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ABSTRACT 

Author: Chen, Yuan. PhD 

Institution: Purdue University 

Degree Received: December 2018 

Title: Photolytic Labeling to Probe Peptide-Matrix Interactions in Lyophilized Solids 

Committee Chair: Elizabeth M. Topp 

 

Therapeutic proteins are often lyophilized with excipients such as sucrose or trehalose to protect 

them during manufacturing and achieve a longer shelf-life. Formulation design for therapeutic 

proteins has been a trial-and-error process, and the mechanisms responsible for the stabilizing 

effects of excipients are not fully understood. Two proposed theories have been widely accepted: 

the water replacement theory and the vitrification theory.1,2 The water replacement theory suggests 

that excipients stabilize protein molecules in the solid state by forming hydrogen bonds that 

“replace” the hydrogen bonds to water that stabilize the protein in solution, while the vitrification 

theory asserts that proteins are stabilized by a glassy solid matrix of low mobility and does not 

require direct interactions between excipient and protein. A better understanding of the interactions 

between proteins and other components of the lyophilized matrix can facilitate rational formulation 

design and shorten the time in development. However, most of the analytical methods available 

can only provide information on the bulk properties of the lyophilized matrix such as moisture 

content and glass transition temperature (Tg); it has been difficult to measure the interactions 

between protein and excipient directly, if they exist. In order to characterize the interactions 

between protein and excipients in a lyophilized matrix with high resolution, a photolytic labeling 

method was developed in this dissertation, building on previous work in our research group. 

Photolytic labeling has long been used to identify protein-protein interactions in vivo.3,4 Common 

types of photo-reaction reagents and their applications are summarized in Chapter 1. The research 
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described in this dissertation utilizes the diazirine functional group, which is activated after UV 

exposure and undergoes a free radical reaction to form covalent bonds with nearby molecules. The 

reaction can be used to identify the interactions between excipients and protein or peptide in a 

solid formulation. Previous studies in our lab have shown that photo-reaction can be applied to 

lyophilized solids to study protein-matrix properties and interactions in the solid.5,6 This 

dissertation seeks to further identify photo-reaction products and analyze them in a more 

quantitative way.  

 

Chapter 2 describes a quantitative analysis of photo-reaction products in solution and lyophilized 

solids using a model peptide, KLQ (Ac-QELHKLQ-NHCH3). The purpose of the work in this 

chapter is to establish a quantitative analytical method for photo-reaction products, enabling 

studies of peptide-excipient interactions in lyophilized solids. KLQ was derivatized with a 

bifunctional probe NHS-diazirine (succinimidyl 4,4’-azipentanoate; SDA) at Lys5 to be photo-

reactive. The SDA derivatized KLQ (KLQ-SDA) was used to study the photo-reaction products 

and examine excipient interactions. Identification and quantitation of photo-reaction products of 

KLQ-SDA was achieved with liquid chromatography mass spectrometry (LC-MS) and reversed 

phase HPLC (rp-HPLC). Important reaction products such as peptide-excipient adducts and 

peptide water adducts varied in different formulations. Unexpected reaction products such as 

unproductive “dead-end” products and peptide-phosphate adducts from buffer salt were also 

detected and quantified. Together, the photo-reaction products reflected the local environment near 

Lys5 of the peptide in the solid state. This study has provided a better understanding of photo-

reaction with diazirine in the lyophilized solids together with a quantitative description of the local 

environment near Lys5.  
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In Chapter 3, the photo-reaction products in lyophilized solids exposed to increasing moisture were 

analyzed, and the effect of increasing moisture on the local environment near the peptide was 

examined. Using the analytical method developed in Chapter 2, these studies explored whether 

peptide-water interactions, as measured by the formation of water adducts formed by photolytic 

labeling, are linearly correlated with an increase in solid bulk moisture content. Formulations 

containing the KLQ-SDA peptide were exposed to various relative humidity conditions and 

photolytic labeling was induced. Solids containing disaccharide excipients behaved differently 

from those containing amino acids when exposed to the same relative humidity condition, showing 

different levels of peptide-excipient and peptide-water adducts. With increasing moisture content 

in the solids, the formation of photo-reaction products did not mimic the pattern of solutions with 

same composition, indicating differences in the local environment.  

 

An alternative approach to studying lyophilized formulations using photolytic labeling is to 

incorporate photo-reactive excipients into the solid matrix. In Chapter 4, a new diazirine-labeled 

photo-excipient, photo-glucosamine (pGlcN), was chemically synthesized and incorporated into 

formulations of the therapeutic peptide salmon calcitonin (sCT) and compared with the 

commercially available diazirine-labeled amino acid, photo-leucine (pLeu). The studies in Chapter 

4 further compared peptide-excipient interactions at the molecular level with two different photo-

excipients, ionizable pLeu and unionizable pGlcN. Changing solution pH prior to lyophilization 

was expected to change ionic interactions between sCT and pLeu in the solid samples, resulting in 

different distributions of photo-reactions products; pH-dependent differences were not expected 

for pGlcN. The results demonstrated that the distribution of photo-reaction products varied with 

the composition of the formulation and the pH of the solution prior to lyophilization. The photo-
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reaction products in the pGlcN-containing formulation differed from those pLeu, showing a 

difference in the interactions of unionizable (pGlcN) and ionizable (pLeu) excipients with sCT in 

solid samples.  

 

The work in this dissertation has developed photolytic labeling as a tool to study lyophilized 

peptide formulations, and has provided a more quantitative understanding of the photo-reaction 

products that are produced from diazirine-labeled peptides or excipients in the solid state. A new 

photo-reactive excipient has also been presented (pGlcN), which showed different photo-reaction 

products than a commercially available photo-excipient (pLeu) and is promising for future study. 

Photolytic labeling for formulation development is still in its early stages,  and additional research 

regarding reaction mechanism and complementary stability studies is needed. Nevertheless, the 

results presented in this dissertation support continued development of photolytic labeling as a 

practical method for formulation design and development.  
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CHAPTER 1. INTRODUCTION 

*Part of the content in this chapter was published in Journal of Pharmaceutical Sciences.  

DOI: 10.1016/j.xphs.2018.10.017  

1.1 Introduction of Photolytic Labeling 

Photolytic labeling, also known as photoaffinity labeling and photo-crosslinking, is a series of 

chemical reactions that are activated upon exposure to light at a certain wavelength. With covalent 

bond formation after UV activation, transient protein-protein or protein-ligand interactions can be 

captured.7,8 The use of photo-reactive reagents can be dated back to 1969 when the 4-azido-2-

nitrophenyl group was first used to label bovine -globulin and human serum albumin to study 

antibodies in vivo.9 Today, the application of photolytic labeling has been expanded to other areas 

such as  identification of membrane protein targets and the elucidation of protein structure in 

solution.10,11 Photo-reactive reagents typically are stable before UV activation and become reactive 

under specific activation conditions. Moreover, photolytic labeling generates covalently modified 

products that are stable enough to be analyzed with common analytical methods. These properties 

have allowed photolytic labeling to be increasingly used to study protein interactions both in vitro 

and in vivo. 

 

Recently, photolytic labeling has also been used in the study of lyophilized formulation of proteins. 

Traditional photo-reactive reagents, which were commonly used in protein-protein interaction 

studies in vivo, were either incorporated in the protein structure or in the lyophilized matrix to 

study the protein-excipient interactions.5,6 Quantitation of the productions of these photo-reaction 

has been limited, however, together with a lack of information regarding the mechanisms of 
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photolytic labeling in solid state. In the following sections, the known mechanisms of common 

photo-reactive reagents are summarized. Their applications are also described.  

 

1.2 Reaction Mechanism and Applications of Photo-Reactive Reagents 

1.2.1 Phenyl Azide 

Phenyl azide labels have been incorporated in the protein structure to study protein-protein 

interactions, often using modified amino acids such as p-azido-L-phenylalanine.12 The absorption 

maximum for the phenyl azide group is ~260 nm when the phenyl ring is unsubstituted.13 In studies 

involving proteins, the short wavelength required to activate phenyl azides may cause damage to 

protein structures.14 The reaction mechanism has been studied in a rigid glassy system consisting 

of diethyl ether, isopentane and ethanol at 77K.15 After UV activation, singlet and triplet 

phenylnitrene were proposed as transient intermediates. Phenylnitrene can insert into C-H, N-H or 

O-H bonds and form covalently labeled products. Phenylnitrene can also undergo ring expansion 

to form addition products with nucleophiles such as primary or secondary amines. Trace amounts 

of azobenzene were detected as side products of the reaction.15 The oxidation of phenylnitrene 

with formation of nitrobenzene has also been reported.16 The reaction products can be affected by 

system temperature and by substituent groups on the aromatic ring.17 With many possible reaction 

pathways (Fig. 1.1), the labeling yields are often low after irradiation.18 Nitrenes have shown 

different reactivities towards naturally occurring amino acids, with a preference for cysteine and 

aromatic amino acids, suggesting that labeling may favor interactions involving these amino 

acids.19  
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Figure 1.1 Reaction pathway of phenyl azide reagents. Adapted from [15] and [18]. 

 

1.2.2 Carbene 

Carbenes can form covalent bonds with molecules in their vicinity by inserting into C-C bonds, 

X-H (X=C, O, N, S) bonds or adding onto C=C bonds.20–22 Photolytic labeling with carbenes is a 

fast, relatively non-specific radical reaction. Carbenes can be generated from diazirine or diazo 

groups after UV activation at a certain wavelength.23 Stable diazo compounds such as diazo 

ketones have been reported to undergo the Wolf rearrangement (see Fig. 1.2 B), which leads to the 

formation of ketene products.24 Ketenes can be further hydrolyzed by water to form carboxylic 

acids,25 or can react with other nucleophiles. The inherent instability and low labeling yield of 

diazo compounds has limited their application in photolytic labeling studies.13  

 

Unlike diazo compounds, diazirines tend to be relatively stable, allowing their broad application 

in protein interaction studies.26 In the absence of activating light, diazirines are stable at room 

temperature. Activation requires absorption of light at relatively long wavelengths (330-370 nm), 

causing less damage to protein structure than with phenyl azides. It has been shown that the 
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diazirine radical reaction also occurs in amorphous solid powders.6 In addition to the expected 

photolytic labeling products, diazirine adducts with water and phosphate from buffer salt were 

detected in solution and solid-state reactions in these studies.27 “Dead-end” products, resulting 

from deactivation of the carbene without intermolecular reaction, accounted for a large fraction of 

the photolytic labeling products in these samples.27 The structures of these dead-end products 

remain unknown. Ketones can form at the carbene carbon after oxidation by O2 or hydrolysis of 

N-H insertion products.21 Photolysis of the diazirine can induce conversion to diazo compounds, 

which have low reactivity and can lead to undesired side products.28 A trifluoromethyl group can 

be introduced into the diazirine carbon to stabilize the carbene and prevent rearrangement.29 The 

reaction pathways of diazirines are shown in Fig. 1.2, using trifluoromethylphenyldiazirine 

(TFMD) as an example.  

 

The selectivity of the carbene towards different amino acid side chains has been studied in 

fiberglass coupled with 3-(trifluoromethyl)-3-(m-isothiocyanophenyl) diazirine.30 In this study, 

carbene preferentially interacted with cysteine and aromatic amino acids while relatively low 

affinity was observed for amino acids with aliphatic side chains. Although carbene reactions are 

thought to be relatively non-specific in solution, it remains unclear whether the preferential 

reactivity observed in the fiberglass system also occurs in amorphous powders containing proteins.    



 

 

21 

 

Figure 1.2 Reaction pathway of diazirine with trifluoromethylphenyldiazirine as an example (A) 

and diazo ketone showing Wolff rearrangement (B). Adapted from [21] and [24]. 

 

1.2.3 Benzophenone 

Benzophenones have also been used as photo-reactive reagents in protein interaction studies. For 

example, p-benzoyl-L-phenylalanine (pBpA) has been incorporated into proteins in vitro and in 

vivo as a photo-reactive analog of phenylalanine to study protein-ligand binding and protein-

protein interactions.3,31,32 Benzophenone can be activated with UV light at 350-360 nm to form a 

reactive ketyl radical that reacts preferentially with C-H bonds. A new C-C bond forms between 

the ketone carbon from benzophenone and the carbon from the C-H bond (see Fig. 3).33 C-H bonds 

adjacent to N or S atoms, especially those in methionine, are favored reaction sites for 

benzophenone compounds.34–36 Proteins are less damaged at the wavelengths required for the 
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activation of benzophenone than with the shorter wavelengths needed for phenyl azides, although 

benzophenone occasionally requires a relatively long irradiation period.37 The structure of 

benzophenone makes it stable in many solvents. However, one of the disadvantages of using 

benzophenone is that its structure does not mimic those of natural amino acids without aromatic 

rings. As a result, protein structure may be disrupted with the incorporation of pBpA or other 

benzophenones.  

 

Figure 1.3 Reaction pathway of benzophenone. Adapted from [33]. 

 

1.2.4 Applications 

1.2.4.1 Protein-protein Interactions 

Photo reactive reagents have been used to study protein-protein interactions in vivo. These reagents 

tend to have structures similar to those of natural amino acids and can be site-specifically 

incorporated into the protein. UV irradiation in situ induces the formation of covalent protein-

protein adducts, allowing transient protein-protein interactions to be captured.  

 

L-photo-leucine and L-photo-methionine are two diazirine compounds that can be chemically 

synthesized (see Fig. 1.4 A) and are available commercially. Their structures are similar to the 

corresponding natural amino acids. Photo-leucine and photo-methionine have been successfully 

incorporated into membrane proteins through unmodified mammalian translation machinery of 

COS7 (monkey kidney) cells.7 These two unnatural amino acids were nontoxic to these cells. 
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Different protein-protein complexes linked with covalent bonds were detected by western blotting. 

Photolytic labeling enabled a new protein-protein interaction between membrane protein 

PGRMC1 and Insig-1 to be identified, which is involved in the regulation of cellular lipid 

homeostasis. In a study of Alzheimer’s disease, photo-leucine and photo-methionine were used to 

confirm the preferential binding of soluble oligomeric assemblies of amyloid  peptides (ADDLs) 

with a subunit of AMPA receptors in neurons.38 A similar method utilizing these two photo-

reactive reagents was used to detect a direct interaction between subunits of RNA polymerase II 

and a mediator protein complex in eukaryotic cells.39  

 

Several diazirine compounds with structures similar to lysine have been used to study protein-

protein interactions. 3’-azibutyl-N-carbamoyl-lysine (AbK) has the diazirine functional group 

attached at the end of the lysine side chain. An approach using a combination of AbK photolytic 

labeling and stable isotope labeling of amino acids in cell culture (SILAC) allowed protein 

interactions with histone subunits to be identified in HEK293T cells.40 A second photolytically 

labeled lysine that retains the primary amine on the side chain was site-specifically incorporated 

into histone and used to identify histone and chromatin binding proteins during post-translational 

modifications in HeLa cells.41 In order to expand the spatial range in which interactions could be 

detected, N-[((4-(3-(trifluoromethyl)-3H-diazirin-3-yl)- benzyl)oxy)carbonyl]-L-lysine 

(TmdZLys) was prepared to detect possible protein interactions, with a spacer arm of 15 Å.42 

Structures of AbK, photo lysine and TmdZlys are shown in Fig. 1.4 B.  

 

The benzophenone compound p-benzoyl-L-phenylalanine (pBpA) has been used for protein-

protein interaction studies in vitro and in vivo following procedures similar to those described 
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above.31 pBpA has also been used to study protein-DNA binding.43 Another diazirine derivative 

of phenylalanine, 4’-[3-(trifluoromethyl)-3H-diazin-3-yl]-L-phenylalanine (TmfdPhe), has been 

genetically encoded in Escherichia coli and could be used in photolytic labeling in vivo44, though 

results have not been reported. Structures of pBpA and TmfdPhe are shown in Fig. 1.4 C.  

 

Figure 1.4 Structures of photo-reactive amino acids site specifically incorporated into proteins in 

vivo. Adapted from [7,31,40–42,44]. 

 

1.2.4.2 Protein-ligand Binding 

Photolytic labeling can be used to identify the interactions involved in ligand binding. For ligands 

that interact with proteins non-covalently, it is often difficult to detect their target in situ. Ligands 

with photo-reactive functional groups can be activated after UV exposure to form covalent bonds 

with the target protein. The ligand-protein complex can then be analyzed with methods such as 

SDS-PAGE and liquid chromatography mass spectrometry (LC-MS). Known ligands with photo-

reactive functional groups can also be used to discover off-target interactions, and to study 

selectivity in ligand-protein binding.  
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In early development, many drugs are designed to be ligands that are selective for specific targets. 

Off-target interactions are generally undesirable, as they can lead to unexpected side effects.45 

However, the study of off-target interactions may expand the understanding and effective usage of 

existing drugs, and may enable the discovery of new drugs or facilitate screening of drug 

candidates for a range of targets early in development.46 Dasatinib is a chemotherapeutic agent 

that targets the Src/Abl family of tyrosine kinases, and is used for the treatment of imatinib-

resistant chronic myelogenous leukemia (CML).47 DA-2, a dasatinib analog with its core structure 

maintained, was used to establish a proteome profiling method to identify off-target interactions 

of dasatinib in vivo.48 DA-2 differs from dasatinib in that a diazirine and an alkyne were introduced 

through chemical synthesis. DA-2 was internalized by both K562 and HepG2 cancer cells and 

bound to various intracellular targets. Following UV exposure, covalent bonds formed between 

DA-2 and the target proteins through the diazirine moiety. Two click reporters, rhodamine and 

biotin, each modified to contain an azide group, were then reacted with the DA-2 alkyne through 

click chemistry, allowing the ligand-complexes to be purified and analyzed. Several 

serine/threonine kinases were identified with this method, and their activities were validated by 

pull-down/immunoblotting experiments and kinase inhibition assays. In this study, the photolytic 

labeling method was able to identify more putative targets than an immobilized dasatinib affinity 

matrix. Similar diazirine and alkyne modifications have been made to the inhibitor MLN8237, 

which targets the ATP-binding site of kinases. The off-target interactions of MLN8237 were 

identified.49 

 

Angiotensin II (AngII) is an octapeptide hormone that activates AT1 and AT2 receptors and 

functions in the regulation of the cardiovascular system.50 Some truncated analogs of AngII have 
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been found to be biological active, but their receptors are difficult to distinguish from one another. 

Two photo-reactive analogs of the hexapeptide AngIV, [N3-Phe6]AngIV and [Bpa6]AngIV, were 

developed with the photo-reactive functional group at the phenylalanine residue.51 [N3-

Phe6]AngIV underwent the phenyl azide photo-reaction (Fig. 1.1) and [Bpa6]AngIV underwent 

the benzophenone photo-reaction (Fig. 1.3). [N3-Phe6]AngIV and [Bpa6]AngIV showed high 

affinity for the AT4 receptor from bovine endothelial membrane. Subsequent analysis of AT4 

showed that this receptor is a 186 kDa integral membrane glycoprotein. 

 

1.2.4.3 Structure of Proteins and Their Oligomers 

Photolytic labeling can be used to form covalent bonds between nearby residues within proteins 

themselves. Following UV exposure, analysis of the digested peptides provides information on 

protein structure. Three hetero-bifunctional probes that are both isotopically-labeled and photo-

reactive have been developed to study protein structure.11 All have an NHS ester in their structure 

that reacts preferentially with primary amines, allowing derivatization of lysine groups in the 

protein. The photo-reactive functional groups on the probes were phenyl azide (ABAS-12C6/
13C6), 

diazirine (SDA-12C5/
13C5) and benzophenone (CBS-12C6/

13C6). Proteins were first incubated with 

the probe in the dark to allow reaction with the NHS ester, followed by UV exposure to induce 

covalent bond formation within ~ 5 or 7 Å of the lysine nitrogen atom. ABAS and CBS were able 

to detect crosslinks in a well-established system of RNase S. The probe ABAS was also used to 

study the structure of a disordered protein, -synuclein, which is implicated in neurodegenerative 

disease. Multiple interactions within the protein were identified.  
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Transient protein-interactions, such as oligomerization dependent on post-translational 

modifications, can be difficult to capture. To address this problem, photo methionine was site-

specifically incorporated into the MH2 domain of the Smad2 signaling protein, which forms homo-

trimers in response to the phosphorylation of serine residues.52 This method was compatible with 

both solid-phase peptide synthesis and expressed protein ligation. The transient MH2-MH2 

interaction was captured with photolytic labeling. In a study of A16-22, its photo-reactive analogs 

were generated and incubated to form aggregates.53 Photolytic labeling of the diazirine analog 

within the aggregates was successfully used to characterize the inter-peptide interactions. The 

insertion sites were identified with LC-MS analysis.  

1.3 Photolytic Labeling In Lyophilized Solids 

Lyophilization, also known as freeze-drying, is widely used to create dried powders of therapeutic 

proteins with the goal of preserving the protein and extending the shelf-life of the product.54 

Excipients such as disaccharides are usually included in the formulation, and are thought to 

contribute to stabilization by interacting with the protein in the solid matrix.55 Understanding the 

interactions between the lyophilized matrix and the protein could contribute to rational formulation 

design and reduce the time-to-market for new protein drugs. At present, however, there is a lack 

of methods able to detect non-covalent protein-matrix interactions in the solid state. Photolytic 

labeling has been used as a new tool to address this problem. Among the photo-reactive reagents 

summarized in the previous section, diazirine functional group has been utilized for its relatively 

small size and high labeling efficiency. Photolytic labeling with diazirine has been applied in the 

lyophilized solid by two different approaches: 1) incorporating the photo-reactive functional group 

in protein structure; 2) incorporating photo-reactive reagents in formulation matrix as regular 
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excipients. The former approach would detect the local environment near the residue where the 

photo-reactive functional group is attached, while the latter one focuses on the excipient behavior.  

 

As an example of the first approach, the photo-reactive reagent can be site-specifically 

incorporated into the protein to study its interaction with surrounding environment in the 

lyophilized solids. Succinimidyl 4,4’-azipentanoate (SDA) was used to react with lysine residues 

in order to introduce a diazirine functional group into myoglobin.6 The addition of the diazirine 

label did not disturb the overall structure of myoglobin. Diazirine-labeled myoglobin was then 

lyophilized with either raffinose or Gdn HCl to detect protein-excipient interactions in the solid 

state. After proteolytic digestion of the labeled products, peptide-peptide, peptide-water and 

peptide-excipient adducts were identified by LC-MS. In this study, SDA has been found to label 

residues other than lysine and the number of SDA labels on myoglobin cannot be controlled. 

Myoblobin was heterogeneously labeled, which made the photo-reaction products complicated. 

The quantitation of photo-reaction products on concentration basis were not feasible with the 

photo-reaction products to be poorly identified. 

 

In the alternative approach, photo leucine has been included in lyophilized apomyoglobin 

formulations at molar ratios of apomyoglobin to photo leucine from 1:20 to 1:100.5 Sucrose was 

also included in the matrix. After lyophilization, the solid samples were exposed to UV at 365 nm 

to induce photo-reaction. The photolytic labeling products formed from apomyoglobin and photo 

leucine were analyzed at both intact and digested protein levels, and the sites of labeling were 

localized to specific peptide fragments. The distribution of the photo leucine label on 

apomyoglobin depended on the ratio of photo leucine to apomyglobin in the sample, and gave an 
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indication of the local interactions between apomyoglobin and photo leucine in the lyophilized 

matrix. This method has been limited by the availability of photo-reactive reagents that mimic the 

structure of regular excipients.   

 

Previous study has successfully proved that photolytic labeling can be applied to lyophilized solids 

to study protein formulations. This can be developed to be more quantitative and practical for 

analysis purpose.  

1.4 The Significance of This Study 

Currently available methods for analyzing lyophilized protein formulations are limited in their 

ability to detect direct protein-matrix interactions. Proteins in lyophilized solids are often 

characterized in terms of aggregation propensity, charge heterogeneity and chemical modifications 

using methods such as size exclusion chromatography (SEC), cation exchange chromatography or 

MS with reconstituted samples.56 Other methods such as Karl Fischer titration and differential 

scanning calorimetry (DSC) are used to evaluation of bulk properties of the lyophilized matrix. 

However, although it is widely accepted that protein-excipient interactions are critical in 

stabilizing proteins in solid formulations,54,57,58 there is a lack of detection methods with that can 

detect these interactions with high resolution. 

 

Our lab has developed solid state hydrogen-deuterium exchange with mass spectrometry (ssHDX-

MS) to characterize protein-matrix interactions that involve hydrogen bonding, the results of which 

have been well correlated with long-term stability of a monoclonal antibody.59 Since the 

photoreaction of diazirine groups is a free radical reaction, the products can show the interactions 

between the protein or peptide with molecules in their vicinity regardless of the type of interaction. 
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Molecules interacting with protein or peptide through hydrogen bonding, ionic interactions or 

other intermolecular forces can all be represented with photolytic labeling products. Developing 

photolytic labeling methods thus would expand our understanding of the mechanisms of excipient 

stabilizing effects and make progress towards the practical utilization of the method.          

 

In previous studies in our group, photolytic labeling has been applied to lyophilized solids and 

used to evaluate process and excipient effects on myoglobin formulations.5,6,60 In these studies, the 

photo-reaction products were difficult to quantify and the results were complicated to interpret.  

The work presented here enables a better and more quantitative understanding of the products of 

diazirine photo-reactions in the solid state. A diazirine-labeled short peptide was first used to 

quantify the photo-reaction products in the lyophilized solids. The effects of increasing solid 

moisture content on the local environment near the peptide were further probed using this system. 

In a separate study, a new photo-reactive reagent was chemically synthesized and incorporated 

into the lyophilized matrix. Its results were compared to those of photo-leucine, a commercially 

available photo-amino acid, to examine the effects of unionizable and ionizable excipients on 

interactions in lyophilized formulations.  

1.5 Hypothesis and Specific Aims 

Vitrification theory and water replacement theory have long been used to explain the stabilizing 

effects of excipients. Techniques such as DSC have been used to measure the bulk properties of 

solids, providing a direct measurement of properties relevant to vitrification theory.  However, 

there is a lack of detection methods that can quantitatively evaluate the interactions between a 

protein or peptide and excipients in the solid state at a molecular level. The overall objective of the 

work is to develop photolytic labeling as a high-resolution method to detect peptide-matrix 
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interactions in the solid state. Photolytic labeling products will be identified and quantified on a 

concentration basis using analytical methods such as rp-HPLC and LC-MS, and used to evaluate 

the effects of solid composition on the identity and quantity of these photolytic labeling products. 

The central hypothesis of this dissertation is that the interactions between model peptides and solid 

matrix at the molecular level are affected by the choice of excipients, an increase in solid moisture 

content and the changes in solution pH prior to lyophilization, as reflected by the formation of 

photolytic labeling products. A diazirine labeled short peptide KLQ (Ac-QELHKLQ-NHCH3) is 

used to study photolytic labeling products quantitatively. In an alternative approach, the diazirine 

labeled excipient is incorporated in the solid matrix. To advance this approach, a new photo-

reactive excipient, photo glucosamine (pGlcN), was synthesized and incorporated in a lyophilized 

matrix of salmon calcitonin (sCT) to study the effect of excipients on formulations. Thus, the 

Specific Aims of this dissertation research are:   

 

Specific Aim 1: To identify and quantify peptide-matrix interactions for a diazirine-labeled 

model peptide in lyophilized solids. A seven-amino acid peptide KLQ (Ac-QELHKLQ-NHCH3) 

will serve as the model peptide and be labeled with a diazirine group at lysine residue. The diazirine 

labeled KLQ peptide will be lyophilized with several excipients separately to probe the local 

environment near the lysine residue and the photolytic labeling products in different formulations 

will be quantitatively analyzed. The purpose of Specific Aim 1 is to establish an analytical method 

that can be used to identify and quantify photo-reaction products to study the interactions between 

peptide and excipient in the solids at a molecular level.  

Specific Aim 2: To evaluate the effect of increasing bulk moisture on the local environment 

near the KLQ peptide in lyophilized solids. Using the quantitative analytical methods 
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established for KLQ peptide in Aim 1, the local environment of the peptide will be studied when 

the solids are exposed to various levels of environmental humidity in solids containing different 

excipients. Both excipient and environmental humidity effects will be examined. The interactions 

between peptide and solid matrix are expected to be affected by changes in the bulk properties of 

solids such as moisture content. An increase in the peptide-water interactions at the molecular level, 

as reflected by higher fractional conversion to peptide-water adducts, is likely to be linearly 

correlated with an increase in bulk solid moisture.  

 

Specific Aim 3: To develop and evaluate a new photo-reactive diazirine excipient, 

glucosamine diazirine, and to compare its peptide-matrix interactions in lyophilized solids 

with those of photo-leucine. A new photo-reactive excipient, a diazirine labeled analog of 

glucosamine (photo-glucosamine, pGlcN), will be developed and incorporated into lyophilized 

solids containing a therapeutic peptide, salmon calcitonin (sCT). The labeling of sCT with pGlcN 

in various lyophilized formulations will be evaluated and quantified, and compared with results 

for the commercially available photo amino acid, photo-leucine (pLeu). Changing solution pH 

prior to lyophilization is expected to change ionic interactions between sCT and pLeu in the solid 

samples, resulting in different distributions of photo-reactions products; pH-dependent differences 

are not expected for pGlcN. 

 

1.6 Overall Approach 

A short peptide KLQ (Ac-QELHKLQ-NHCH3) will be used to further investigate the photo-

reaction products of a diazirine-labeled peptide in lyophilized solids. The KLQ sequence 

corresponds to the 14th to 20th amino acids of salmon calcitonin (sCT). KLQ will be made photo-
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reactive after labeling reaction with SDA, as previously described.6 The KLQ peptide contains 

only one lysine residue, making it easier to control the site and extent of diazirine-labeling and 

limiting the heterogeneity of the photo-reaction products. The characterization of photolytic 

labeling products will be achieved with rp-HPLC and LC-MS. The fractions of each product from 

rp-HPLC chromatogram will be collected and analyzed with LC-MS to determine their molecular 

weight and assign a likely structure. The concentrations of the products will be determined using 

the peak area from rp-HPLC chromatogram based on the calibration curves for the diazirine-

labeled peptide. As a control, the photo-reaction will also be conducted in solution formulations.  

 

To explore the effects of solid moisture content on peptide-matrix interactions, lyophilized solids 

containing the KLQ peptide will be exposed to different levels of environment moisture. With 

different excipients, the moisture content in the solids will vary. Photolytic labeling products in 

these samples will be analyzed with rp-HPLC and LC-MS, using methods developed in the 

previous study, to quantitatively show how the local environment near the peptide changes. The 

main focus will be on peptide-water and peptide-excipient adducts.  

 

To explore protein-matrix interactions using photolytically labeled excipients, photo-reactive 

reagent, photo glucosamine (pGlcN) will be chemically synthesized and used to study solid 

formulations of salmon calcitonin (sCT). pGlcN is a diazirine derivative of glucosamine and is not 

ionizable in solution. In this study, pGlcN adducts with sCT are quantified and compared to those 

of photo leucine (pLeu), which is ionizable in solution. Together with photo-reactive reagent, an 

unlabeled excipient such as sucrose or histidine will also be included in the formulation, and the 

pH of the solution prior to lyophilization will be varied. Peptide-excipient adducts are expected to 
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form and will be quantified with LC-MS based on the area of each product on the extracted ion 

chromatogram (EIC). The photo-reaction products in different combination of excipients at 

various pH level will be examined. 
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CHAPTER 2. QUANTITATIVE ANALYSIS OF PEPTIDE-MATRIX 

INTERACTIONS IN LYOPHILIZED SOLIDS USING PHOTOLYTIC 

LABELING 

*This chapter has been published in Molecular Pharmaceutics.  

DOI: 10.1021/acs.molpharmaceut.8b00283 

2.1 Abstract 

Peptide-matrix interactions in lyophilized solids were explored using photolytic labeling with 

reversed phase high performance liquid chromatography (rp-HPLC) and mass spectrometric (MS) 

analysis. A model peptide (Ac-QELHKLQ-NHCH3) derived from salmon calcitonin was first 

labeled with a heterobifunctional cross-linker NHS-diazirine (succinimidyl 4,4’-azipentanoate; 

SDA) at Lys5 in solution, with ~ 100% conversion. The SDA labeled peptide was then formulated 

with the following excipients at a 1:400 molar ratio and lyophilized: sucrose, trehalose, mannitol, 

histidine, arginine, urea and NaCl. The lyophilized samples and corresponding solution controls 

were exposed to UV at 365 nm to induce photolytic labeling and the products were identified by 

MS and quantified with rp-HPLC or MS. Peptide-excipient adducts were detected in the 

lyophilized solids except the NaCl formulation. With the exception of the histidine formulation, 

peptide-excipient adducts were not detected in solution and the fractional conversion to peptide-

water adducts in solution was significantly greater than in lyophilized solids, as expected. In 

lyophilized solids, the fractional conversion to peptide-water adducts was poorly correlated with 

bulk moisture content, suggesting that the local water content near the labeled lysine residue differs 

from the measured bulk average. In lyophilized solids, the fractional conversion to peptide-

excipient adducts was assessed using MS extracted ion chromatograms (EIC); subject to the 

assumption of equal ionization efficiencies, the fractional conversion to excipient adducts varied 
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with excipient type. The results demonstrate that the local environment near the lysine residue of 

the peptide in the lyophilized solids can be quantitatively probed with a photolytic labeling method.  

2.2 Introduction 

Therapeutic proteins are often marketed in lyophilized form in an effort to maintain their native 

structure and extend shelf-life. Excipients such as sucrose and trehalose are usually incorporated 

in the formulation to protect and stabilize the protein during lyophilization and storage. 

Considerable effort has been expended in selecting appropriate excipients to maximize stability 

for a given protein.61–63 Two theories have been proposed to explain the mechanisms of 

stabilization by excipients: (1) the water replacement theory and (2) the vitrification theory. The 

water replacement theory suggests that hydrogen bonds formed between the excipient and protein 

in the solid state can stabilize protein structure, “replacing” hydrogen bonds to water that 

contribute to structure in solution.1 The vitrification theory suggests that protein degradation is 

impeded by a glassy matrix of sugar excipients, in which limited molecular mobility limits 

degradation reactions.2 Each theory has its supporting experimental evidence and the dominant 

mechanism may be system dependent.64,65 Currently, however, neither theory provides a definitive 

guide to excipient selection, and the development of lyophilized protein formulations is largely a 

matter of trial-and-error informed by previous experience.  

 

One of the difficulties in understanding the mechanism of excipient stabilizing effect is the lack of 

analytical methods to characterize protein-excipient interactions at the molecular level in the solid 

state. Common methods used to characterize lyophilized therapeutic proteins do not directly detect 

interactions between protein and excipient, but instead monitor the properties of protein itself or 

those of the lyophilized matrix. For example, the properties of proteins in lyophilized solids are 
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often evaluated based on changes in size, charge heterogeneity and chemical modifications using 

methods such as size-exclusion chromatography (SEC), cation exchanged chromatography and 

reversed phase high-performance liquid chromatography (rp-HPLC)56 in reconstituted samples. 

Important properties of the matrix include residual moisture content and glass transition 

temperature (Tg). High moisture content has been associated with protein aggregation in some 

cases;66,67 low moisture content is generally favored for lyophilized products. Tg indicates the 

thermally induced transition of the amorphous solid from a glassy state of low mobility to a rubbery 

state of higher mobility, and is usually measured by differential scanning calorimetry (DSC). These 

methods have served as important quality standards for lyophilized products. However, direct 

information about protein-excipient interactions cannot be achieved from these well-established 

methods. If such interactions could be understood and measured, they may help us to understand 

molecular properties responsible for long-term stability and assist in rational formulation design 

in the future.   

 

Recently, our group has adopted photolytic labeling methods, long used to study protein-protein 

interactions in cells,3,4 to interrogate the local environment of proteins in lyophilized solids. For 

example, a heterobifunctional cross-linker NHS-diazirine (succinimidyl 4,4’-azipentanoate; 

SDA) was used to study protein-matrix interactions in lyophilized powders containing 

myoglobin.6 NHS-SDA contains two reactive functional groups: (i) an NHS ester (N-

hydroxysuccinimidyl ester), which reacts with primary amines and (ii) a diazirine, which is 

activated with UV light to form a carbene. The succinimidyl ester reacts with primary amines in 

solution; in these studies, myoglobin was labeled with SDA on lysine side chains. The labeled 

myoglobin (Mb-SDA) was then lyophilized with raffinose or guanidine hydrochloride. After 
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exposure of the lyophilized solids to UV light at 365 nm, the photo reactive diazirine lost N2(g) 

to form a reactive carbene. Carbenes can insert into any X-H (C, O, N, S) bond or C=C bond, 

allowing molecules near the lysine residue (~3.9 Å,spacer arm of SDA) to form cross-linked 

products with myoglobin. Using MS analysis, peptide-peptide, peptide-water and peptide-

excipient adducts were detected. The distribution of these products and the sites at which they 

were detected on myoglobin differed among formulations.  

 

This study showed the potential of utilizing SDA to detect protein interactions in lyophilized 

powders. However, since myoglobin has multiple lysine residues, a heterogeneous mixture of 

labeled protein with different numbers of SDA tags was generated in the labeling step. 

Additionally, the composition of the matrix near these labeling sites was also heterogeneous, the 

cross-linked products produced after UV exposure were even more heterogeneous and quantitation 

was difficult due to the large number of possible products. To improve our understanding of protein 

interactions in the solid state, a more quantitative analysis of these interactions is desirable.   

 

In the studies reported here, photolytic labeling in lyophilized solids was studied in a more 

quantitative way. To reduce the complexity of the cross-linked products, a model peptide of seven 

amino acids was chosen. This peptide (Ac-QELHKLQ-NHCH3) was derived from salmon 

calcitonin, a 32 amino acid therapeutic peptide used to treat osteoporosis and bone fracture in 

postmenopausal women.68 Since the N-terminus of the model peptide was acetylated, the SDA- 

labeling site for the model peptide was at the sole lysine residue (K5). A homogenous, singly SDA-

labeled peptide helped to control the number of potential cross-linked products. Moreover, 

concentration determination of the SDA labeled peptide and its cross-linked products was possible 
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using HPLC and MS. Cross-linked products including peptide-water, peptide-excipient and 

peptide-salt adducts were detected and quantified in the form of fractional conversion from the 

labeled model peptide. The reaction pathway was shown in Figure 2.1. Peptide interactions with 

different excipients and other components of the solid matrices were assessed quantitatively by 

comparing the distribution of cross-linked products.  

 

 

Figure 2.1 The reaction pathways for peptide labeling with SDA and photolytic labeling of SDA-

labeled peptide. SDA reacts with primary amine on the lysine residue and SDA-labeled peptide 

forms with elimination of N-hydroxysuccinimide. With UV exposure at 365 nm, the following 

products could form: photolytic labeling adducts with molecules such as excipients, water and 

salt from buffer in vicinity and dead-end products from unproductive intramolecular reaction. 

2.3 Materials and Methods 

2.3.1 Materials 

The model “KLQ” peptide (Ac-QELHKLQ-NHCH3) was custom synthesized by GenScript 

(Piscataway, NJ). The peptide content of the product received was ~70% of total weight. The 

labeling reagent succinimidyl 4,4’-azipentanoate (SDA) and formic acid were purchased from 

Thermo Scientific (Rockford, IL). Anhydrous methanol (99.8%), sucrose, D-mannitol, L-arginine, 

urea, tris base, potassium phosphate monobasic and potassium phosphate dibasic were obtained 

from Sigma-Aldrich (St. Louis, MO). D-(+)-trehalose, L-histidine, sodium chloride and 
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phosphoric acid (85%, certified ACS), HPLC-grade acetonitrile, HPLC-grade trifluoroacetic acid 

(TFA), MS-grade water and MS-grade acetonitrile were obtained from Fisher Scientific (Fair 

Lawn, NJ). Anhydrous dimethyl sulfoxide (DMSO) was purchased from ACROS Organics 

(Morris Plains, NJ).  

2.3.2 Analysis of the Unlabeled Peptide 

To confirm the identity and purity of the synthetic KLQ peptide, 20 mg was dissolved in 1 mL of 

deionized water and dialyzed against the same solvent for 24 hours to remove residual salts from 

the synthesis process. The peptide solution after dialysis was filtered using a syringe driven filter 

unit (0.22 µM, EMD Millipore Corporation, Billerica, MA) before lyophilization (VirTis 

Lyophilizer, SP Scientific, Stone Ridge, NY). The lyophilized solid of the purified peptide was 

weighed and dissolved in potassium phosphate buffer (2.5 mM, pH 7.4) into 1 mL solution (final 

peptide concentration 10.5 mM). The remaining solid was stored at -20 °C prior to use.  

 

The peptide sample was diluted with MS grade water (containing 0.1% formic acid) to 20 µM for 

LC-MS analysis (1260 Infinity Series HPLC; 6230 TOF LC/MS; ZORBRX 300SB-C18 column, 

1.0×50 mm, particle size 3.5 µm; Agilent Technologies, Santa Clara, CA). The solvents and the 

gradient method were: MS-grade water with 0.1% formic acid (solvent A), MS-grade acetonitrile 

with 0.1% formic acid (solvent B); a constant 10% solvent B flow from 0 to 2 minutes, followed 

by a gradient flow from 10% B to 31% B in 14 minutes.  

 

Solutions with various KLQ peptide concentrations (50-420 µM) were prepared in potassium 

phosphate buffer (2.5 mM, pH 7.4) to construct a calibration curve. All samples used for 

quantitation were prepared in triplicate unless specified. The above samples were analyzed using 
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rp-HPLC (1200 Series HPLC; ZORBRX Eclipse Plus C18 column, 4.6×250 mm, particle size 5 

µm; Agilent Technologies). The injection volume for each sample was 30 µL and the detection 

wavelength was 215 nm. The solvents and the gradient method were: filtered DDI water with 0.1% 

TFA (solvent A), HPLC-grade acetonitrile with 0.1% TFA (solvent B); a gradient flow from 15% 

solvent B to 69% solvent B in 18 minutes. The peptide concentrations and their corresponding 

chromatographic peak areas were recorded.  

2.3.3 Peptide Labeling and Analysis of the Labeled Peptide 

The labeling reagent SDA was dissolved in DMSO to a concentration of 300 mM. The unlabeled 

KLQ peptide solution was mixed with the SDA solution to achieve a peptide/SDA ratio of 1:7.5 

on a molar basis (final peptide concentration = 2 mM). The content of DMSO was kept at 5% by 

volume in the final reaction mixture. The labeling reaction was held at room temperature for 30 

min before quenching with Tris·HCl buffer (1 M, pH 8.0; final concentration 90 mM). The reaction 

mixture was dialyzed for at least 36 hours with a dialysis kit (MWCO 100-500D, Spectrum Labs, 

Rancho Dominguez, CA) to remove extra salts and any residual SDA reagent. The purified SDA-

labeled KLQ peptide (referred to as KLQ-SDA hereinafter) was analyzed using the LC-MS 

method described above. To construct an rp-HPLC assay with a calibration curve, solutions with 

various concentrations of KLQ-SDA (8.6 to 536 µM) were prepared and analyzed using the 

gradient method described above. The remaining KLQ-SDA was stored at 4 °C prior to use. 

2.3.4 Formulation Preparation 

To probe the local environment of the peptide in lyophilized solids, KLQ-SDA was lyophilized 

with each of the following excipients individually: sucrose, D-(+)-trehalose, D-mannitol, L-

histidine, L-arginine, urea and NaCl. Potassium phosphate buffer (2.5 mM, pH 7.4) was used in 
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the procedure and the stock solutions of each formulation were prepared with a final molar ratio 

of peptide: excipient of 1:400. The final pH of each formulation was adjusted to 7 using diluted 

85% phosphoric acid. The target concentration of KLQ-SDA in each formulation was 200 µM. 

The final concentration of the stock solution in each formulation was measured by rp-HPLC.  

 

The stock solution of each formulation was distributed into clear glass vials (2 mL vial, Wheaton, 

Millville, NJ). The volume in each vial was 250 µL. Samples were lyophilized according to a fixed 

lyophilization cycle, in which: (i) the starting shelf temperature was set at 20 °C and kept for 5 

min, followed by (ii) freezing over 4 steps with a temperature ramp rate of 1°C/min (hold at -5 °C 

for 15 min,  -40 °C for 60 min, -20 °C for 150 min, -40 °C for 120 min),  (iii) primary drying under 

70 mTorr at -35 °C for 1440 min, (iv) increased to 25 °C at 1 °C/min and (v) secondary drying 

under 70 mTorr at 25 °C for 720 min. The lyophilized samples were crimped with aluminum seals 

(13 mm, Wheaton, Millville, NJ) and stored at -20 °C prior to use.  

2.3.5 Photolytic Cross-Linking and Product Quantitation 

To initiate the photolytic cross-linking reaction, samples were placed in a UV Stratalinker 2400 

(Stratagene Corp., La Jolla, CA) with five 365 nm UV lamps installed inside. For each formulation, 

six samples were prepared. Three were exposed to UV light in the solid state, while the remaining 

three were reconstituted with filtered deionized water to 250 µL prior to UV exposure, to serve as 

solution controls. The lamps were allowed to warm up for 5 minutes before use, and samples were 

then placed in the UV Stratalinker for 30 minutes. The vials remained capped during UV exposure, 

and were arranged with approximately equal distances between them inside the UV chamber. After 

UV exposure, solid samples were reconstituted to 250 µL with filtered DDI water and analyzed 

together with the solution controls as described below.  
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For rp-HPLC analysis, each sample was diluted 3-fold to minimize the effects of excipient 

viscosity. The injection volume was increased to 90 µL to maintain the same amount of the peptide 

injected on the column. MS analysis was used to identify the mass of each rp-HPLC peak, allowing 

the likely structure to be inferred. For MS analysis, each sample was diluted 10 times with MS-

grade water containing 0.1% formic acid. The method used for rp-HPLC and LC-MS were the 

same as those described above for the analysis of KLQ and KLQ-SDA. The concentration of each 

cross-linked product was determined by the rp-HPLC assay by assuming that the UV absorbance 

of the cross-linked products at 215 nm was identical to that of the KLQ-SDA peptide, and thus 

could be quantified using the calibration curve for KLQ-SDA. This assumption is reasonable 

because the number of amide bonds in the cross-linked products is identical to that in KLQ-SDA. 

In some cases, peptide-excipient adducts and the regenerated KLQ peptide co-eluted on rp-HPLC 

analysis and could not be resolved.  In this case, extracted ion chromatograms (EIC) in LC-MS 

were used to resolve and quantify these two products; see APPENDIX for details. 

2.3.6 Characterization of Lyophilized Solids 

Moisture Content of Lyophilized Solids. An 831 KF Coulometer (Metrohm, Riverview, FL) was 

used to measure the moisture content of the lyophilized samples in each formulation. Anhydrous 

methanol was used to reconstitute the lyophilized samples. The moisture content (in ppm) of the 

anhydrous methanol and the reconstituted samples were recorded. The moisture content was 

calculated accordingly and reported as a weight percentage (w/w%).  

 

Tg Measurement. Glass transition temperatures of the lyophilized solids in different formulations 

were analyzed by modulated differential scanning calorimetry (MDSC) (DSC 25, TA Instruments, 
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New Castle, DE). The lyophilized powder (2-5 mg) was transferred to a Tzero Pan and sealed with 

a Tzero hermetic lid (TA Instruments, New Castle, DE). Sample preparation was finished in a 

glove box with nitrogen flow, maintaining the atmospheric moisture content at ~10%. Samples 

were heated from -5 °C to 180 °C at 2 °C/min with a modulation period of 60 s and a modulation 

amplitude of ± 1 °C. Duplicate samples were analyzed for each formulation.  

 

X-Ray Powder Diffraction (XRPD). X-ray powder diffraction (Rigaku SmartLab XRD 6000 

diffractometer, The Woodlands, TX) was used to detect the crystallinity of the lyophilized samples 

in each formulation. Data were collected at room temperature from 5° to 40° 2 with 0.02 

increments. 

2.4 Results 

2.4.1 KLQ and KLQ-SDA Peptide Analysis 

The mass of the model peptide KLQ was 949.5 Da as determined by LC/MS analysis. KLQ in the 

stock solution appeared as a single peak on the rp-HPLC chromatogram with a retention time of 

~11 min (Fig. 2.2 A). A calibration curve was established relating the KLQ concentration [C] to 

the corresponding chromatographic peak area (Fig. 2.2 B). After labeling with SDA, the original 

KLQ peak disappeared and a new peak corresponding to KLQ-SDA appeared at ~14 min (Fig. 2.2 

C); LC/MS analysis confirmed that the mass of the new peak was consistent with the production 

of KLQ-SDA. The mass of KLQ-SDA was 1059.6 Da, indicating a singly labeled product. No 

additional chromatographic peaks were observed after the labeling reaction and LC/MS analysis 

showed that no additional products were formed. KLQ was not detected after the labeling reaction 
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and the conversion of KLQ to KLQ-SDA was effectively complete. A calibration curve relating 

KLQ-SDA concentration to rp-HPLC peak area was also established (Fig. 2.2 D). 

 

Figure 2.2 Quantitation of KLQ and KLQ-SDA peptides by rp-HPLC. Representative rp-HPLC 

chromatogram for the KLQ peptide (Ac-QELHKLQ-NHCH3) (A) and corresponding calibration 

curve relating peak area (AUC) to concentration (B). Representative rp-HPLC chromatogram for 

the diazirine-labeled KLQ peptide (KLQ-SDA) (C) and corresponding calibration curve relating 

peak area (AUC) to concentration (D). See text for chromatographic conditions.  

 

2.4.2 Photolytic Labeling in Different Formulations 

KLQ-SDA was co-lyophilized with various excipients and the resulting lyophilized solids were 

then exposed to UV light to induce photolytic labeling.  The corresponding solution samples were 

also exposed to UV light to serve as controls. The peaks detected on rp-HPLC were assigned to 

the product anticipated for the reaction according to their mass. In general, the following products 

were detected in the lyophilized and solution samples after UV exposure: unlabeled KLQ, which 

was regenerated on exposure to UV light; KLQ-excipient adducts; KLQ-H2O adducts; KLQ-PO4 
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adducts resulting from reaction with buffer salt; and several “dead-end products” resulting from 

unproductive intramolecular reactions. The masses of the peaks assigned to “dead-end” products 

are consistent with the loss of a molecule of N2 from KLQ-SDA without the formation of any 

adducts with adjacent molecules. Chromatographic peaks and corresponding masses suggested 

that two different forms of KLQ-H2O adduct were present. One was attributed to a hydroxyl form 

(Form I) and the other to a ketone form (Form II) (see Fig. A1 for proposed structures). 

Representative rp-HPLC chromatograms for each formulation in solution and in lyophilized solids 

are shown in Figure 2.3, together with peak assignments. The subsections below describe the 

products identified for each formulation in greater detail.  

 

Sucrose (Fig. 2.3 A). In solution, the following products were detected after UV exposure: 

unlabeled KLQ (949.5 Da), KLQ-PO4 (1129.6 Da), KLQ-H2O Form I (1049.6 Da), dead-end 

product (1031.6 Da) and unreacted KLQ-SDA (1059.6 Da). The retention times for these products 

were 11 min, 11.5 min, 12 min, 13.5 min and 14 min, respectively. The KLQ-sucrose adduct was 

not detected in solution. In lyophilized solids, unlabeled KLQ (949.5 Da), KLQ-sucrose (1373.7 

Da), KLQ-H2O (1049.6 Da, Form I), dead-end product (1031.6 Da) and unreacted KLQ-SDA 

(1059.6 Da) were detected after UV exposure. The peak corresponding to KLQ-sucrose co-eluted 

with KLQ at ~11 min. The peak area of KLQ-H2O Form I in lyophilized solids was ~16% of that 

in solution (Fig. 2.3 A, Peak 3). The splitting of the peak for the dead-end product in both solution 

and lyophilized solids (Fig. 2.3 A, Peak 4) suggests that more than one species is present with the 

same mass. The different structures of the dead-end product could not be distinguished by LC/MS.  

 

Trehalose (Fig. 2.3 B). The chromatographic peaks for the trehalose formulation in solution and 

lyophilized solids following UV exposure were similar to those for the sucrose formulation. The 
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KLQ-trehalose adduct was not detected in solution. In lyophilized solids, KLQ-trehalose (1373.7 

Da) co-eluted with unlabeled KLQ at ~11 min.   

Mannitol (Fig. 2.3 C). The pattern of chromatographic peaks for the mannitol formulation in 

solution after UV exposure was similar to that for the sucrose formulation. In lyophilized solids, 

an additional peak was observed at ~ 12.5 min, immediately following elution of KLQ-H2O Form 

I. LC/MS analysis for this peak gave a mass of 1047.6 Da, which was assigned to a peptide-water 

adduct in ketone form (Form II) (Fig. 2.3 C Lyo, Peak 6). As with the sucrose and trehalose 

formulations, KLQ-mannitol (1213.7 Da) was not detected in solution but co-eluted with unlabeled 

KLQ for lyophilized samples.  

 

Histidine (Fig. 2.3 D). Chromatographic peaks for the histidine formulation in solution and 

lyophilized solids following UV exposure showed a pattern similar to those for the mannitol 

formulation. Interestingly, however, KLQ-histidine (1186.7 Da) was detected in both solution and 

lyophilized solids, co-eluting with unlabeled KLQ at ~11 min. In addition, KLQ-H2O Form II was 

detected in lyophilized solids (Fig. 2.3 D Lyo, Peak 6). A new product (1146.6) appeared at ~13 

min (Fig. 2.3 D Lyo, Peak 7); its structure and identity were not determined. 

 

Arginine (Fig. 2.3 E). A KLQ-arginine adduct (1205.7 Da) was detected only in lyophilized solids; 

unlike the histidine formulation, an excipient adduct was not detected in solution. KLQ-H2O Form 

II was detected in lyophilized solids (Fig. 2.3 E Lyo, Peak 6), and with a peak area ~159% greater 

than that of KLQ-H2O Form I (Fig. 2.3 E Lyo, Peak 3), suggesting that Form II is favored for this 

excipient.  
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Urea (Fig. 2.3 F). A KLQ-urea adduct (1091.6 Da) was detected only in lyophilized solids. Unlike 

the other KLQ-excipient adducts, KLQ-urea co-eluted with KLQ-H2O Form I at ~12 min (Fig. 2.3 

F Lyo, Peak 3).  

 

NaCl (Fig. 2.3 G). KLQ-excipient adducts were not detected for the NaCl formulation in either 

solution or lyophilized solids. The peak area of KLQ-H2O Form I was ~29% of that of KLQ-H2O 

Form II.  
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Figure 2.3 Representative rp-HPLC chromatograms of solutions and reconstituted lyophilized 

powders containing the photolytically labeled KLQ-SDA peptide following UV exposure, in 

formulations containing: (A) sucrose, (B) trehalose, (C) mannitol, (D) histidine, (E) arginine, (F) 

urea or (G) NaCl. See text for formulation composition.  Peak assignments and masses by LC-

MS were: 1. KLQ (949.5 Da); 2. KLQ-PO4 (1129.6 Da); 3. KLQ-H2O Form I (1049.6 Da); 4. 

dead-end product (1031.6 Da); 5. unreacted KLQ-SDA (1059.6 Da); 6. KLQ-H2O Form II 

(1047.6Da); 7. unknown product (1146.6Da). KLQ and KLQ-excipient co-eluted at 11 min (peak 

1) in sucrose (lyo), trehalose (lyo), mannitol (lyo), histidine (solution and lyo) and arginine (lyo) 

formulations. KLQ-urea (lyo) co-eluted with KLQ-H2O (Form I). KLQ-excipient was not 

detected in the NaCl formulation. 
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Figure 2.3 Continued 
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2.4.3 Quantitation of Photolytic Labeling Products 

With the exception of the KLQ-excipient adducts that co-eluted with unlabeled KLQ or KLQ-H2O, 

the concentrations of the cross-linked products were calculated using the calibration curve 

established for KLQ-SDA. This calculation assumes that the UV absorbance of these peptides at 

215 nm are identical, which is reasonable given that all of these species have similar structures and 

an equal number of amide bonds. The parent KLQ peptide was regenerated after UV exposure as 

a reaction product. When KLQ did not co-elute with the KLQ-excipient products and was resolved 

as a single peak, its concentration was calculated using the calibration curve established for KLQ.  

In cases when KLQ and KLQ-excipient co-eluted, the concentrations could not be determined 

based on the chromatographic peak area alone. In these cases, the ratio of peak areas from extracted 

ion chromatogram (EIC) of KLQ or KLQ-excipient to KLQ-H2O (Form I) was used to determine 

the concentration.  

 

To compare the results and mitigate the effect of initial KLQ-SDA concentration variation among 

different formulations, the amount of each cross-linked product was normalized to the conversion 

of KLQ-SDA parent peptide as a percentage (See SI for quantitation details). The fractional 

conversion of the parent peptide to each of the cross-linked products following UV exposure is 

reported in Figure 2.4. Several trends are evident in the data. As expected, the fractional conversion 

to the water adduct was greater in solution than in lyophilized solids for all formulations studied 

(Fig. 2.4; dark blue and light blue). This observation is consistent with a high degree of interaction 

between the peptide and water in aqueous solution, which is reduced in lyophilized solids in which 

water content is more limited. KLQ-H2O Form II adducts were not detected in solution or in the 

lyophilized solids for sucrose and trehalose formulations. In contrast, Form II was detected in all 

other lyophilized formulations, with the lyophilized NaCl formulation showing the greatest 
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fractional conversion to Form II. This suggests that reaction conditions in some solids favor the 

formation of the ketone form (Form II) of the water adduct, though the chemical definition of those 

conditions is not clear.  The ketone form (Form II) is expected to be more reactive than the 

hydroxyl form (Form I); the extent to which Form II that is initially formed on light exposure is 

then converted to other species is not known.  

 

KLQ-excipient adducts were detected in all lyophilized formulations except that containing NaCl. 

Together with the water adduct results discussed above, this result is generally consistent with the 

water-replacement hypothesis, which asserts that hydrogen bonds of peptides/proteins to water in 

solution are replaced with hydrogen bonds to stabilizing excipients in the amorphous solid state.58 

Interestingly, the conversion to KLQ-excipient adducts differed among the lyophilized 

formulations, with the greatest fractional conversion detected in the trehalose, sucrose and 

histidine formulations, which are often considered good stabilizers of lyophilized protein 

formulations. The trehalose formulation showed the greatest fractional conversion to excipient 

adducts of all the formulations. Unexpectedly, a KLQ-histidine adduct was also detected in 

solution (Fig. 2.4 D, Solution), suggesting that a specific ionic interaction may occur. Though 

arginine is also a basic amino acid frequently used to stabilize protein formulations, a KLQ-

arginine adduct was not detected in solution. These inferences regarding the conversion from the 

KLQ-SDA peptide to excipient adducts are based on EIC analysis to resolve co-eluting species, as 

described above. Comparison among different excipients requires the additional assumption of 

equal MS ionization efficiencies for the different KLQ-excipient adducts; the comparisons are thus 

contingent on the validity of this assumption.     
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KLQ-PO4 adducts were detected in all solution formulations and, to a lesser extent, in lyophilized 

formulations. This result suggests that the buffer salt interacts with the peptide in solution, perhaps 

via ionic interactions between the phosphate monobasic anion and the positively charged side 

chain of His4, which is immediately N-terminal to the SDA-labeled Lys5. This interaction is also 

observed in some of the lyophilized formulations particularly those in which lower levels of 

excipient adducts were detected (Fig. 2.4 C, E, F).  

 

The regenerated KLQ peptide, dead-end and unidentified products are essentially reaction by-

products, providing little direct information on the peptide-excipient or peptide-water interactions 

that are of greatest interest. For all formulations and in both solution and lyophilized solids, the 

greatest fraction of KLQ-SDA parent peptide was converted to dead-end products (Fig. 2.4, 

yellow). The fraction designated “unidentified products” (Fig. 2.4, grey) represents the difference 

between the fractional conversion to the products eluting at ~11 minutes on rp-HPLC and the sum 

of the equivalent KLQ and KLQ-excipient adducts determined by EIC. The fraction of unidentified 

products was generally greater in lyophilized formulations than in solution, notably in the 

lyophilized sucrose formulation (Fig. 2.4 A, grey). Ideally, the fractional conversion of all the 

photolytic labeling products from KLQ-SDA parent peptide should sum to 100%. Loss may occur 

during sample analysis and quantitation; the “unrecovered” fraction was introduced to represent 

these mass losses. With the exception of the sucrose and trehalose formulations, the unrecovered 

fraction was greater in lyophilized solids than in solution (Fig. 2.4, white).  
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Figure 2.4 Fractional conversion (in percentage) of KLQ-SDA to cross-linked products 

following UV exposure in solution (top) and lyophilized solids (bottom) containing: (A) sucrose, 

(B) trehalose, (C) mannitol, (D) histidine, (E) arginine, (F) urea or (G) NaCl. See text for 

formulation composition. Products are indicated by colors: orange = KLQ-excipient adduct; 

green = KLQ; black = KLQ-PO4 adduct; dark blue = KLQ-water adduct (Form I); light blue = 

KLQ-water adduct (Form II); yellow = dead-end product; purple = unreacted KLQ-SDA; grey = 

unidentified products; white = unrecovered KLQ-SDA compared to the stock before photolytic 

reaction. The total sums to 100%.  

 

2.4.4 Comparison of Photolytic Labeling Products Among Formulations 

The amount of KLQ-excipient adducts, KLQ-H2O adducts (i.e., the sum of Form I and Form II), 

dead-end products and unreacted KLQ-SDA were compared among the various formulations (Fig. 

2.5). As discussed above, the quantitation of KLQ-excipient adducts relied in part on EIC LC/MS. 

A comparison of the excipient adducts may therefore be affected by differences in the ionization 

efficiencies of various excipient adducts. For the purposes of this comparison, it is assumed that 

differences in ionization efficiency among the excipient adducts are negligible. The other products 

(KLQ-H2O, dead-end, KLQ-SDA) were quantified using rp-HPLC and are chemically identical 

across the formulations. Thus, comparisons of these species among the formulations are not subject 

to the assumption of equal ionization efficiency.  
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The fractional conversion of KLQ-SDA to KLQ-trehalose was 19.2%, the greatest conversion to 

excipient adducts among all the formulations tested. With the same molecular weight and a similar 

structure, the sucrose formulation showed a fractional conversion to KLQ-sucrose of 7.6% (Fig. 

2.5 A), suggesting more extensive interactions between KLQ-SDA and trehalose than sucrose in 

the solid state. Compared to lyophilized solids, the fractional conversion to KLQ-H2O adducts was 

greater in solution, as expected (Fig. 2.5 B), ranging from 28.3% to 34.9% and relatively 

independent of excipient type. The greatest fractional conversion to KLQ-H2O adducts in the 

lyophilized solids was observed in the NaCl formulation, which was ~4.8 fold greater than that in 

the sucrose formulation. The fractional conversion to dead-end products in solution was less than 

that in the lyophilized solids (Fig. 2.5 C). The unreacted KLQ-SDA fraction remained relatively 

constant in solution among the different excipients, but varied in lyophilized solids (Fig. 2.5 D). 

With the exception of the arginine formulation, the unreacted KLQ-SDA fraction was greater in 

solution than in lyophilized solids.    
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Figure 2.5 Comparison of photolytic labeling products from KLQ-SDA on exposure to UV light 

across various formulations in solution and lyophilized solids. Quantities of (A) KLQ-excipient, 

(B) KLQ-H2O, (C) dead-end products and (D) unreacted KLQ-SDA are shown as the fractional 

conversion from KLQ-SDA, reported as a percentage. KLQ-H2O adducts in lyophilized solids 

include both Form I and Form II; see text for details.  

2.4.5 Lyophilized Solid Characterization 

The moisture content, glass transition temperature (Tg) and crystallinity of the lyophilized solids 

were characterized for all formulations (Table 1). The relationship between bulk moisture content 

and the fractional conversion to KLQ-H2O adducts in lyophilized solids was shown in Figure 2.6. 

The fractional conversion to KLQ-H2O adducts represents local water in the immediate vicinity of 

the SDA-derivatized Lys residue in the KLQ peptide, while the bulk moisture content measured 

by Karl Fischer titration is a spatial average.  Among the different formulations, bulk moisture 

content and local moisture content, as measured by fractional conversion of KLQ-SDA, are poorly 
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correlated (R2= 0.12) (Fig. 2.6).  Correlation coefficients are greater (R2= 0.89) when the sucrose 

and urea formulations are omitted, however, suggesting that differences in local vs. global 

distribution of moisture in the two groups of solids.   

 

Tg values  for lyophilized sucrose, trehalose and arginine formulations (Table 2.1) were within the 

expected range.69,70 Tg is poorly correlated with the level of KLQ-excipient (R2= 0.06) or KLQ-

H2O (R2= 0.71) in these lyophilized formulations. Tg of trehalose and arginine formulations are 

comparable, while their KLQ-excipient or KLQ-H2O are significantly different from the other 

formulation (Fig. 2.5 A, B). Lyophilized solids containing mannitol, histidine, urea or NaCl 

showed crystalline character by PXRD. The KLQ-excipient adducts formed in the mannitol, urea 

and NaCl formulations were relatively low (Fig. 2.4), consistent with fewer peptide-excipient 

interactions.  

Table 2.1 Physicochemical properties of lyophilized solids containing KLQ-SDA prior to UV 

exposure. 

Formulationa 

Composition 

of Excipient 

(w/w%) 

Moisture 

Content 

(w/w%)b 

Tg (°C)c Crystalline?e  

Sucrose 99.2 1.8±0.2 63.3 N 

Trehalose 99.2 0.9±0.2 89.1 N 

 Mannitol 98.6 1.7±0.3 NAd Y 

Histidine 98.3 1.3±0.3 NA Y 

Arginine 98.5 1.6±0.2 89.8 N 

Urea 95.8 5.2±0.5 NA Y 

NaCl 95.7 4.0±0.7 NA Y 
aFormulations mainly contained solids of KLQ and excipient at a molar ratio of 1:400. 

2.5 mM potassium phosphate buffer were used during sample preparation.   
bMoisture content determined by Karl Fischer titration.  
cGlass transition temperature (Tg) determined by modulated DSC. 
dNA=not applicable; Tg not detected. 
ePresence (Y) or absence(N) of crystalline character by PXRD. 
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Figure 2.6 Comparison of KLQ-H2O water adducts following photolytic labeling of the KLQ-

SDA peptide in lyophilized samples (as % of KLQ-SDA) with bulk moisture content of the solid 

measured by Karl Fischer titration. KLQ-H2O adducts in lyophilized solids include both Form I 

and Form II. Error bars not shown when less than symbol height. 

2.5 Discussion 

In the studies reported here, the photoreaction products of a diazirine-labeled model peptide (KLQ-

SDA) were quantified in solution and solid samples, with the goal of characterizing the local 

chemical environment near the diazirine group at Lys5, particularly in the solid state. The reaction 

products reflect the local environment within a radius of ~3.9 Å, which is the length of the spacer 

arm of the SDA tag used here. SDA tag altered the properties of the lysine residue, so the 

interactions detected here reflects a local environment created with the rest of the sequence near 

Lys5 in the KLQ peptide, which may not be directly related to lysine. Seven excipients were 

chosen to study the peptide-excipient interactions. Sucrose and trehalose are generally believed to 

stabilize proteins during lyophilization and storage, while mannitol is often used as bulking 

agent.61 His and Arg are also used as stabilizers,71,72 though the mechanisms responsible for their 

stabilizing effects are not clear. Urea and NaCl were not often selected as stabilizers and included 
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as controls in this study. A combination of rp-HPLC and ESI-MS allowed the photoreaction 

products to be identified and quantified.   

 

From our previous work, we expected that excipient adducts of the KLQ peptide would be 

observed after UV exposure.5,6 Excipient adducts were in fact detected in all lyophilized solids 

except that containing NaCl (Fig. 2.4). Since inorganic NaCl is not expected to react with the 

carbene, the absence of a NaCl adduct is not surprising and not necessarily indicative of the 

absence of interactions. Interestingly, an adduct with histidine was detected in both solution and 

solid samples (Fig. 2.4), suggesting a specific interaction between histidine and the peptide. The 

presence of the histidine adduct in solution is counter to the idea that stabilizing excipients are 

preferentially excluded from the immediate vicinity of proteins in solution. Similarly, adducts with 

salts from buffer were detected in both solution and solid samples, probably the result of reaction 

of the carbene with phosphate oxygen, and indicating proximity of buffer salt to the peptide in 

both media. Since the molar ratio of excipient to phosphate buffer is more than 30 in this study, a 

fractional conversion to phosphate adducts that exceeds the fractional conversion to excipient 

adducts is a strong indication that phosphate interactions are favored (e.g., Fig. 2.4 C, Lyo; Fig. 

2.4 D Solution). To minimize peptide-peptide interactions, low peptide: excipient ratios were used 

in all formulations. As a result, the peptide-peptide adducts that were detected and mapped in our 

previous work were not detected here, and were not expected.5,6 

 

Adducts of the KLQ peptide with water were also expected and were observed in all solution and 

lyophilized formulations. While we have attributed the ketone product (KLQ-H2O Form II, Fig. 

2.3, Peak 6) to reaction of the carbene with water, it is possible that it may instead be due to reaction 
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of the carbene with oxygen (O2(g)). The latter explanation is consistent with the fact that Form II 

is detected only in solid samples, in which the surface of the lyophilized particles may be exposed 

to air, and not in solution samples, in which dissolved oxygen concentrations are orders of 

magnitude less than the concentration of water (Fig. 2.4). The reaction of biphenylcarbene with 

oxygen in solid matrices to produce a ketone (i.e., benzophenone) has been reported 

previously.73,74 If Form II is the product of reaction with oxygen, the results suggest that the various 

lyophilized formulations protect KLQ-SDA from oxygen to different extents. For example, the 

fact that the lyophilized sucrose and trehalose formulations show no Form II may suggest that 

KLQ-SDA is fully protected from oxygen in these solids, while higher levels of Form II in the 

NaCl formulation may indicate greater oxygen exposure. The correlation of KLQ-H2O adducts 

with the moisture content of the solid (Fig. 2.6) remains poor if the Form II adducts are omitted 

(Fig. S2). The reason for the Form II product detected only in lyophilized solid is unknown and 

this product may bias the quantitative analysis.  

 

Dead-end products, unreacted KLQ-SDA and regenerated KLQ were detected in all samples, 

together accounting for more than 50% of the products in most cases (Fig. 2.4). These products 

are uninformative for the purposes of this study, providing no direct information on the local 

chemical environment. The dead-end products have masses consistent with the loss of nitrogen, 

suggesting the unproductive formation of a truncated chain at Lys5 or intramolecular interaction 

of the activated carbene with other functional groups in the KLQ peptide. KLQ is derived from 

salmon calcitonin (i.e., Q14-Q20), an α-helical, 32-amino acid peptide hormone.75 It is unlikely 

that the dead-end products are the result of partial folding or secondary structure in KLQ, since 

the diazirine-functionalized Lys side chain is expected to be solvent-facing (or solid matrix facing) 
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if any helical structure is retained. It is more likely that the dead-end products reflect the absence 

of sufficiently reactive neighbors within the ~3.9 Å radius of the lysine residue. Additional studies 

using SDA reagents with a longer spacer arm (e.g., LC-SDA, succinimidyl 6-(4,4’-azipentanamido) 

hexanoate, 12.5 Å spacer arm) are warranted. On the other hand, the size of the labeling reagent 

should be carefully controlled to maintain the integrity of the structure of protein or peptide.   

 

The goal of quantitative analysis of the photoreaction products was achieved in part. Residual 

KLQ-SDA remaining after the reaction was resolved from the reaction products on rp-HPLC, and 

could be quantified absolutely against a calibration curve prepared using a known standard of 

KLQ-SDA (Fig. 2.3). Most of the other products (i.e., KLQ-H2O Form I, KLQ-H2O Form II, KLQ-

PO4, dead-end products) were also well-resolved on rp-HPLC (Fig. 2.3), and relative quantitation 

was achieved against the KLQ-SDA standard, subject to the assumption of identical UV 

absorbance of these species at 215 nm, as discussed above. The KLQ and KLQ-excipient products 

co-eluted on rp-HPLC for several formulations; relative quantitation of these species was achieved 

using EIC from LC/MS, subject to the additional assumption of equal ionization efficiencies. Thus, 

quantitative comparison of photoreaction products is likely to be most robust for those products 

having identical structures in all formulations (i.e., KLQ-SDA, KLQ-H2O Form I, KLQ-H2O Form 

II, KLQ-PO4). Quantitative comparison of excipient adducts for solution and solid forms having 

the same excipient is also likely to be reliable, while quantitative comparison among formulations 

having different excipients rests on several assumptions and is probably weaker.  The unrecovered 

fraction represents the lack of closure of the mass balance, and was greatest in solid samples (Fig. 

2). This comparison may be biased from the reaction products disproportionately contained in the 

unrecovered fraction, this may also bias quantitative comparisons.   
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Several limitations of this method should be noted. The diazirine functional group is supposed to 

insert into any X-H (C, O, N, S) bond or C=C bond without any preference. Notably, adducts with 

water and buffer salt were also detected. The reactivity of diazirine towards different molecules 

were not investigated here, which prevents a valid comparison of KLQ-excipient adducts across 

the formulations. Also, better resolution of excipient adducts may be achieved with improved LC 

method if that is the only product of interest. In this project, the fill volume of the formulation was 

designed to be small to ensure adequate UV exposure. Thus, the light penetration efficiency should 

be considered when this method is utilized on samples with large volume fill. Compared to the 

previous work,6 this study has greatly expanded our understanding of photolytic labeling in terms 

of the detected reaction products, which is not possible when heterogeneous SDA labeling protein 

was used. 

2.6 Conclusion 

In summary, a diazirine-labeled model peptide (KLQ-SDA) has been used to study peptide-

formulation interactions in both solution and lyophilized solids containing various excipients. On 

exposure to UV light, adducts of the peptide with excipients, water and buffer salts were detected 

and quantified using rp-HPLC and ESI-MS, together with unreacted KLQ-SDA, regenerated 

unlabeled peptide (KLQ) and dead-end products showing loss of nitrogen. The fractional 

conversion to various photoreaction products provides a measure of the local environment of the 

labeled Lys in the KLQ peptide; fractional conversion values were poorly correlated to bulk 

properties of the solids, such as Tg and water content. In ongoing studies, this approach is being 

used to study changes in the local environment in lyophilized solids in response to changes in 

relative humidity.  
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CHAPTER 3. PHOTOLYTIC LABELING TO QUANTIFY PEPTIDE-

WATER INTERACTIONS IN LYOPHILIZED SOLIDS 

*This chapter has been published in Molecular Pharmaceutics. 

DOI: 10.1021/acs.molpharmaceut.8b01031 

3.1 Abstract 

Interactions of a lyophilized peptide with water and excipients in the solid matrix were explored 

using photolytic labeling. A model peptide “KLQ” (Ac-QELHKLQ-NHCH3) was covalently 

labeled with NHS-diazirine (succinimidyl 4,4'-azipentanoate) and the labeled peptide (KLQ-SDA) 

was formulated and exposed to UV light in both solution and lyophilized solids. Solid samples 

contained the following excipients at a molar ratio of 1:400: sucrose, trehalose, mannitol, histidine 

or arginine. Prior to UV exposure, the lyophilized solids were exposed to various relative humidity 

(RH) environments (8%, 13%, 33%, 45% and 78%) and the resulting solid moisture content (Karl 

Fischer titration) and glass transition temperature (Tg; differential scanning calorimetry, DSC) 

were measured. To initiate photolytic labeling, solution and solid samples were exposed to UV 

light at 365 nm for 30 min. Photolytic labeling products were quantified using reversed phase high 

performance liquid chromatography (rp-HPLC) and mass spectrometry (MS). In lyophilized solids, 

studies excluding oxygen and using H2
18O confirmed that the source of oxygen in KLQ adducts 

with a mass increase of 18 amu are attributable to reaction with water, while those with a mass 

increase of 16 amu are not attributable to reaction with either water or molecular oxygen. In solids 

containing sucrose or trehalose peptide-excipient adducts decreased with increasing solid moisture 

content, while peptide-water adduct increased only at lower RH exposure, then plateaued, in partial 

agreement with the water replacement hypothesis.  
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3.2 Introduction 

Lyophilization, also known as freeze-drying, removes water from solutions of proteins or other 

biomolecules to create dry solid powders, usually in an effort to enhance stability and extend shelf-

life.76,77 A typical lyophilization cycle includes two drying stages: primary drying and secondary 

drying. Primary drying removes so-called “free water” having little or no interaction with the 

protein, while secondary drying further reduces water content by removing water molecules that 

interact with the protein more tightly.78 Water cannot be completely removed by lyophilization; 

the water that remains exists as residual moisture in the lyophilized powder. The level of residual 

moisture is usually used as an indication of the end point of the lyophilization process, and 

generally should not exceed 2-5% for a protein product.79,80   

 

Although lyophilization is intended to improve stability, residual water can adversely affect 

therapeutic protein stability in a number of ways. For example, water can be directly involved in 

chemical degradation reactions by serving as a reactant (e.g., hydrolysis), or can affect reactions 

indirectly by changing the dynamics or conformational stability of the protein.54,81 At high 

moisture content, proteins also tend to be more susceptible to various physical degradation 

processes such as denaturation and aggregation.54,82 Excipients in lyophilized solids can also be 

adversely affected by residual moisture. For example, sucrose can undergo recrystallization83 or 

hydrolysis if the matrix is sufficiently acidic.84 In general, low residual moisture is favored for 

lyophilized protein products.85 On the other hand, it has been reported that over-drying may result 

in increased insoluble aggregate content and decreased protein activity in some protein 

formulations.86 In a study of a humanized monoclonal antibody formulation, increased moisture 

within a certain range resulted in improved physical stability at high temperature without 
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introducing significant destabilizing effects on chemical stability.87 The optimal moisture content 

is often case-dependent.   

 

High moisture content in lyophilized solids can plasticize the solid and lead to decreased glass 

transition temperature (Tg), as measured by differential scanning calorimetry (DSC).88 Tg has been 

regarded as an important parameter to optimize both formulation and the lyophilization process.89 

While Tg is a measure of global mobility in the lyophilized matrix, it does not provide direct 

information regarding the local environment in which both physical and chemical degradation 

processes occur. Efforts have been made to study the local environment of proteins in lyophilized 

solids. Gravimetric sorption analysis (GSA) has been used to calculate the water monolayer (M0) 

for a lyophilized protein-sugar matrix. Protein lyophilized with sucrose or trehalose had lower M0 

values than predicted by values for pure protein and sugar, which suggests that water-protein 

interactions are reduced in these solids.90 -relaxation, which reflects local mobility and can be 

measured by dielectric spectroscopy, has been shown to be better correlated with protein stability 

in glassy sugar-based matrices than -relaxation.91 Deuterium incorporation in solid-state 

hydrogen-deuterium exchange with mass spectrometric analysis (ssHDX-MS) differed for 

myoglobin lyophilized with sucrose or mannitol, even though the two solids had similar bulk 

moisture content.92 Other common methods such as solid-state nuclear magnetic resonance 

spectroscopy (ssNMR) and solid-state Fourier transform infrared spectroscopy (ssFTIR), have 

been used to study changes in  protein structure in lyophilized solids but do not provide direct 

information on local interactions between specific domains of the protein and the matrix.93,94  
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Solid-state photolytic labeling (ssPLL) is being developed in our lab to study the local environment 

of proteins in lyophilized solids, an approach inspired by the use of photolytic labeling to study 

protein-protein interactions in vivo.7 In one embodiment of the method, ssPLL utilizes diazirine-

labeled excipients that are co-lyophilized with the protein and other excipients of interest. On 

exposure of the lyophilized powder to UV light of the appropriate wavelength (~350 nm), the 

diazirine group is activated with loss of N2(g) to produce a carbene, which then reacts covalently 

with molecules in its vicinity in the solid powder. The carbene rapidly inserts into nearby C-C 

bond or X-H (X = C, O, N, S) bonds, or adds onto C=C bonds.20,21 Following reconstitution, the 

photolytically labeled products can be analyzed with methods such as reversed-phase HPLC (rp-

HPLC) and liquid chromatography-mass spectrometry (LC-MS). An alternative approach 

introduces the diazirine label into the protein itself, e.g., by using a diazirine-functionalized reagent 

to label side chains or by site-specifically incorporating photo-amino acid into the sequence. 

 

In a previous study, a commercially available photo-amino acid, photo-leucine (pLeu; L-2-amino-

4,4'-azi-pentanoic acid) was co-lyophilized with sucrose and apomyoglobin (apoMb). ApoMb 

exhibited extents and patterns of photolytic labeling that depended on the concentration of pLeu.5 

In another study, the diazirine label was introduced into myoglobin (Mb) using the bifunctional 

reagent succinimidyl 4,4’-azipentanoate (SDA), which reacted with Mb primarily at lysine 

residues. The distribution of photolytic labeling products again depended on the excipients.6  

 

These results have demonstrated that diazirine activation and photolytic labeling occur in the solid 

state. However, quantitative analysis of photolytic labeling products in these samples has been 

difficult, particularly for SDA-labeled protein. Since the number and sites of SDA label 
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incorporation cannot be controlled, the population of labeled protein is heterogeneous even before 

photolytic labeling is induced. Upon photolytic labeling, the heterogeneity of the local 

environment near each diazirine group further increases the number of distinct chemical species 

formed, complicating quantitative analysis. In a more recent study, in order to better quantify 

photolytic labeling in the solid state, peptide-matrix interactions were probed using a model 

peptide KLQ (Ac-QELHKLQ-NHCH3).
27 Singly SDA labeled KLQ (KLQ-SDA) was lyophilized 

with several excipients separately, and a quantitation method based on rp-HPLC and LC-MS was 

used to study the product distribution. The local environment near the lysine residue of KLQ in 

the different solids was analyzed quantitatively as the fractional conversion (%) of KLQ-SDA to 

the various species produced, including covalent adducts with water, excipient and buffer (i.e., 

phosphate).   

 

In the studies reported here, ssPLL and the KLQ-SDA peptide were used to study local interactions 

between the peptide and residual water in the solid samples in greater detail. Lyophilized solids 

containing KLQ-SDA and different excipients (sucrose, trehalose, mannitol, histidine and arginine) 

were incubated under several relative humidity (RH) conditions: 8%, 13%, 33%, 45% and 78%. 

All samples were then exposed to UV light at 365 nm to initiate the photo-reaction, and the 

photolytically labeled products were analyzed quantitatively using rp-HPLC and LC-MS as in our 

previous study.27 In all the formulations tested, the peptide-water adducts did not increase in 

proportion with increasing bulk moisture in the lyophilized solid, suggesting that local hydration 

near the diazirine group is not well-represented by bulk moisture content. In contrast, peptide-

excipient adducts decreased significantly with increasing solid moisture in sucrose and trehalose 
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formulations, suggesting that peptide-excipient interactions decrease with increasing moisture 

content.  

3.3 Materials and Methods 

3.3.1 Materials 

The model peptide “KLQ” (Ac-QELHKLQ-NHCH3, MW 949.5 Da) was custom synthesized by 

GenScript (Piscataway, NJ). NHS-diazirine (succinimidyl 4,4'-azipentanoate) and formic acid 

(99+%) were obtained from Thermo Scientific (Rockford, IL). Sucrose, D-mannitol, L-arginine, 

magnesium chloride, anhydrous methanol (99.8%), tris base, potassium phosphate monobasic, 

potassium phosphate dibasic and water-18O (97 atom % 18O) were purchased from Sigma-Aldrich 

(St. Louis, MO). D-(+)-trehalose, L-histidine, sodium chloride, lithium chloride, HPLC grade 

acetonitrile and trifluoroacetic acid (TFA), MS grade water and acetonitrile, and phosphoric acid 

(85%, certified ACS) were obtained from Fischer Scientific (Fair Lawn, NJ). Anhydrous dimethyl 

sulfoxide (DMSO) was obtained from ACROS Organics (Morris Plains, NJ). Lithium bromide 

anhydrous (99%) was purchased from Alfa Aesar (Ward Hill, MA). Potassium carbonate 

anhydrous (ACS) was obtained from VWR AMRESCO (Solon, OH). 

3.3.2 Peptide Preparation and Quantitation 

KLQ peptide and SDA labeled KLQ peptide (KLQ-SDA) were prepared and quantified as 

described previously.27 Briefly, the custom-synthesized KLQ as received was further purified by 

dialysis with a dialysis device (MWCO 100-500D, Spectrum Labs, Rancho Dominguez, CA) prior 

to use. After dialysis and lyophilization, the net weight of purified KLQ solid was measured. The 

KLQ solid was reconstituted with potassium phosphate buffer (2.5 mM, pH 7.4) to prepare a stock 

solution with desired concentrations. A linear calibration curve of KLQ was established using rp-



 

 

69 

HPLC (1200 Series HPLC, ZORBRX Eclipse Plus C18 column, 4.6×250 mm, particle size 5 µm; 

Agilent Technologies) covering the range 50-420 µM.   

 

To produce diazirine labeled KLQ peptide (“KLQ-SDA”), SDA was first dissolved in DMSO to 

prepare a stock solution at 300 mM. The DMSO content in the reaction mixture was kept at 5% 

by volume. Stock solutions of SDA and KLQ were then mixed to reach a molar ratio of KLQ to 

SDA of 1 to 7.5. After 30 minutes at room temperature, the reaction was quenched using Tris HCl 

buffer (1M, pH 8.0). The reaction mixture was then dialyzed for at least 36 hours to remove the 

extra salt. The analysis of KLQ-SDA was identical to that of KLQ as described above. A linear 

calibration curve for KLQ-SDA was established over a concentration range from 8.6-536 µM.    

 

The anticipated molecular masses of both KLQ and KLQ-SDA were confirmed by LC-MS 

analysis (1260 Infinity Series HPLC; 6230 TOF LC/MS; ZORBRX 300SB-C18 column, 1.0×50 

mm, particle size 3.5 µm; Agilent Technologies, Santa Clara, CA). 

3.3.3 Lyophilized Sample Preparation 

Lyophilized powders were prepared containing KLQ-SDA and one of the following excipients: 

sucrose, D-(+)-trehalose, D-mannitol, L-histidine, L-arginine. The concentration of KLQ-SDA in 

the solution prior to lyophilization was 500 µM; the molar ratio of KLQ-SDA to excipient was 

1:400 and the final pH was adjusted to 7. Solutions were pipetted into clear glass vials (2mL vial, 

Wheaton, Millville, NJ; 250 µL/vial). Lyophilization was conducted using an established cycle 

with a process development freeze dryer (LyoStar 3, SP Scientific, Warminster, PA). The 

temperature ramp rate between steps was set to be 1 °C/min. Shelves were precooled at -5 °C, 

followed by freezing over three steps: -40 °C for 60 min, -20 °C for 150 min, -40 °C for 120 min. 
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Primary drying was then conducted at 70 mTorr and -35 °C for 1440 min, followed by secondary 

drying under the same pressure at 25 °C for 720 min. Chamber pressure was maintained using 

nitrogen, and samples were backfilled with nitrogen at 400 Torr before stoppering.  

 

The sucrose and arginine formulations of KLQ-SDA were used to further understand the formation 

of the ketone product of KLQ-SDA (KLQ-H2O Form II), observed previously.27 The ketone 

product was not observed in lyophilized powders containing sucrose, while fractional conversion 

to the ketone product in the arginine formulation was relatively high compared to other 

excipients.27 We hypothesized that the ketone product may result from KLQ-SDA reacting with 

water (H2O) or oxygen (O2) in the surrounding matrix. To test these alternatives, lyophilized 

arginine formulations were stoppered with and without nitrogen backfill while under vacuum. A 

second set of arginine-containing samples without nitrogen backfill was opened to allow air into 

the head space before the photo-reaction. Solution and lyophilized samples of the sucrose and 

arginine formulations were also prepared with H2
18O (97 atom % 18O). Solution samples were 

prepared by reconstituting lyophilized solids in H2
18O. Lyophilized samples of both formulations 

were reconstituted with H2
18O and then subjected to the lyophilization procedure described above. 

Samples were stoppered after the cycle finished before releasing the vacuum. Samples were 

prepared in triplicate for each condition studied.   

3.3.4 Moisture Content Study 

Lyophilized samples were exposed to water vapor at various relative humidities using saturated 

salt solutions of LiBr, LiCl, MgCl2, K2CO3 and NaCl. All the salt solutions were equilibrated at 

room temperature to provide relative humidity (RH) conditions of 6%, 11%, 33%, 43% and 75%, 

respectively.95 The actual humidity inside the desiccators was measured using a hygrometer 
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(Traceable Alarm RH/Temperature Monitor, Fisher Scientific, Hampton, NH).  The measured RH 

values were 8%, 13%, 33%, 45% and 78%. Lyophilized samples in open vials were placed in the 

desiccators to absorb moisture from the surrounding environment and re-stoppered upon removal 

from the desiccator. The kinetics of moisture absorption of the lyophilized samples were studied 

at 8% and 78% RH at exposure times of 0, 2, 4, 16, 24 and 48 hrs. The moisture content of these 

samples was measured by an 831 KF Coulometer (Metrohm, Riverview, FL). Samples were 

reconstituted with anhydrous methanol for the measurement. The final moisture content was 

calculated accordingly and reported as weight percentage (w/w%). All the measurements were in 

triplicate. 

3.3.5 Photolytic Labeling Reaction and Product Quantitation 

A UV Stratalinker 2400 (Stratagene Corp., La Jolla, CA) with five UV lamps at 365 nm was used 

to initiate the photo-reaction. All solution and lyophilized samples were exposed to UV light for 

30 min as triplicate samples.  Sample vials remained capped with stoppers during UV exposure. 

For samples with prior humidity exposure, the reaction was induced immediately after samples 

were removed from the desiccators. After the reaction, solid samples were reconstituted with DDI 

water for rp-HPLC and LC-MS analysis. Peaks detected on rp-HPLC were collected as they eluted 

from the column to confirm the photo-reaction product by LC-MS. As reported previously, most 

of the photolytic labeling products were quantified using rp-HPLC against calibration curves 

prepared using known standards.27 KLQ-excipient adducts were the exception to this procedure; 

due to co-elution with regenerated unlabeled KLQ, these products were quantified using LC-MS 

extracted ion chromatograms (EIC) in conjunction with rp-HPLC calibration curve. The details of 

quantitation method are described in our previous work.27 Briefly, the photo-reaction products 

were quantified as the fractional conversion of KLQ-SDA to a specific adduct. The concentration 
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of each product was determined using a calibration curve established for KLQ-SDA. For KLQ-

excipient adducts, the AUC of EIC was used to calculate their concentrations. The fractional 

conversion of each product was calculated as:  

[𝑃ℎ𝑜𝑡𝑜 − 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑃𝑟𝑜𝑑𝑢𝑐𝑡]% =
[𝑃ℎ𝑜𝑡𝑜 − 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑃𝑟𝑜𝑑𝑢𝑐𝑡]𝐻𝑃𝐿𝐶 𝑜𝑟 𝐸𝐼𝐶

[𝐾𝐿𝑄 − 𝑆𝐷𝐴]𝑏𝑒𝑓𝑜𝑟𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
× 100% 

where [𝑃ℎ𝑜𝑡𝑜 − 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑃𝑟𝑜𝑑𝑢𝑐𝑡]𝐻𝑃𝐿𝐶 𝑜𝑟 𝐸𝐼𝐶   is the concentration of each product after photo-

reaction determined from the calibration curve in units of µM; and [𝐾𝐿𝑄 − 𝑆𝐷𝐴]𝑏𝑒𝑓𝑜𝑟𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 is 

the concentration of KLQ-SDA in each formulation before photo-reaction determined from the 

calibration curve in units of µM. For example, if [𝐾𝐿𝑄 − 𝐻2𝑂]% is 10%, this means that 10% of 

the KLQ-SDA, on a molar basis, was converted to the adduct with water in the photo-reaction. 

3.3.6 Tg Measurement 

Modulated differential scanning calorimetry (MDSC) (DSC 25, TA Instruments, New Castle, DE) 

was used to measure the Tg values for the lyophilized solids. Tg could be measured for solids 

containing sucrose, trehalose and arginine. Some of the lyophilized samples did not exist in solid 

form after moisture exposure, so their Tg values were not measured. To measure Tg, 2-5 mg of the 

solid was transferred to a Tzero Pan and sealed with a Tzero hermetic lid (TA Instruments, New 

Castle, DE). The heating range was from -5 °C to 180 °C at 2 °C/min with a modulation period of 

60 s and a modulation amplitude of ± 1 °C. Tg is reported as the midpoint between the onset and 

endpoint temperatures. Duplicate measurements were performed for each formulation.  
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3.4 Results 

3.4.1 Identification of Water-Related Products 

The identification of photolytic labeling reaction products with water was based on the mass 

increase of the reactive form of KLQ-SDA peptide after photo-reaction. The product with a mass 

increase of 18 Da was assigned to the KLQ-H2O adduct (hydroxyl form, Form I, proposed structure 

shown in Fig. 3.1 A). This is reasonable since the fractional conversion of KLQ-SDA to this 

product was significantly greater for the reaction in solution than in lyophilized solids. Another 

product that was detected only in lyophilized solids, and showed a mass increase of 16 Da, was 

also initially assigned as a KLQ-H2O adduct (ketone form, Form II, proposed structure shown in 

Fig. 3.1 B).27 The reaction of diazirines with molecular oxygen (O2(g)) or water to form ketone 

products has been reported previously.21 For the purposes of this study, it is important to determine 

which of these two reactants is responsible for the proposed ketone product. Hereinafter, “KLQ-

H2O” and “KLQ-O” will be used to denote the hydroxyl and ketone products, respectively. 

 

 

Figure 3.1 Proposed structures of products assigned to peptide-water adducts in the previous 

study27: A. hydroxyl form; B. ketone form. 

 

The fractional conversion of KLQ-SDA to the ketone product was highest in the arginine 

formulation.27 Lyophilized arginine formulations were therefore used to assess whether the KLQ-
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O form is the result of reaction with O2(g). To exclude oxygen from the headspace, lyophilized 

samples were backfilled with N2(g) or stoppered directly at the end of the lyophilization cycle, 

while still under vacuum. Samples with air in the head space were used as a control. After photo-

reaction, the distribution of products did not differ among the samples produced under the three 

conditions (Fig. 3.2). The fractional conversion to KLQ-H2O was 9.20.5%, 8.50.1% and 

10.20.3% in air, N2(g) backfill and vacuum samples, respectively. The fractional conversion to 

KLQ-O was 9.40.2%, 9.80.3% and 8.40.4% in air, N2(g) backfill and vacuum samples, 

respectively. Importantly, the formation of KLQ-O did not decrease significantly when the amount 

of O2(g) in the system was reduced by sealing the samples under vacuum or under nitrogen, 

suggesting that KLQ-O is not a product of the reaction of the peptide with O2(g).  

 

 

Figure 3.2 Distribution of photolytic labeling products in lyophilized solids of the arginine 

formulation with air or N2 in the vial headspace, or sealed under vacuum. The areas of the 

segments reflect the fractional conversion of KLQ-SDA to specific products: green = regenerated 

parent peptide (KLQ); orange = adduct with arginine (KLQ-arginine); black = adduct with 

phosphate (KLQ-PO4); dark blue = adduct with water, hydroxyl form (KLQ-H2O); light blue = 

product previously assigned to the ketone form of peptide-water adducts (KLQ-O); yellow = 

dead-end products; purple = unreacted KLQ-SDA; white = unrecovered. See text for additional 

details.   

 

To obtain additional information regarding the source of oxygen in the water adducts, solution and 

lyophilized samples of the sucrose and arginine formulations were prepared using H2
18O and used 
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to study the formation of KLQ-H2O and KLQ-O products. In solution, only the KLQ-H2O product 

was detected. The KLQ-O product was not detected in lyophilized solids containing sucrose, while 

both KLQ-H2O and KLQ-O products were detected in lyophilized solids containing arginine. The 

masses of the KLQ-H2O and KLQ-O products detected in sucrose and arginine formulations 

prepared with H2
18O are shown in Table 3.1. In the solutions of sucrose and arginine formulations, 

and in lyophilized solids of the sucrose formulation, a product with a mass of 1051.6 Da was 

detected, while a product with a mass of 1049.6 Da was not. The 1049.6 Da product was previously 

assigned to the KLQ-H2O product; accordingly, the product with mass 1051.6 is assigned to KLQ-

H2
18O. This result further confirms that KLQ-H2O is the product of a reaction of KLQ-SDA with 

water. In lyophilized solids containing arginine, products with masses of 1047.6 Da and 1051.6 

Da were detected, which were assigned to KLQ-O and KLQ-H2
18O, respectively (Table 3.1). The 

mass of 1047.6 would not have been observed if the ketone product was formed due to reaction 

with water, since KLQ-18O (1049.6) would have been observed rather than KLQ-O (1047.6). The 

results of studies with H2
18O therefore suggest that the ketone product (KLQ-O) is not the direct 

result of a reaction of KLQ-SDA with H2O, nor can it be attributed to reaction with molecular 

oxygen, as discussed above (Fig. 3.2). Since water is not a direct source of oxygen for the KLQ-O 

product, only the KLQ-H2O product is used to evaluate the local interactions with water in the 

results reported below. Possible sources of oxygen in the KLQ-O product are addressed in the 

Discussion section.  
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Table 3.1 Mass corresponding to KLQ-H2O and KLQ-O products detected in sucrose and 

arginine formulations prepared with H2
18O 

Mass Detected?a 
Sucrose 

(solution)b 

Sucrose 

(lyo)c 

Arginine 

(solution)b 

Arginine 

(lyo)c 

KLQ-H2O 

(1049.6 Da) 
    

KLQ-H2
18Od 

(1051.6 Da) 
✓ ✓ ✓ ✓ 

KLQ-O 

(1047.6 Da) 
   ✓ 

KLQ-18Oe 

(1049.6 Da) 
    

a“” denotes “not detected”; “✓” denotes “detected”. Trace amount of H2O product was neglected considering 

possible contamination of H2
18O.  

bLyophilized samples were reconstituted with H2
18O.  

cLyophilized samples were reconstituted with H2
18O and lyophilized again. 

dKLQ-H2O adduct formed with oxygen isotope 18O. 
eKLQ-O adduct formed with oxygen isotope 18O. 

 

3.4.2 Effects of Moisture on Physical Properties of Lyophilized Solids  

The kinetics of moisture uptake in the lyophilized solids were studied using samples exposed to 

8% and 78% RH for each formulation. The kinetics of moisture sorption were monitored from 0 

to 48 h. With the exception of mannitol, all the lyophilized formulations reached saturation of 

moisture content after 16 hours at either 8% or 78% RH (Figure A3). The moisture content of the 

mannitol formulation did not show a significant change within the time range of moisture exposure 

at each RH value. An exposure time of 16 h was selected for the remaining RH conditions to ensure 

saturation in moisture uptake for the lyophilized solids.  

 

The moisture content of lyophilized solids after 16 h of exposure to various RH environments is 

shown in Table 3.2. In general, higher RH values are associated with greater moisture content of 

the lyophilized solids, as expected. At 78% RH, the moisture content was > 30% w/w for the 
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lyophilized sucrose and trehalose formulations. The mannitol formulation did now show 

significant changes in moisture content at different RH levels, and remained at around 3% w/w. 

The moisture contents of the histidine and arginine formulations after exposure to 78% RH were 

significantly less than those of the sucrose or trehalose formulations.  

 

Table 3.2 The moisture content (w/w%) measured by Karl Fischer titration of the lyophilized 

solids in different formulations. All the lyophilized samples were exposed to the RH value for 16 

hours; n = 3 ± SD 

Moisture content (w/w%) 

Formulation No RH 8% 13% 33% 45% 78% 

Sucrose 0.5±0.1 1.4±0.0 3.5±0.2 8.1±0.4 11.5±0.4 34.1±0.3 

Trehalose 1.0±0.4 3.1±0.1 4.2±0.4 8.6±0.2 12.0±0.5 33.7±1.4 

Mannitol 3.8±1.2 3.1±0.2 3.2±0.2 2.9±0.2 3.1±0.3 3.5±0.2 

Histidine 1.3±0.1 2.3±0.1 2.7±0.4 3.4±0.2 3.3±0.5 7.2±0.3 

Arginine 1.6±0.2 4.5±0.2 6.7±0.6 12.8±0.8 13.1±1.0 14.3±1.2 

 

Tg values were also measured to characterize the lyophilized solids (Table 3.3). Values were 

measurable for lyophilized sucrose, trehalose and arginine samples at several moisture contents. 

The Tg values for the solids not exposed to relative humidity were within reasonable ranges.69,96 

With exposure to increasing RH values and increased solid moisture content, Tg values decreased 

due to plasticization of the solids with water, as expected.81 Tg values could not be measured for 

lyophilized solids containing mannitol or histidine at any RH exposure, and Tg values could not be 

measured for the sucrose, trehalose or arginine formulations after exposure to RH values of 78%.  

Table 3.3 Glass transition temperature (Tg) of measurable solid samples 

Tg/°C No RH 8% 13% 33% 45% 

Sucrose 65.1 50.5 45.2 NAa NA 

Trehalose 97.3 75.2 68.3 43.5 NA 

Arginine 103.5 79.0 70.9 41.6 32.7 

aNot applicable. 
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3.4.3 Effect of Moisture Content on Photolytic Labeling Products in Lyophilized Solids  

As reported previously,27 the following photolytic labeling products were detected in lyophilized 

solids: regenerated KLQ (949.5 Da, peptide without the SDA label); KLQ-excipient adducts 

(1373.7 Da in sucrose and trehalose formulation, 1213.7 Da in mannitol formulation, 1186.7 Da 

in histidine formulation and 1205.7 Da in arginine formulation); KLQ-PO4 adducts (1129.6 Da, 

adduct with buffer salt); KLQ-H2O (1049.6 Da); KLQ-O (1047.6 Da); dead-end products (1031.6 

Da, non-productive product of KLQ-SDA); and unreacted KLQ-SDA (1059.6 Da) (Fig. 3.3). 

There was considerable fractional conversion to an unknown product (1146.6 Da) in the mannitol 

formulation. In our previous study, this product was detected but its fractional conversion was 

negligible.27 The fractional conversion to KLQ-H2O was significantly greater in solution than in 

the corresponding lyophilized solids, as expected. In all solution and lyophilized samples, the 

greatest fraction of KLQ-SDA was converted to dead-end products. With the exception of the 

histidine formulation, KLQ-excipient adducts were detected only in lyophilized solids. The KLQ-

O adduct was detected in lyophilized mannitol, histidine and arginine samples at all RH conditions, 

but in lyophilized sucrose and trehalose samples only at the highest RH studied. KLQ-O was not 

detected in any of the solution controls (Fig. 3.3).  
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Figure 3.3 Fractional conversion to various photolytic labeling products in lyophilized 

formulations containing different excipients (sucrose, trehalose, mannitol, histidine, arginine) 

with varied RH exposure (8%, 13%, 33%, 45% and 78% RH). Lyophilized samples without RH 

exposure and solution samples are included as controls. The area of each colored sector 

represents the fractional conversion (%) of KLQ-SDA to a specific product after photo-reaction: 

green = regenerated KLQ; orange = KLQ-excipient; black = KLQ-PO4; blue (dark) = KLQ-H2O; 

blue (light) = KLQ-O; yellow = dead-end products; purple = unreacted KLQ-SDA; grey (dark) = 

an unknown product (1146.6 Da); grey (light) = unidentified products (unknown identities, 

concentration difference resulted from rp-HPLC result and EIC result); white = unrecovered. 

Any fractional conversion < 1% was neglected. 
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Sucrose and Trehalose Formulations. Sucrose and trehalose are both disaccharides and have the 

same molecular weight. In solution and in lyophilized solids exposed to 78% RH, the distribution 

of photolytic labeling products was nearly identical for the two disaccharides (Fig. 3.3). In 

lyophilized solids exposed to RH < 78%, the fractional conversion to KLQ-excipient adducts was 

significantly greater for the sucrose and trehalose formulations than for the other formulations at 

each RH value. This suggests that, compared to other excipients, more sucrose and trehalose are 

in close proximity to the diazirine functional group and react with the carbene following photolytic 

activation. The fractional conversion to excipient adducts is somewhat greater for KLQ-trehalose 

than for KLQ-sucrose in lyophilized solids that were not exposed to RH-controlled atmosphere 

(“Lyo”, Fig. 3) and from 8 to 45% RH exposure (i.e., 8%, 13%, 33% and 45%; Fig. 3.3). In contrast, 

the fractional conversion to KLQ-H2O was only slightly greater (~ 1-2%) in the trehalose 

formulation than in the sucrose formulation from 8 to 45% RH exposure. At 78% RH exposure, 

the KLQ-O product was detected in both sucrose and trehalose samples, with fractional conversion 

less than 5%.  

 

Mannitol Formulation. The distributions of photolytic labeling products in lyophilized solids with 

and without RH exposure were similar (Fig. 3.3). The fractional conversion to the KLQ-mannitol 

adduct was relatively low compared to other formulations, and decreased slightly with increasing 

RH, from 2.0% in solids without RH exposure to 1.3% in solids with 45% RH exposure (Fig. 3.3). 

KLQ-mannitol adducts were not detected at 78% RH. This suggests that, relative to sucrose and 

trehalose formulations, there are fewer mannitol-peptide interactions in the lyophilized solids. The 

fractional conversion to KLQ-H2O did not change significantly with moisture exposure, while the 
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KLQ-O fraction increased somewhat at 78% RH. The fractional conversion to regenerated KLQ 

decreased and KLQ-PO4 was not detected at 78% RH (Fig. 3.3).  

 

Histidine and Arginine Formulations. The fractional conversion to KLQ-excipient adducts was 

slightly greater in histidine formulations without RH exposure and from 8% to 13% RH exposure 

compared to the corresponding arginine sample at the same RH exposure level (Fig. 3.3). KLQ-

excipient adducts were not detected at 78% RH exposure for arginine or histidine formulations. 

The fractional conversion to KLQ-H2O adducts decreased slightly in histidine solids from 8% to 

45% RH exposure, while it was relatively independent of RH exposure in arginine samples. The 

fractional conversion to KLQ-O was highest in histidine formulations exposed to 78% RH, while 

it gradually decreased in arginine formulation with increasing moisture exposure. Less regenerated 

KLQ peptide was detected in arginine formulation than that in the histidine formulation at each 

RH condition. The solution sample of the arginine formulation showed the largest fractional 

conversion to KLQ-PO4 among all the samples.    

3.4.4 Effects of Moisture Content on Conversion to KLQ-H2O and KLQ-Excipient Adducts in 

Lyophilized Solids  

Among the photolytic labeling products, the KLQ-H2O and KLQ-excipient adducts are of the 

greatest interest in formulation design, since they show the direct interactions of the peptide with 

water and excipients in the solid matrix. The fractional conversion to KLQ-H2O and KLQ-

excipient adducts as a function of moisture content in the lyophilized solids are shown in Figure 

3.4. 
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Figure 3.4 Fractional conversion (%) of KLQ-SDA to KLQ-H2O adduct (open triangles) and 

KLQ-excipient adducts (closed circles) as a function of moisture content (w/w%) in lyophilized 

solids containing (A) sucrose, (B) trehalose, (C) mannitol, (D) histidine, or (E) arginine. See text 

for formulation composition. n=3 ±SD for both moisture content measurement and photolytic 

labeling product quantitation; SD not shown when smaller than the symbol.  

 

Changes in the fractional conversion to KLQ-H2O and KLQ-excipient adducts with increasing 

moisture content were similar in the sucrose and trehalose formulations. The fractional conversion 

to KLQ-H2O increased initially and reached a plateau at a bulk moisture content of 3.5% (w/w) in 

the sucrose formulation and 4.2% (w/w) in the trehalose formulation (Fig. 3.4 A, B), values that 

correspond roughly to the optimal residual moisture content for protein stability.79 In contrast, the 

fractional conversion to KLQ-excipient adducts decreased sharply with increasing solid moisture 

content in these two formulations, particularly at low moisture content, suggesting that a loss of 

stabilizing interactions with excipients may contribute to the 2-5% optimal residual moisture 

content commonly observed in lyophilized protein formulations. At ~34% (w/w) moisture content 

in both sucrose and trehalose formulations, the fractional conversion to KLQ-excipient adducts 
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was ~1.5%, significantly less than the conversion to KLQ-H2O at this moisture content in these 

formulations (Fig. 3.4 A, B). In the mannitol formulation, the fractional conversion to KLQ-H2O 

and KLQ-mannitol, as well as the moisture content of the mannitol solids, showed little variation 

with changes in RH exposure (Fig. 3.4 C), which may reflect phase separation or recrystallization 

of mannitol as observed previously for this formulation.27 KLQ-mannitol was not detected at 78% 

RH, which was comparable to the low fractional conversion to peptide-excipient adducts in 

sucrose and trehalose formulations. The fractional conversions to KLQ-H2O and KLQ-mannitol 

were 11%~13% and 1.3~2.0%, respectively, while the solid moisture content was ~3% (w/w). The 

histidine and arginine formulations showed greater fractional conversion to KLQ-H2O adducts 

than to KLQ-excipient adducts throughout the moisture content range tested (Fig. 3.4 D, E), which 

again may reflect phase separation or recrystallization. The changes in the fractional conversion 

to KLQ-H2O adducts with changes in moisture content were minor. The fractional conversion to 

the KLQ-histidine adduct decreased from 6.1% to 1.4% and that of the KLQ-arginine adduct 

decreased from 4.5% to 2.6% over the moisture content range tested. For the histidine and arginine 

formulations, KLQ-excipient adducts were not detected at the highest RH exposure. The histidine 

and arginine formulations showed comparable trends in KLQ-H2O and KLQ-excipient adducts 

with changing moisture content (Fig. 3.4 D, E), although the moisture content of the arginine solids 

at each RH level (1.6-14.3% w/w; Table 3.2) was significantly greater than that of the histidine 

solids (1.3-7.2% w/w; Table 3.2).  

3.4.5 Formation of KLQ-PO4 in Lyophilized Solids 

The KLQ-PO4 adduct reflects interactions between the KLQ-SDA peptide and phosphate from the 

formulation buffer; there is no other source of phosphate in the samples. The fractional conversion 

of KLQ-SDA to KLQ-PO4 adduct in the various formulations under different RH conditions is 
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shown in Figure 3.5. The sucrose and trehalose formulations showed the greatest fractional 

conversion to phosphate adduct in solids with 45% RH exposure, and was greater than in solution 

samples containing these excipients (Fig. 3.5). This suggests that interactions with phosphate are 

at a maximum at moderate hydration in these solids, and may be reduced by competing interactions 

with sugars at lower moisture content and by dilution at higher moisture content. In the mannitol 

formulation, there were no significant differences in the fractional conversion to KLQ-PO4 adduct 

in solution and solid samples, which was less than 2% in all cases. Phase separation and/or 

recrystallization of mannitol may prevent KLQ-mannitol interactions at all moisture contents, so 

that there is no competition between the sugars and phosphate for interaction with the peptide, and 

KLQ-PO4 levels are unaffected by moisture content. For lyophilized mannitol solids exposed to 

78% RH, the KLQ-PO4 adduct was not detected, the reason for which remains unknown. Histidine 

and arginine solution samples showed the highest fractional conversion to the KLQ-PO4 adduct, 

suggesting specific interactions with lower values detected in the lyophilized solids at all RH 

conditions. In lyophilized histidine formulations, the fractional conversion to the KLQ-PO4 adduct 

increased significantly in solids with RH exposure at 33% and 45% compared to that at 13% (Fig. 

3.5), while the solid moisture content also increased from 6.7% (13% RH) to ~13% (33% and 45% 

RH) (Table 3.2).  
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Figure 3.5 The fractional conversion of KLQ-SDA to KLQ-PO4 in the lyophilized solids with 

exposure to different RH conditions across formulations. 

3.5 Discussion 

In solution, the chemical and structural stability of a protein or peptide is maintained by a variety 

of forces, which include hydrophobic interactions, hydrogen bonding and electrostatic interactions. 

Dehydration of the solution to produce a dry powder can disturb these interactions and have 

negative effects on stability.97 Several different mechanisms have been proposed for the stabilizing 

effects of carbohydrate excipients in the solids. For example, the water replacement theory 

suggests that hydrogen bonds to water are ”replaced” with hydrogen bonds to stabilizing 

carbohydrates in amorphous solids as drying occurs.98 The water entrapment hypothesis asserts 

that, rather than binding directly to the protein, stabilizing carbohydrates trap water molecules in 

an intermediate layer between the matrix and the protein surface, so that the movement of water is 

slowed.99–101 The vitrification theory proposes that stabilization is the result of the formulation of 

a glassy solid of low molecular mobility.2 On the other hand, residual water that is not removed 

during drying may also adversely affect protein stability since it can act as a plasticizer and 
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participate in chemical degradation reactions.102,103 Significant efforts have been made to study the 

role of water in lyophilized solids. Water can affect hydrogen bond formation between protein and 

excipient. The water replacement theory suggests that hydrogen bonds to water are ”replaced” with 

hydrogen bonds to stabilizing carbohydrates in amorphous solids as drying occurs.98 In the unified 

model of protein dynamics, fluctuation of bulk solvent controls large scale protein motions while 

that of the hydration shell controls the internal protein motions. The former are absent in solids 

and the latter are absent in dehydrated proteins.104,105 Molecular simulation of water dynamics near 

the protein surface at moderate to high hydration levels has been conducted in several systems 

including native protein and powder environments. The results showed that the exchange of 

protein-water hydrogen bonds by translational displacement of water is required for protein 

structural relaxation while rotational motion itself is not sufficient.106 It has been suggested that 

the distribution of water on the protein during the sorption process is not uniform.107 Water may 

interact with charged groups on the protein first, followed by interactions with less readily ionized 

areas such as the peptide backbone. Multiple layers of water are thought to form on the protein 

surface, with weakly binding water last and most distant from the protein.108 

 

In the current study, peptide-water interactions in lyophilized solids were studied using a diazirine-

derivatized model peptide (KLQ-SDA). On exposure to UV light, photolytic-labeling products 

formed between the peptide and adjacent molecules in the lyophilized matrix and were quantified 

as a measure of the various interactions. Interactions detected with this model peptide were within 

a range of ~3.9 Å of the Lys5 sidechain, since this is the approximate length of the spacer arm of 

the NHS-diazirine reagent. With the charged amine group masked by diazirine functionalization, 

ionic interactions that directly involve Lys5 are not detected using this approach.  
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Increased RH exposure to lyophilized solids was associated with changes in the photolytic labeling 

products across all the formulations studied. In sucrose and trehalose formulations, KLQ-excipient 

adducts decreased with increasing solid moisture content (Fig. 3.4 A, B). Water replacement theory 

would suggest that KLQ-H2O adduct should have formed to “replace” the decrease in interactions 

with carbohydrates. However, in both formulations, the level of KLQ-H2O adduct increased as 

solid moisture increased from low values to ~4% (w/w), but then reached a plateau, and a simple 

correspondence between decreasing peptide-excipient adducts and increasing peptide-water 

adduct was not observed. In the mannitol formulation, an increase in solid moisture was not 

observed with the exposure to increasing RH (Table 3.2). However, KLQ-mannitol adducts were 

not detected in 78% RH solid sample (Fig. 3.3 Mannitol). KLQ-excipient adducts were also absent 

in in histidine and arginine formulations at 78% RH (Fig. 3.3 His, Arg). Instead of showing a 

dependence on RH, as in the sucrose and trehalose formulations, the level of KLQ-H2O adducts in 

mannitol, histidine and arginine formulations fluctuated around a relatively constant value over 

the range of RH conditions studied (Fig. 3.4 C, D, E). Across the formulations used in this study, 

then, changes in the levels of KLQ-excipient adducts were not compensated by counterbalancing 

changes in KLQ-H2O adducts. This suggests that the water replacement hypothesis is not strictly 

applicable at the molecular scale and that water entrapment and/or vitrification may be important 

in the stabilization typically observed in sucrose and trehalose formulations of proteins. However, 

this inference rests on the assumption that the carbene reacts non-specifically with water and the 

various excipients, an assumption that will be discussed below.  

 

In our previous report on photolytic labeling in this system, we tentatively identified the KLQ-O 

adduct (+16 amu) as one of two products of the reaction of the activated peptide with water. Efforts 
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were made in this study to more thoroughly identify the source of the KLQ-O adduct.  Interestingly, 

the results demonstrate that KLQ-O is not a product of the activated peptide with either water or 

O2(g) (Fig. 3.2 and Table 3.1). KLQ-O was detected in solid samples of mannitol, histidine and 

arginine formulations and in solid samples containing sucrose and trehalose at the highest RH 

(78%) (Fig. 3.3). The source of oxygen in the KLQ-O adduct remains unknown and the sites at 

which the peptide has been modified in these +16 amu products have not been identified. 

Nevertheless, the presence of the KLQ-O adduct suggests that, in addition to the carbene, 

photolytic activation may also generate reactive oxygen species (ROS) that react with the peptide, 

and that the oxygen source in the ROS may include matrix excipients or the peptide itself.  

 

At a broader level, the unknown source of oxygen in the KLQ-O product reflects the fact that the 

mechanisms of the carbene reaction are not fully understood, particularly in the solid state. In 

solution, carbenes are thought to insert non-specifically into C-C, X-H (X = C, O, N, S) or C=C 

bonds,20,21 making them attractive for studies of protein-protein interactions. Here, by adopting a 

photolytic labeling strategy to study solid formulations of peptides, we hoped to identify and 

quantify peptide-excipient and peptide-water interactions in a similar way. A broader variety of 

reaction products was detected than initially anticipated, however, indicating that the carbene also 

reacts inter-molecularly with phosphate (KLQ-PO4) and with oxygen (KLQ-O), as well as intra-

molecularly to produce “dead-end” products.  Whether all these reactions of the carbene are truly 

non-specific, occurring at similar rates and to similar degrees of conversion, is not known.  

Differences in reactivity (i.e., rate or specificity) may bias the distribution of products; if so, the 

observed differences in fractional conversion (Fig. 3.3) may reflect differences in reactivity rather 
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than differences in the local environment. Additional studies of the carbene reaction in solid 

samples and the factors controlling reactivity would help address these questions.  

3.6 Conclusion 

In summary, a diazirine-labeled model peptide (KLQ-SDA) has been used to quantify the effects 

of changing solid moisture content on the local environment of the peptide in lyophilized solids, 

as reflected by the fractional conversion of KLQ-SDA to various photolytic labeling products. 

With increasing solid moisture content, the fractional conversion to adducts between the peptide 

and sucrose or trehalose decreased, while that to adducts with water increased initially and then 

plateaued. In solids containing mannitol, histidine or arginine, the solid moisture content and the 

fractional conversion to excipient adducts and water adducts all showed relatively less variation 

with changing RH exposure. The results are in partial agreement with the water replacement 

hypothesis, which suggests that interactions with stabilizing excipients “replace” hydrogen bonds 

to water in lyophilized solids, yet call into question the extent to which replacement occurs as an 

even exchange (i.e., one excipient for one water) at the molecular scale. In addition, an adduct of 

the peptide with oxygen (KLQ-O) was further identified in solid samples. The source of oxygen 

in KLQ-O was shown to be neither water nor molecular oxygen, implicating reactive oxygen 

species generated from other components of the solid.   
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CHAPTER 4. A NOVEL PHOTO-REACTIVE EXCIPIENT TO PROBE 

PEPTIDE-MATRIX INTERACTIONS IN LYOPHILIZED SOLIDS 

*This chapter has been submitted to Journal of Pharmaceutical Sciences. 

4.1 Abstract 

Excipients used in lyophilized protein drug products are often selected by trial-and-error, in part 

because the analytical methods used to detect protein-excipient interactions in lyophilized solids 

are limited. In this study, photolytic labeling was used to probe interactions between salmon 

calcitonin (sCT) and excipients in lyophilized solids. Two diazirine-derived photo-excipients, 

photo leucine (pLeu) and photo glucosamine (pGlcN), were incorporated into lyophilized solids 

containing sCT, together with an unlabeled excipient (sucrose or histidine) at pre-lyophilization 

pH values from 6 to 9.9. Commercially available pLeu was selected as an ionizable photo-

excipient and amino acid analog, while pGlcN was synthesized as an analog of sugar-based 

excipients. Photolytic labeling was induced by exposing the solids to UV light (365 nm, 30-60 

min) and the resulting products identified and quantified with liquid-chromatography mass 

spectrometry (LC-MS). The distribution of photo-reaction products was affected by the photo-

reactive reagent used, the type of unlabeled excipient and the solution pH prior to lyophilization. 

When other components of the solid were identical, the extent and sites of labeling on sCT were 

different for pGlcN and pLeu. The results suggest that ionizable and non-ionizable excipients 

interact differently with sCT in lyophilized solids, and that photo-excipients can be used to map 

these interactions.  
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4.2 Introduction 

Interactions between a lyophilized protein drug and pharmacologically inactive components of the 

solid matrix (“excipients”) help to stabilize the protein during lyophilization and subsequent 

storage in the dry state.55,109 Several types of interactions can occur, including ionic interactions, 

hydrogen bonding, cation-π interactions and dispersive interactions.110 In solution, protein-

excipient interactions have been studied using methods such as circular dichroism (CD), Raman 

spectroscopy and confocal microscopy.111–113 Though more limited, several methods are also 

available to study these interactions in solid samples. For example, amide I band Raman 

spectroscopy has been used to characterize the secondary structure of a therapeutic monoclonal 

antibody formulated with different excipients in solution, lyophilized solids and spray-dried solids. 

The observed structural changes were correlated with the rate of aggregation in long-term stability 

studies.114 Fourier-Transform Infrared Spectrometry (FTIR) has been used to study the interactions 

between carbohydrates and lysozyme in lyophilized solids using the amide band region.98 Non-

covalent interactions were detected between a humanized monoclonal antibody and arginine as an 

excipient by the chemical shifts on the 13C and 15N solid-state nuclear magnetic resonance (ssNMR) 

spectra.72 Hydrogen deuterium exchange (HDX), a method traditionally used for proteins in 

solution, has been applied to solids to detect differences among several formulations of a 

monoclonal antibody, and deuterium uptake in freshly lyophilized samples was strongly correlated 

with aggregation and chemical degradation during long-term storage.59 Though all of these 

approaches provide information on proteins in the solid matrix, none of them can identify the local 

composition in the immediate vicinity of the protein. Such information would be useful in 

identifying the types of interactions that contribute to stability, enabling the rational design of solid 

protein formulations.  
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Photolytic labeling is being developed as a new approach to probe the interactions between a 

lyophilized peptide and the excipients in a solid matrix. Here, the term “photolytic labeling” is 

used to describe a reaction activated by exposure to light of certain wavelength and resulting in 

the formation of a covalent bond. Photo-reactive reagents in common use include compounds with 

phenyl azide, benzophenone or diazirine functional groups.21,115,116 Some of these reagents mimic 

the structure of natural amino acids, and have been site-specifically incorporated into proteins to 

study protein-protein and protein-ligand interactions in vivo and in vitro.7,12,117 Among the 

available photo-reactive reagents, diazirine compounds have often been favored due to their 

relatively small size and limited perturbation of structure before and after labeling.26 Diazirines 

are activated by UV light at ~360 nm, a wavelength that itself causes low damage to protein 

structure.14 Upon UV exposure, the diazirine group loses a molecule of N2 to form a reactive 

carbene, which can insert into C-C bonds, X-H (X=C, O, N, S) bonds or add onto C=C bonds.20,118 

Photo-reactions with diazirine are generally fast and non-specific, enabling them to efficiently 

capture transient protein interactions.119  

 

In our group, proteins and other reagents with diazirine functional groups are being developed to 

study the interactions between a protein or peptide and the surrounding matrix in lyophilized solids. 

The diazirine reagents have been used in two general ways, by: (i) site-specifically incorporating 

the diazirine into the sequence of the protein or peptide, or (ii) incorporating a diazirine-containing 

small molecule into the lyophilized matrix as an excipient. As an example of the first approach, 

myoglobin was covalently labeled with succinimidyl 4,4’-azipentanoate (SDA) which introduced 

the diazirine functional group primarily at lysine side chains.6 The diazirine-labeled myoglobin 

was then used to study the interactions of the protein with raffinose and guanidine hydrochloride 
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(Gdn HCl) in lyophilized solids.6 After exposure to UV light to induce the photo-reaction, digested 

myoglobin was analyzed using LC-MS to detect peptide-peptide, peptide-water and peptide-

excipient interactions. The distribution of photolytic products differed with the excipient type.6 

Recently, a more quantitative analysis of peptide-matrix interactions was performed using a seven-

amino acid peptide (KLQ) derived from salmon calcitonin, which was labeled with SDA at its 

single lysine residue.27 In studies with a series of excipients, peptide-excipient adducts were 

detected in lyophilized solids and not in solution controls.27 The histidine formulation was an 

exception to this observation, in that a histidine-peptide adduct was also detected in solution.27 As 

an example of the second approach, photo leucine (pLeu) was used as an excipient in lyophilized 

formulations of apomyoglobin (apoMb) to study protein-matrix interactions. The formation of 

pLeu-labeled apoMb was related to the concentration of pLeu and the structure of apoMb.5 In 

another study of lyophilized myoglobin, pLeu was incorporated in the matrix to explore the 

changes induced by lyophilization process differences such as controlled ice nucleation.60   

 

Both of the approaches described above have limitations. Introducing the diazirine functional 

group into the protein through post-translational modification of a side chain (e.g., with SDA 

diazirine, as above) produces a protein that is heterogeneously labeled with the regard to both the 

number and sites of labeling. While it is possible to achieve site-specific protein labeling by 

engineering and expressing proteins with photo-amino acids at particular locations, this approach 

is time consuming and not amenable to routine formulation development. The use of diazirine-

labeled excipients is constrained by their availability. As representative reagents, only photo-

leucine and photo-methionine have reasonable solubility in solution and are available 

commercially at modest cost. While useful, these photo-amino acids do not represent the array of 
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excipients and protein-excipient interactions important for the development of lyophilized protein 

formulations.    

 

In the studies reported here, a diazirine-labeled sugar (photo-glucosamine, pGlcN) was synthesized 

and compared with photo leucine (pLeu) with regard to the extent and sites of labeling of salmon 

calcitonin (sCT) in lyophilized solids under various conditions. Salmon calcitonin (sCT), a 32-

amino acid therapeutic peptide, is used to treat osteoporosis and was selected as the model 

peptide.120 The two photo-reactive reagents, pLeu and pGlcN, were incorporated into the 

lyophilized matrix to study the difference between ionizable (pLeu) and non-ionizable (pGlcN) 

photo-excipients. The structures of the two reagents are shown in Figure 4.1 A. Both contain the 

diazirine functional group and are therefore expected to undergo the carbene radical reaction after 

UV exposure (Figure 4.1 B). These reagents label sCT when it is in their immediate vicinity (~3.9 

Å or less).5 pLeu carries the diazirine label on the side chain, and so is ionizable at both the amine 

and carboxylic acid groups. Lyophilized formulations containing pLeu were prepared from 

solutions at different pH to explore any changes in pLeu-sCT interactions in lyophilized solids. In 

contrast, pGlcN has no ionizable functional groups. Instead, like many sugars used in lyophilized 

protein formulations, it has a number of hydroxyl groups capable of forming hydrogen bonds with 

the protein. pGlcN was chemically synthesized by introducing the diazirine functional group at the 

amine group on glucosamine through the N-hydroxysuccinimide (NHS) ester reaction.121 

Unlabeled excipients such as sucrose and histidine were also included in the formulations and their 

effects on the photolytic labeling of sCT were analyzed quantitatively using liquid-

chromatography mass spectrometry (LC-MS). The results demonstrate that photolytic labeling in 

pLeu formulations was more sensitive to the solution pH prior to lyophilization than pGlcN 
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formulations, as reflected by the fraction of the labeled products. With an increase in the pre-

lyophilization pH, pLeu formulations showed increased fraction of sCT labeling and more 

different types of labeled peptide fragments. This suggests that the two photo-excipients have 

different interactions with sCT in the solid state, and that photolytic labeling can be used to probe 

these interactions.  

A 

 

B 

 

Figure 4.1 A. Structures of photo-excipients used in this study. L-photo-leucine (pLeu) is 

commercially available; glucosamine diazirine (photo glucosamine, pGlcN) was chemically 

synthesized (see Materials and Methods). B. Proposed reaction of photo-excipients with peptides 

in the solid state on exposure to UV light, showing initial production of the reactive carbene 

followed by formation of a covalent adduct with the peptide; R = photo-excipient (pLeu or 

pGlcN), Peptide = salmon calcitonin (sCT). 

4.3 Materials and Methods 

4.3.1 Materials 

Salmon calcitonin (sCT, CSNLSTCVLGKLSQELHKLQTYPRTNTGSGTP-NH2, disulfide bond 

1-7, 3429.7 Da) was synthesized and supplied by GenScript (Piscataway, NJ). L-photo-leucine 

(pLeu; L-2-amino-4,4-azi-pentanoic acid), succinimidyl 4,4’-azipentanoate (SDA), formic acid 

and trypsin protease (MS grade) were purchased from Thermo Scientific (Rockford, IL). Photo-
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glucosamine (pGlcN) was chemically synthesized as described below. Sucrose, L-arginine, 

potassium phosphate monobasic, potassium phosphate dibasic, and ammonium bicarbonate were 

purchased from Sigma-Aldrich (St. Louis, MO). D-(+)-Trehalose, L-histidine, sodium chloride, 

MS-grade water, MS-grade acetonitrile, hydrochloric acid solution (1 N) and phosphoric acid 

(85%, certified ACS) were obtained from Fisher Scientific (Fair Lawn, NJ). Potassium hydroxide 

(1.0 N in aqueous solution) was purchased from VWR Chemicals (Radnor, PA).  

4.3.2 Synthesis of pGlcN 

pGlcN was synthesized by labeling glucosamine with SDA, as summarized in Figure 4.2. To a 

solution of SDA (50 mg in 5 mL DMSO) was added glucosamine (40 mg) and N, N-

diisopropylethylamine (DIPEA). The resulting reaction mixture was stirred at room temperature 

overnight. After evaporating the solvent in vacuo, the residue was rinsed with ethyl acetate and 

CH2Cl2 to afford pGlcN (50 mg, 57.8% yield, mixture of anomers) as a white solid. NMR chemical 

shifts of the product agreed with published values.122 The synthesis of pGlcN was performed by 

Dr. Sakkarapalayam M. Mahalingam in the Department of Chemistry at Purdue University.  

 

 

Figure 4.2 Synthesis of photo glucosamine (pGlcN). 
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4.3.3 Preparation of Lyophilized Formulations 

The lyophilized samples contained sCT, a photo-excipient (either pLeu or pGlcN) and an 

additional unlabeled excipient such as sucrose. In the solution prior to lyophilization, the photo-

excipient was included at a molar ratio of excipient to sCT of 100:1 and unlabeled excipients were 

included at a weight ratio of excipient to sCT of 2:1. For pLeu, pre-lyophilization solution 

formulations of each excipient combination were prepared at pH 6, 7.2, 8.4 and 9.9. For pGlcN, 

pre-lyophilization solution formulations of each excipient combination were prepared only at pH 

6 and 9.9 due to limited availability of pGlcN. Details of the formulation compositions are 

summarized in Table 4.1.  

Table 4.1 Composition of solutions containing salmon calcitonin (sCT), photo-excipient (pExp) 

and unlabeled excipient (Exp) prior to lyophilization in both mM and w/w% units. 

pExp Exp 
mM w/w% Pre-Lyo 

Solution pH sCT pExp Exp Buffera sCT pExp Exp Buffera 

pLeu 

Sucrose 

0.1 10 

2.0 

2.5 11.8 49.4 23.7 15 

6.0  

7.2 

8.4 

9.9 

Trehalose 2.0 

Arg 3.9 

His 4.4 

NaCl 11.7 

pGlu 

Sucrose 

0.1 10 

2.0 

2.5 7.9 66.4 15.7 10 
6.0 

9.9 
His 4.4 

NaCl 11.7 

aThe amount of buffer content is estimated. Extra salts added to adjust pH have been neglected. 

  

To prepare the stock solution formulation, 2.5 mg of sCT were dissolved in 1 mL of phosphate 

buffer (2.5 mM, pH 6 ~ 9.9). The solution was filtered with a syringe driven filter unit (0.22 µm, 

EMD Millipore Corporation, Billerica, MA) and dialyzed with the same solvent in a dialysis 

device (MWCO 100-500D, Spectrum Laboratories, Rancho Dominguez, CA) for 24 h. The 

concentration of the stock solution was measured using UV-Vis spectroscopy (= 1615 M-1 cm-
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1). The photo-excipient (100 mM) and unlabeled excipient (6.9 mg/mL) were dissolved in the same 

buffer separately and filtered before use. The stock solutions were mixed and diluted with extra 

buffer to reach the target concentration (Table 4.1) and pH-adjusted prior to lyophilization.  

 

Samples (100 µL/vial) were lyophilized following a fixed cycle with a ramp rate of 1 °C/min: (i) 

freezing step (-5 °C for 15 min, -40 °C for 60 min, -20 °C for 150 min and -40 °C for 120 min); 

(ii) primary drying (-35 °C for 1440 min at 70 mTorr); (iii) secondary drying (25 °C for 720 min 

at 70 mTorr). Lyophilized samples were stored at -20 °C before use.  

4.3.4 Photolytic Labeling and Product Analysis 

The lyophilized samples were exposed to UV light at 365 nm in a UV Stratalinker 2400 (Stratagene 

Corp., La Jolla, CA) to activate the photolytic labeling reaction. Samples containing sCT and 

sucrose with either pLeu or pGlcN at pH 6 and 9.9 were exposed to UV light for 30, 40 and 60 

min. For all other formulations, samples were exposed to UV light for 40 min. As controls, 

lyophilized samples of the sucrose formulation with either pLeu or pGlcN at pH 6 and pH 9.9 were 

reconstituted with 100 µL water. These samples were exposed to UV immediately upon 

reconstitution. Triplicates were prepared and analyzed in each case. 

 

After photo-reaction, the lyophilized samples were reconstituted with MS-grade water containing 

0.1% formic acid and subjected to LC-MS analysis (1260 Infinity Series HPLC; 6230 TOF LC/MS; 

ZORBRX 300SB-C18 column, 1.0×50 mm, particle size 3.5 µm; Agilent Technologies, Santa 

Clara, CA). Reconstituted samples after photo-reaction were diluted with MS-grade water 

containing 0.1% formic acid for LC-MS analysis. The injected peptide concentration and the 

analysis procedure were the same for lyophilized samples and solution controls. The gradient 
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solvents were MS-grade water with 0.1% formic acid (solvent A) and MS-grade acetonitrile with 

0.1% formic acid (solvent B). Gradient elution was accomplished using the following profile: 

constant 10% solvent B from 0 to 2 min, followed by an increase from 10% to 60% solvent B over 

10 min.  

 

The fraction of sCT converted to each of the photolytically labeled products was quantified using 

the respective peak areas on the extracted ion chromatogram (EIC) obtained on LC-MS, according 

to the following equation: 𝐹𝑖 =
(𝐴𝑈𝐶 𝑜𝑓 𝐸𝐼𝐶)𝑖

∑ (𝐴𝑈𝐶 𝑜𝑓 𝐸𝐼𝐶)𝑖
𝑖=0
𝑚𝑎𝑥

 

where 𝐹𝑖 is the fraction of sCT with 𝑖 photo-excipient labels; the numerator is the EIC peak area 

of sCT with 𝑖 photo-excipient labels; the denominator is the sum of the peak areas corresponding 

to unlabeled sCT over all the photo excipient labeled sCT detected (𝑖 = 0, unlabeled sCT; max = 

maximum number of photo-excipient label detected on sCT).  

 

The photolytically labeled sCT was also digested with trypsin to analyze the labeled fragments 

and identify sites of labeling. Trypsin protease was dissolved in HCl solution (1 mM) and stored 

at -20 °C prior to use. The solid samples of sCT formulations after UV exposure were reconstituted 

with 90 µL ammonium bicarbonate solution (100 mM, pH 8) for use in digestion. The stock 

solution of trypsin protease was thawed before use and added to each peptide sample to reach a 

ratio of protease to peptide of 1:30 (w/w). The mixture was incubated at 37 °C for 24 h (Eppendorf 

Thermomixer, Hauppauge, NY). The digested sample was then diluted with MS-grade water 

containing 0.1% formic acid for LC-MS analysis. Unlabeled sCT was also digested with trypsin 

protease and served as a control. Duplicates were prepared and analyzed for each formulation.  
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4.4 Results 

4.4.1 Determination of Reaction Time for Photo-reactive Excipients  

The duration of UV exposure affects the formation of photo-reaction products. The reaction time 

should be long enough to ensure the completeness of the diazirine reaction while minimizing 

sample heating. In previous studies of the pLeu labeling reaction in solids, the reaction was 

complete within 30 min.5 The kinetics of the photolytic reaction of sCT with pLeu and pGlcN in 

solids were studied in formulations containing sucrose at pre-lyophilization solution pH 6 and 9.9 

with UV exposure time of 30, 40 and 60 min (Fig. 4.3). In the pLeu formulation at pH 6, a product 

consisting of sCT with one pLeu label (3544.8 Da) was detected, which accounted for 4.7% of the 

species detected at 40 min (Fig. 4.3 A). At pH 6, the difference in the composition of labeled sCT 

in the samples at the three time points were within 1% of one another. At pH 9.9, the total fractional 

formation of pLeu-labeled sCT increased slightly with time, from 21.7% at 30 min to 23.4% at 60 

min (Fig. 4.3 B); small amounts of sCT with two pLeu labels (3659.9 Da) were also detected (Fig. 

4.3 B). The distributions of sCT products with zero, one and two pLeu labels at the three time 

points were comparable. Like the pLeu formulations, there were no significant changes in the 

product composition of pGlcN formulations with different UV exposure time (Fig. 4.3 C, D). In 

the pGlcN formulations at pH 6 and pH 9.9, sCT was labeled with up to two pGlcN labels (Fig. 

4.3 C, D). At pH 6, sCT with one (3690.9 Da) and two pGlcN (3952.1 Da) labels were ~12.4% 

and ~1.3% respectively of the total sCT present. At pH 9.9, sCT with one pGlcN label increased 

~1.5% when the exposure time increased from 30 min to 40 min. Based on these results, a UV 

exposure time of 40 min was chosen for other solid samples. 
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Figure 4.3 Labeling reaction in sucrose formulations with either pLeu or pGlcN at pre-

lyophilization solution pH 6 and 9.9 with different UV exposure time. The composition of 

photolytic labeling products is shown as a percentage (%) at three time points of UV exposure: 

30, 40 and 60 min. n = 3 +/- SD.  

 

4.4.2 Photolytic Labeling of sCT with pLeu 

Samples containing sCT and pLeu were prepared with sucrose, trehalose, arginine, histidine or 

NaCl to study the effects of matrix composition on the labeling reaction. For each excipient 

combination, the pH of the solution prior to lyophilization was adjusted to 6, 7.2, 8.4 or 9.9. pLeu 

is expected to remain ionized within this pH range. As the pH increased from 6 to 9.9, the unlabeled 

sCT remaining in the solids decreased in all formulations studied (Fig. 4.4). At pH 6, the unlabeled 

sCT was 92%~96% and was lowest in the arginine formulation (Fig. 4.4 A). At pH 7.2, the sucrose 

and trehalose formulations showed similar unlabeled sCT (~95%) with the remaining formulations 

showing similar and somewhat lower values (Fig. 4.4 B). At pH 8.4, the unlabeled sCT was 71% 
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in NaCl formulations, significantly less than in the other formulations. A similar trend was 

observed at pH 9.9, in which the unlabeled sCT was 60% in the NaCl formulation.  

 

 

Figure 4.4 The composition of photolytic labeling products in pLeu formulations at various pre-

lyophilization pH conditions: (A) pH 6, (B) pH 7.2, (C) pH 8.4 and (D) pH 9.9. The products 

were quantified as the fractional area of all final products (%) by EIC on LC-MS; see text. n = 3 

+/- SD. 

 

A more detailed comparison of the photolytic labeling products is shown in Figure 4.5. At pH 6, 

sCT with only one label was detected in all formulations. At pH 7.2, sCT with two labels was 

detected only in the arginine and histidine formulations, with the other formulations showing only 

one label. The total fractions of labeled sCT (i.e., with one and two labels) were comparable at pH 

6 and pH 7.2 in sucrose, trehalose and arginine formulations while the fraction was greater at pH 

7.2 in histidine and NaCl formulations (Fig. 4.5). At pH 8.4 and 9.9, sCT with up to three labels 
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was detected in NaCl formulations; the total fraction of labeled sCT was also greatest in the NaCl 

formulation at these pH values. Across the different excipients, the fraction of labeled sCT was 

greater at pH 8.4 and 9.9 than at lower pH values. The greatest change in the total fraction of 

labeled sCT occurred between pre-lyophilization solution pH values of 7.2 (< 10%) and 8.4 (>15%) 

in all formulations (Fig. 4.5). The increase in labeling fraction of sCT from pH 7.2 to 8.4 may 

indicate a change in the ionization state of either pLeu or sCT, or both.  

 

 

Figure 4.5 Comparison of photolytic labeling products formed in pLeu formulations. n = 3 +/- 

SD. 

4.4.3 Photo-reaction of pLeu in Solution 

As a control, solution samples of pLeu-sucrose formulations at pH 6 and 9.9 were subjected to 

photo-reaction at the conditions described above. The composition of the labeled products is 

shown in Figure 4.6 and compared with the corresponding lyophilized samples. pLeu-labeled sCT 

was not detected in solution at pH 6. At pH 9.9, only sCT with one pLeu label was detected in 
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solution. The total fraction of labeled product was significantly lower in solution (8%) than in the 

lyophilized solids (22%) at pH 9.9.  

 

 

Figure 4.6 Comparison of labeled sCT in solution and lyophilized solids of pLeu formulation 

containing sucrose. n = 3 +/- SD. 

4.4.4 Peptide Fragment Analysis of pLeu-Labeled sCT 

To identify the regions of the peptide involved in photolytic labeling, sCT in solid samples after 

photo-reaction was subjected to tryptic digestion and MS analysis. Tryptic fragments that showed 

a mass increase (relative to unlabeled control) consistent with reaction with one molecule of photo-

excipient were considered singly labeled.  Similarly, those tryptic fragments with mass increases 

consistent with reaction with two or three photo-excipient molecules were considered doubly or 

triply labeled, respectively.  Photolytic labeling near the sites of trypsin cleavage (i.e., near Lys or 

Arg) can inhibit tryptic digestion at that site, creating a “missed” cleavage (or “mis-cleaved” site 
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or fragment). Detection of these longer mis-cleaved fragments suggests that photolytic labeling 

occurred near the normal site of trypsin cleavage or interfered with digestion in some way.   

 

Digestion of unlabeled sCT yielded four peptide fragments without any missed cleavage: C1-K11 

(fragment 1-11), L12-K18 (fragment 12-18), L19-R24 (fragment 19-24) and T25-P32 (fragment 

25-32) (Fig. 4.7). In pLeu labeled sCT samples, the four unlabeled peptide fragments without pLeu 

label were all detected. Mis-cleaved peptide fragments (i.e., longer fragments resulting from 

“missed” enzymatic digestion at the sites above) without pLeu label were not detected and 

sequence coverage was 100%. The pLeu-labeled fragments detected in each formulation are shown 

in Figure 4.7. With increasing pre-lyophilization pH, more fragments with pLeu label were 

detected. At lower pH, labeled fragments were primarily in the N-terminal half of the sCT 

sequence, suggesting that interactions occur primarily in this region. At higher pre-lyophilization 

pH, labeled fragments were also detected in the C-terminal half of the sequence.  
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Figure 4.7 Digest map of sCT after photo-reaction showing pLeu-labeled peptide fragments. 

Trypsin digestion of unlabeled sCT yielded four peptide fragments with amino acids from 1-11, 

12-18, 19-24 and 25-32. Digestion of pLeu-labeled sCT generated unlabeled (not shown) and 

labeled peptide fragments. The pLeu-labeled fragments were: native fragments (i.e., fragments 

found for unlabeled sCT) with one pLeu label (white bar), mis-cleaved peptide fragments with 

one pLeu label (grey bar) or mis-cleaved peptide fragments with two pLeu labels (black bar). 
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At pH 6, peptide fragments with one pLeu label were detected in all formulations and there were 

no mis-cleaved peptide fragments (Fig. 4.7). pLeu-labeled fragment 12-18 was detected in all 

formulations, while the arginine and NaCl formulations also contained labeled fragment 1-11. At 

pH 7.2, mis-cleaved peptide fragments were detected in arginine, histidine and NaCl formulations 

(Fig. 4.7). The fraction of total labeled products was also greater in these formulations than in the 

sucrose and trehalose formulations (Fig. 4.4 B). Fragments 1-18 and 12-24 with one pLeu label 

were detected in the arginine and histidine formulations. At pH 8.4, the sucrose and histidine 

formulations showed the same labeled fragments: fragment 1-11, 12-18 and 19-24 with one pLeu 

label and mis-cleaved fragments 1-18 and 12-24 with one pLeu label (Fig. 4.7). A mis-cleaved 

fragment 12-24 with two pLeu labels was detected in trehalose, arginine and NaCl formulations. 

In the NaCl formulation, an additional fragment 25-32 with one pLeu was also detected, and the 

total fraction of labeled sCT in this sample was > 25% (Fig. 4.4 C). At pH 9.9, a mis-cleaved 

peptide fragment 1-18 with two pLeu labels was detected in arginine and NaCl formulations (Fig. 

4.7). The distributions of labeled peptide fragments in these two formulations were the same. All 

the formulations except the histidine formulation showed more labeled fragments at pH 9.9 than 

at pH 8.4.  

4.4.5 Photolytic Labeling of sCT with pGlcN 

Due to limited availability of pGlcN, samples containing pGlcN were prepared with sucrose, 

histidine or NaCl as unlabeled excipients at pre-lyophilization pH values of 6 and 9.9. pGlcN is 

not ionizable and so is expected to be uncharged at both pH values. The composition of photolytic 

labeling products is shown in Figure 4.8. At pH 6, the fraction of unlabeled sCT was ~85% in the 

three formulations and increased to ~89% at pH 9.9. Differences in the product distribution among 

the three formulations were less than in the pLeu formulations (Fig. 4.4). sCT with up to two 
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pGlcN labels was detected in each formulation. A more detailed comparison of the photolytic 

labeling products is shown in Figure 4.9. The total fraction of labeled products decreased from pH 

6 to pH 9.9 in all the formulations. The changes were greater in the histidine and NaCl formulations 

(~4%) than in the sucrose formulation (~2%).  

 

 

Figure 4.8 The composition of photolytic labeling products in pGlcN formulations at two pre-

lyophilization solution pH conditions: (A) pH 6 and (B) pH 9.9. The products were quantified as 

the fractional area of all final products (%) by EIC on LC-MS; see text. n = 3 +/- SD. 
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Figure 4.9 Comparison of photolytic labeling products formed in pGlcN formulations. n = 3 +/- 

SD. 

4.4.6 Peptide Fragment Analysis of pGlcN-Labeled sCT 

The digestion map of pGlcN-labeled sCT is shown in Figure 4.10. Unlabeled mis-cleaved peptide 

fragments were not detected. At pH 6, peptide fragments 1-11, 12-18 and 19-24 with one pGlcN 

label were detected in all formulations. Mis-cleaved peptide fragment 12-24 with one pGlcN label 

was detected in the histidine and NaCl formulations. At pH 9.9, mis-cleaved peptide fragment 1-

18 with one pGlcN label was detected in the sucrose and histidine formulations. The distribution 

of labeled peptide fragments was the same in NaCl formulations at pH 6 and 9.9. Labeled fragment 

25-32 was not detected in any of the pGlcN formulations. The slight decrease in the total fraction 

of labeled sCT with increasing pH (Fig. 4.9) was not associated with a decrease in the types of 

pGlcN-labeled peptide fragments (Fig. 4.10).  
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Figure 4.10 Digest map of sCT after photo-reaction showing pGlcN-labeled peptide fragments. 

The digestion of pGlcN labeled sCT generated unlabeled (not shown) and labeled peptide 

fragments. The pGlcN-labeled fragments were: native fragments (i.e., fragments found for 

unlabeled sCT) with one pGlcN label (white bar) and mis-cleaved peptide fragments with one 

pGlcN label (grey bar). 

4.4.7 Photo-reaction of pGlcN in Solution 

Solution samples of pGlcN formulations containing sucrose at pH 6 and 9.9 were subjected to 

photo-reaction. The composition of the photo-reaction products is shown in Figure 4.11. pGlcN-

labeled sCT was not detected in solution at pH 6, while a low level (1%) of sCT with one pGlcN 

label was detected at pH 9.9. The total fraction of labeled products in the solution controls was 

significantly less than in the corresponding lyophilized samples (Fig. 4.11). At pH 9.9, the fraction 

of labeling was significantly less than that in pLeu formulations (1%, Fig. 4.11, vs. 8%, Fig. 4.6), 

which suggests different interactions of pLeu and pGlcN with sCT in solution. 
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Figure 4.11 Comparison of labeled sCT in solution and lyophilized solids of pGlcN formulations 

containing sucrose. n = 3 +/- SD.  

4.5 Discussion 

pGlcN was chemically synthesized using the commercially available reagents glucosamine and 

NHS-SDA, which introduced the diazirine onto the glucosamine primary amine through the NHS 

ester reaction. This reaction has been used in other studies to introduce functional groups or cross-

link proteins.123–126 The reaction is simple to perform and can be used to label other amine-

containing excipients such as amino acids with diazirine. pGlcN was then incorporated into the 

lyophilized matrix of sCT together with other unlabeled excipients. The photolytically labeled 

products for formulations containing pGlcN differed from those containing pLeu when the pH of 

the pre-lyophilization solution changed.  
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With an increase in pre-lyophilization solution pH, the total fraction of photolytically labeled 

products increased in sCT formulations containing pLeu and a higher number of pLeu labels was 

detected (Fig. 4.4). The largest change occurred when the solution pH increased from 7.2 to 8.4 

(Fig. 4.5). Such a pH-dependent increase in labeling was not observed in pGlcN formulations (Fig. 

4.9). In solution within this pH range, sCT is expected to have a net positive charge that is 

unaffected by pH (pI ~10) and pLeu is expected to be zwitterionic (pKa1 ~ 2.4, pKa2 ~ 9.6).127–129 

This difference in pLeu labeling with pH then is not easily explained by differences in the 

ionization state of either sCT or pLeu in solution. This suggests that the ionization state of one or 

both species may be shifted in the solid state, affecting their interactions. Previous studies have 

shown that the pKa values of amino acid side chains shift in microenvironments less polar than 

water, such as the interior of a folded protein.130,131 These shifts can be five pH units or more and 

tend to favor the neutral state, so that pKa values for acidic groups are greater and those of basic 

groups less than in an aqueous environment.130,131 Similar shifts in the pKa values for sCT in the 

solid state could produce changes in ionization state in the pre-lyophilization pH range studied 

here. The lack of a pH-dependence in pGlcN labeling is consistent with the fact that pGlcN is not 

ionizable, so that changing charge states do not affect its interactions with sCT. It is possible that 

the pH-dependent changes in labeling in pLeu-containing solids are instead due to pH-dependent 

changes in sCT conformation. The absence of pH-dependent changes in labeling for the pGlcN 

formulation makes this unlikely, however.  pH-dependent changes in the phase behavior of the 

pLeu-containing solids (e.g., crystallization or micro phase separation) are also possible; exploring 

the pH-dependent phase behavior of the pLeu and pGlcN solids is beyond the scope of these studies.   
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As trypsin digestion of pLeu-labeled sCT suggests (Fig. 5), a higher total fraction of labeling is 

accompanied by more different types of labeled fragments detected. Most of the labeled fragments 

are located in the first twenty-four amino acids of the sCT sequence (i.e., C1-R24). All five of the 

amino acids with ionizable side chains are located in this region (i.e., K11, E15, H17, K18, R24), 

suggesting that charge-based interactions are involved in labeling. Labeling of fragment 25-32 was 

detected only at pH > 7.2 in a few formulations, suggesting weak interactions with pLeu in this 

region. Since mis-cleaved peptide fragments were not detected in unlabeled sCT controls, the 

presence of labeled mis-cleaved peptide fragments suggests that labeling interferes with tryptic 

cleavage, and that the interaction with pLeu occurs near charged amino acids such as K11, K18 

and R24. In pGlcN formulations, the labeled peptide fragments are located in similar sequences as 

in pLeu formulations (Fig. 4.10). However, it is possible that pGlcN interacts with sCT mainly 

through hydrogen bonding. Fragment 25-32 has poor potential to form hydrogen bonds, which 

may explain the absence of labeling. Compared to the pLeu formulation, there was no clear trend 

in the site of sCT labeling in pGlcN formulations with increasing pre-lyophilization solution pH.   

 

The unlabeled excipients also have an effect on photolytic labeling. For pLeu, the total fraction of 

labeled sCT was highest in formulations containing NaCl at pre-lyophilization solution pH values 

of 8.4 and 9.9 (Fig. 4.5). Increased labeling in NaCl formulations may be the result of its 

destabilizing effect on protein structure compared to the other unlabeled excipients. The fraction 

of labeled products was comparable in pGlcN formulations containing histidine and NaCl, 

however, which suggests that any destabilizing effects of NaCl do not affect pGlcN interactions 

with sCT appreciably (Fig. 4.9). The absence of effects of NaCl in pGlcN containing formulations 

argues against a simple effect of NaCl on sCT conformation. 
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Labeled sCT was not detected at pH 6 in solutions containing sucrose in either pLeu or pGlcN 

formulations, but was detected in the same formulations at pH 9.9 (Fig. 4.6 and Fig. 4.11). Limited 

interactions between sCT and the labeling reagents in solution are expected, since the peptide is 

likely to be preferentially hydrated in sucrose-containing solutions.132,133 However, there are 

interactions between pLeu and sCT in solution at pH 9.9 (Fig. 4.6) and detectable interactions with 

pGlcN at this pH (Fig. 4.11). The pLeu labeling in solution may result from interactions of the 

overall negatively-charged pLeu with positively-charged sCT side chains on amino acids such as 

K11, K18 and R24 in solution at pH 9.9 (Fig. 4.6). Reasons for the low level of interaction with 

pGlcN at pH 9.9 are unknown (Fig. 4.11).   

 

The results presented here demonstrate that interactions between a peptide and photo-excipient in 

solid formulations depend on both the properties of the photo-excipient and the formulation 

composition. This suggests that photo-reactive excipients may be useful as probes of the 

interactions between peptide (or protein) and the excipient matrix in the solid state. Understanding 

these interactions and their relationship to storage stability may facilitate the rational development 

of solid formulations and shorten the time needed for formulation development. For example, a 

comparison of pLeu photolytic labeling and the storage stability of formulations containing leucine 

as an excipient could reveal the extent to which interactions detected by photolytic labeling 

contribute to long-term stability. Photo-excipients are not intended to be included in the final 

formulation, but would instead serve as development tools to identify peptide-excipient 

interactions.   
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For this idea to be evaluated fully, a broader range of photo-reactive excipients that mimic the 

structures of commonly used excipients is needed. Ideally, these should be either commercially 

available or easy to synthesize. The NHS-SDA labeling method used in this study can only modify 

reagents that contain primary amines. There is a need for photo-reactive reagents that more closely 

mimic the structures of commonly used excipients to be photo-reactive, including sugars, polyols 

and surfactants, which do not necessarily contain primary amines. The introduction of a 

photolytically activatable group should not change critical chemical and physical properties of the 

excipient (e.g., solubility) greatly and should preserve functional groups that contribute to 

interactions with peptides and proteins (e.g., hydrogen bond donors/acceptors, ionizable groups). 

Improved understanding of photolytic reactions in solution and solid states is also needed. Previous 

studies have shown that a diazirine-labeled peptide can generate an array of products in lyophilized 

solid samples, in addition to peptide-excipient adducts.27 The side products in the reactions of 

photo-excipients with molecules other than peptide have not been addressed in the studies reported 

here, and may affect the yield of labeled sCT. Here, these side reactions are assumed to occur to 

the same degree for the conditions and photo-excipients used. Finally, stability studies of 

formulations containing the corresponding unreactive excipients, leucine and glucosamine in this 

case, would reveal the relation between photolytic labeling products and the long-term stability of 

formulations. Such studies would facilitate the application of photolytic labeling in other 

peptide/protein formulations for excipient selection at early stage of formulation development.  
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CHAPTER 5. CONCLUSIONS 

5.1 Current Development  

It has been nearly 50 years since photolytic labeling was first introduced to study protein-protein 

interactions in vivo.9 Since that time, photo-reactive reagents have been mostly used in solution 

environments to study protein-related interactions. Successful application of this method to study 

protein-matrix interactions in solid samples has been reported only recently by our lab.5 In our 

group’s initial studies, the photo-reactive diazirine functional group was introduced into the protein 

structure though the NHS ester reaction, which is easy to perform. The study of SDA-labeled 

myoglobin in lyophilized formulations showed that photo-reaction with diazirine occurs in 

lyophilized solid and that the products depend on the composition of lyophilized matrix.6 To our 

knowledge, these results were the first to reveal the possibility of using photolytic labeling to probe 

protein-matrix interactions in solid samples.  

 

The work presented in this dissertation was motivated by a need to address the quantitation of 

photo-reaction products from NHS-SDA labeled proteins. There are usually multiple lysine 

residues in a protein sequence. With NHS-SDA labeling, the distribution of SDA labels in terms 

of number and location on each protein cannot be controlled, and the protein tends to be 

heterogeneously labeled after SDA reaction. Since the local environment near each lysine residue 

is also heterogeneous, the resulting photo-reaction products are complicated and quantitative 

analysis is difficult. To gain a better understanding of the products of diazirine photo-reactions in 

solid, a model peptide with a single lysine in its sequence (KLQ) was used in Chapter 1 to achieve 

a singly SDA-labeled peptide (KLQ-SDA). Complete conversion from KLQ to KLQ-SDA was 
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achieved and the resulting photo-reaction products were used to map the local environment near 

the SDA-labeled lysine residue. Photo-reaction products such as peptide-water and peptide-

excipient adducts were detected with LC-MS and quantified with rp-HPLC and LC-MS. This study 

provided insights into the photo-reaction products from diazirine reaction in the lyophilized solids. 

In addition to the expected adducts of the peptide with water or excipient, other products such as 

peptide-salt adducts and unproductive dead-end products were generated, detected and quantified.  

Formulations prepared with stabilizing excipients showed different distributions of photo-reaction 

products than those with destabilizing excipients, indicating that photolytic labeling shows 

promise in excipient selection and formulation development.  

 

The work described in Chapter 2 uses the quantitation method established in Chapter 1 to study 

increased solid moisture effect on the local environment near the peptide. Lyophilized solids 

containing different excipients were exposed to various relative humidity conditions until 

saturation. The distribution of photo-reaction products changed with excipient type and with 

changes in solid moisture. The source of peptide-water adducts was also further investigated and 

confirmed. As solid moisture increases, a higher conversion to peptide-water adducts would be 

expected, and was in fact observed in formulations containing disaccharide excipients at low 

moisture level.  However, the results suggested that increases in bulk moisture content do not lead 

to greater interactions between peptide and water at molecular level. These changes are generally 

not detected with analytical methods commonly used in protein formulation, such as DSC and 

FTIR.  
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In Chapter 3, two different diazirine-labeled photo-excipients were incorporated in lyophilized 

formulations of a therapeutic peptide, sCT. Quantitative analysis of photo-excipient labeled 

peptide is more feasible than that of the photo-reaction products of a labeled peptide. The synthesis 

of photo glucosamine (pGlcN) was achieved using NHS-SDA labeling of glucosamine. pGlcN 

was designed to mimic the structure of disaccharide excipients, which are not ionizable. pLeu was 

selected as an ionizable excipient and photo-reaction products of the two photo-excipients were 

compared in various formulations. pGlcN and pLeu behaved differently when pre-lyophilization 

solution pH increased, with pLeu showing a pH-dependent labeling of sCT that was not observed 

for pGlcN. This pH dependence is consistent with a role for electrostatic interactions in the 

interactions of pLeu with sCT in the solid state.  

5.2 Future Challenges 

Though progress toward the application and quantitation of photolytic labeling reactions in 

lyophilized solids has been made this dissertation research, a number of challenges still remain. 

First, the mechanism of the diazirine photo-reaction in the solid state remains unclear. Diazirine 

forms a reactive carbene after UV activation, which is expected to react non-specifically with the 

molecules in its immediate environment. However, a study in fiberglass coupled with diazirine 

reagents showed that the activated carbene preferentially interacts with cysteine and aromatic 

amino acids.30  This preferential reactivity could bias quantitation, so that the product profiles 

reflect reactivity towards different molecules rather than peptide-matrix interactions. A better 

understanding of the reaction mechanism would help to address this issue.  
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Second, new photo-reactive reagents are needed. NHS-SDA has been shown to be a high efficiency 

labeling tool, but cannot be used to site-specifically label proteins. While proteins can be expressed 

with photo-amino acids in specific positions, this approach is time-consuming and not well-suited 

to routine formulation development. There is a need for new chemical labeling approaches that 

can be applied post-translationally to produce uniformly and site-specifically labeled protein. At 

the same time, new photo-reactive excipients could also be developed, which should not be limited 

to diazirine reagents. Ideally, these photo-excipients should be similar to the original excipient in 

structure, and any modifications should not mask important functional groups involved in key 

interactions such as hydrogen bonding and electrostatic interaction. Novel photo-excipients should 

also require activation wavelengths that are not damaging to proteins, and should have high 

reaction efficiency without specificity towards certain molecules or functional groups. For 

formulation studies, photo-excipients mimicking the diversity of excipient structures used in 

protein formulation are desired.  

 

Finally, to develop photolytic labeling as a practical tool for formulation selection, the correlation 

between the formation of photo-reaction products and long-term stability of protein formulation 

needs to be further explored. Photo-reactions are complete in 30 to 40 min in the conditions used 

in this dissertation, while long-term stability studies for protein formulations can take up to a few 

years. Solid state hydrogen deuterium exchange mass spectrometry (ssHDX-MS), a method used 

to probe hydrogen bonding between the protein and the solid matrix, has shown promise in 

predicting the long-term stability of protein formulations in a relatively short time.59,134 The 

relationship between long-term stability and short-term photolytic labeling results should also be 

explored.  
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APPENDIX 

 

 

Figure A1 Photolytic reaction of SDA-labeled peptide with species present in solution and solid 

formulations, showing proposed product structures: (a) reactive intermediate resulting from UV 

exposure, (b) peptide-water adduct, hydroxyl form (Form I), (c) peptide-water adduct, ketone 

form (Form II), (d) peptide-excipient adduct and (e) peptide-phosphate adduct. Dead-end 

products are formed from unproductive intramolecular reaction and have the same mass as the 

carbene intermediate.  
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Figure A2 Comparison of KLQ-H2O water adducts (Form I only) following photolytic 

crosslinking of the KLQ-SDA peptide in lyophilized samples (as % of KLQ-SDA) with bulk 

moisture content of the solid measured by Karl Fischer titration.  Error bars not shown when less 

than symbol height.  
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Quantitation Method for Photolytic Labeling Products 

The concentrations of KLQ-excipient adducts were calculated from the LC-MS extracted ion 

chromatograms (EIC) using the following equation:  

[𝐾𝐿𝑄 − 𝑒𝑥𝑐𝑖𝑝𝑖𝑒𝑛𝑡] =
[𝐴𝑈𝐶𝐾𝐿𝑄−𝑒𝑥𝑐𝑖𝑝𝑖𝑒𝑛𝑡]𝐸𝐼𝐶

[𝐴𝑈𝐶𝐾𝐿𝑄−𝐻2𝑂]𝐸𝐼𝐶
× [𝐾𝐿𝑄 − 𝐻2𝑂𝑇𝑜𝑡𝑎𝑙]𝐻𝑃𝐿𝐶                                                (1) 

where [𝐴𝑈𝐶𝐾𝐿𝑄−𝑒𝑥𝑐𝑖𝑝𝑖𝑒𝑛𝑡]𝐸𝐼𝐶 is the peak area for the KLQ-excipient adduct measured by EIC, in 

arbitrary units; [𝐴𝑈𝐶𝐾𝐿𝑄−𝐻2𝑂]𝐸𝐼𝐶 is the peak area for the KLQ-H2O adduct measured by EIC, in 

arbitrary units; and [𝐾𝐿𝑄 − 𝐻2𝑂𝑇𝑜𝑡𝑎𝑙]𝐻𝑃𝐿𝐶  is the total concentration of KLQ-H2O adducts 

measured by HPLC, in units of µM.  

 

The concentration of KLQ-H2O was based on the corresponding chromatographic peak area and 

the calibration curve for the KLQ-SDA peptide, as described in the text. [𝐴𝑈𝐶𝐾𝐿𝑄−𝐻2𝑂]𝐸𝐼𝐶 and 

[𝐾𝐿𝑄 − 𝐻2𝑂𝑇𝑜𝑡𝑎𝑙]𝐻𝑃𝐿𝐶  in the above equation included both Form I and Form II because they 

cannot be distinguished from one another on EIC, although the two forms are well resolved on rp-

HPLC (Fig. 1).  

 

The concentration of regenerated KLQ was calculated similarly when it co-eluted with other 

products: 

[𝐾𝐿𝑄] =
[𝐴𝑈𝐶𝐾𝐿𝑄]𝐸𝐼𝐶

[𝐴𝑈𝐶𝐾𝐿𝑄−𝐻2𝑂]𝐸𝐼𝐶
× [𝐾𝐿𝑄 − 𝐻2𝑂𝑇𝑜𝑡𝑎𝑙]𝐻𝑃𝐿𝐶                                                                               (2) 

where [𝐴𝑈𝐶𝐾𝐿𝑄]𝐸𝐼𝐶  is the peak area for the regenerated KLQ peptide measured by EIC, in 

arbitrary units; [𝐴𝑈𝐶𝐾𝐿𝑄−𝐻2𝑂]𝐸𝐼𝐶 is the peak area for the KLQ-H2O adduct measured by EIC, in 

arbitrary units; and [𝐾𝐿𝑄 − 𝐻2𝑂𝑇𝑜𝑡𝑎𝑙]𝐻𝑃𝐿𝐶  is the total concentration of KLQ-H2O adducts 

measured by HPLC, in units of µM.  
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When the sum of the concentrations of regenerated KLQ and KLQ-excipient adduct did not equal 

that of the chromatographic peak at 11 min, the unidentified product concentration was defined as: 

[𝑈𝑛𝑖𝑑𝑒𝑛𝑡𝑖𝑓𝑖𝑒𝑑] = [11 min 𝑝𝑒𝑎𝑘]𝐻𝑃𝐿𝐶 − [𝐾𝐿𝑄 − 𝑒𝑥𝑐𝑖𝑝𝑖𝑒𝑛𝑡] − [𝐾𝐿𝑄]                                      (3) 

where [11 min 𝑝𝑒𝑎𝑘]𝐻𝑃𝐿𝐶 is the product concentration at 11 min peak measured by HPLC; and 

[𝐾𝐿𝑄 − 𝑒𝑥𝑐𝑖𝑝𝑖𝑒𝑛𝑡] and [𝐾𝐿𝑄] are defined by (1) and (2), respectively, in units of µM. 

 

KLQ-urea co-eluted with KLQ-H2O Form I. The regenerated KLQ and KLQ-H2O Form II 

remained as single peaks on rp-HPLC, so they were quantified by rp-HPLC. The total KLQ-H2O 

was calculated using the following equation:  

[𝐾𝐿𝑄 − 𝐻2𝑂𝑇𝑜𝑡𝑎𝑙] =
[𝐴𝑈𝐶𝐾𝐿𝑄−𝐻2𝑂]𝐸𝐼𝐶

[𝐴𝑈𝐶𝐾𝐿𝑄]𝐸𝐼𝐶
× [𝐾𝐿𝑄]𝐻𝑃𝐿𝐶  (𝑢𝑟𝑒𝑎 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑠𝑜𝑙𝑖𝑑)                          (4) 

where [𝐴𝑈𝐶𝐾𝐿𝑄−𝐻2𝑂]𝐸𝐼𝐶 is the peak area for the KLQ-H2O adduct measured by EIC, in arbitrary 

units; [𝐴𝑈𝐶𝐾𝐿𝑄]𝐸𝐼𝐶 is the peak area for the regenerated KLQ peptide measured by EIC, in arbitrary 

units; and [𝐾𝐿𝑄]𝐻𝑃𝐿𝐶  is the total concentration of the regenerated KLQ measured by HPLC, in 

units of µM.  

 

The concentration of KLQ-H2O Form I was calculated by deducting KLQ-H2O Form II from the 

total KLQ-H2O concentration: 

[𝐾𝐿𝑄 − 𝐻2𝑂 𝐹𝑜𝑟𝑚 𝐼] = [𝐾𝐿𝑄 − 𝐻2𝑂𝑇𝑜𝑡𝑎𝑙] − [𝐾𝐿𝑄 − 𝐻2𝑂 𝐹𝑜𝑟𝑚 𝐼𝐼]𝐻𝑃𝐿𝐶                                (5) 

where [𝐾𝐿𝑄 − 𝐻2𝑂𝑇𝑜𝑡𝑎𝑙] was defined by (4) in units of µM; [𝐾𝐿𝑄 − 𝐻2𝑂 𝐹𝑜𝑟𝑚 𝐼𝐼]𝐻𝑃𝐿𝐶  was 

measured by HPLC in units of µM. [𝐾𝐿𝑄 − 𝑢𝑟𝑒𝑎] was calculated by (1). 
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To compare results among different formulations and mitigate the effect of KLQ-SDA 

concentration variation among batches, the amount of each cross-linked product was normalized 

in the form of the fractional conversion of KLQ-SDA in the stock solution after photolytic reaction: 

 [𝐶𝑟𝑜𝑠𝑠 − 𝐿𝑖𝑛𝑘𝑒𝑑 𝑃𝑟𝑜𝑑𝑢𝑐𝑡]% =
[𝐶𝑟𝑜𝑠𝑠−𝐿𝑖𝑛𝑘𝑒𝑑 𝑃𝑟𝑜𝑑𝑢𝑐𝑡]𝐻𝑃𝐿𝐶 𝑜𝑟 𝐸𝐼𝐶

[𝐾𝐿𝑄−𝑆𝐷𝐴]𝑏𝑒𝑓𝑜𝑟𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
× 100%                                    (6) 

where [𝐶𝑟𝑜𝑠𝑠 − 𝐿𝑖𝑛𝑘𝑒𝑑 𝑃𝑟𝑜𝑑𝑢𝑐𝑡]𝐻𝑃𝐿𝐶 𝑜𝑟 𝐸𝐼𝐶   was the concentration of each cross-linked product 

after photolytic reaction defined by (1) – (5) or measured by rp-HPLC in units of µM; and 

[𝐾𝐿𝑄 − 𝑆𝐷𝐴]𝑏𝑒𝑓𝑜𝑟𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛  was the concentration of KLQ-SDA in each formulation before 

photolytic reaction measured by rp-HPLC in units of µM. For example, if [𝐷𝑒𝑎𝑑 −

𝑒𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡]% is 50%, this means 50% of the KLQ-SDA, on a molar basis, was converted to 

dead-end product after the photolytic reaction.  

  

Ideally, the total concentration of all the cross-linked products sum to that of the KLQ-SDA before 

the photolytic reaction. However, it was not the case observed from the experiments. So an 

unrecovered part was defined as: 

[𝑈𝑛𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑]% = 100% − [𝐶𝑟𝑜𝑠𝑠 − 𝐿𝑖𝑛𝑘𝑒𝑑 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠]𝑇𝑜𝑡𝑎𝑙%                                            (7) 

where [𝐶𝑟𝑜𝑠𝑠 − 𝐿𝑖𝑛𝑘𝑒𝑑 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠]𝑇𝑜𝑡𝑎𝑙% is the sum of all the cross-linked products defined by 

(6). 

 

The standard deviation of the resulting percentage was calculated according to the error 

propagation equation.135 If the concentration of a specific cross-linked product was less than 1 µM, 

its amount was neglected in reporting the results.  
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Figure A3 Change in moisture content (w/w%) with time in lyophilized samples exposed to 

relative humidity (RH) at 8% and 78% as measured by Karl Fischer titration. The time points 

were 0, 2, 4, 16, 24 and 48 hrs. n=3 ± SD.  
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