearby Tyr, thereby facilitating attachment of MGO to Arg410. However, this proposal was not 
validated experimentally. Taken together, it is our view that this prior study fell short of uncovering 
“the underlying chemical features that govern preferential glycation.” 

Additionally, the first reference mentioned by Reviewer 1 is a review article citing many of the same 
articles that we have included in our manuscript, supplementary materials, and past responses to the 
reviewers. One prevailing theme summarized in that review article is that “selectivity for sites of 
glycation is determined by the reactivity of the lysine, arginine of N-terminal residue under 
consideration. This is linked to: (i) microscopic pKa of the residue being modified, (ii) surface 
exposure of the modification site...” We agree that there have been many ideas put forth about the 
features that might promote glycation but few, if any, have been experimentally confirmed (as 
described above). Moreover, each study has been limited in scope and/or performed using conditions 
that are not directly comparable. Thus, these remain isolated reports that do not provide a unified 
understanding of the features that promote selective glycation. For instance, Rabbani et al. suggest 
that a lowered Arg pKa has a positive benefit on glycation, though the experiments profiled in the 
review article report glycation at some Arg with lowered (predicted) pKa and some Arg with elevated 
(predicted) pKa. To us, the data presented do not appear to reconcile with the conclusions that were 
put forth.  

While we agree that a lowered Arg pKa could facilitate the first step of the glycation mechanism, our 
rigorous experiments have clarified that glycation—particularly MGH-1 glycation—is more likely 
driven by nearby polar and ionizable groups surrounding a reactive Arg, which are able to accelerate 
later, rate-determining reactions and rearrangements to stable AGEs.  Indeed, Rabbani et al also 
mention the possibility that “a proximate conjugate base catalyzing the dehydration step involved in 
FL and MG-H1 residue formation” may influence glycation selectivity. However, they cite a single 
study that monitored glycation by glucose (to form the Amadori product, fructosyl-lysine (FL)) for a 
set of 5 helical peptides,10 and we looked into the other references cited in Rabbani et al., but most 
were review articles11,12 and we could not find a study (other than ours) that has provided 
experimental data in support of this for MGH-1 formation. It is therefore our opinion that Reviewer 1 
is vastly overstating the findings of these prior works, and we respectfully suggest that our study 
provides the type of convincing, high-quality, rigorous experimental data that has been sorely lacking 
in prior publications in this research area.  
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