
"Zoom in" on protein functions
through integrated mass spectrometry

Item Type dissertation

Authors Li, Wenjing

Publication Date 2018

Abstract Mass spectrometry (MS) has been a powerful tool in cracking the
protein codes for human biology regarding to their structure and
function. Rich information can be collected through MS either at
protein level (native/intact, top-down) or peptide level...

Keywords Analytical chemistry; Mass Spectrometry--methods; Proteins

Download date 19/05/2023 15:36:14

Link to Item http://hdl.handle.net/10713/8965

http://hdl.handle.net/10713/8965


 
 

 

Wenjing Li 

wenjingli.peking@gmail.com 

Executive summary 

Motivated researcher with expertise in investigating protein structures and functions 

through mass spectrometry-based platforms, strategically integrating native/intact, top-

down, middle-down, and bottom-up approaches. I seek to apply my graduate training in 

mass spectrometry-based applications for drug discovery and development in 

translational sciences. 

Education 

2013-2018   Ph.D. candidate, Pharmaceutical Sciences, University of Maryland 

Baltimore, GPA 3.79/4.  

2010-2013       M.S., Pharmaceutics, Peking University, China, GPA 3.65/4 

2006-2010    B.S., Pharmaceutics, Shenyang Pharmaceutical University, China, GPA 

3.23/4 

Research experience 

University of Maryland Baltimore, Pharmaceutical Sciences,   

Advisor: Dr. Maureen A. Kane (2013-2018) 

     PhD Thesis: “Zoom in” on protein functions through integrated mass spectrometry 

1. Utilizing native top down mass spectrometry coupled with ion mobility analysis to 

study the structure and dynamics of gold finger protein complexes and their interaction 

with target RNA, to inform on mechanism of action of novel gold drugs (In collaboration 

with Dr. Sarah L.J. Michel, University of Maryland Baltimore). 

2. Developing an integrated MS-based approach to probe the in vivo abundance of 

Cellular retinol binding protein type I (CrbpI), and decipher its interaction with enzymes 

that contributes to retinol metabolism. CrbpI is epigenetically silenced in almost all top 

10 cancer types. The highly sensitive MS-based platform developed for CrbpI could 



 
 

potentially benefit all diseases with retinoid disorders by incorporating this endogenous 

protein marker for preventive and therapeutic purposes.  

 

Genentech, Biochemical and Cellular Pharmacology Department,  

Advisor: Dr. John C. Tran (2017.7-2017.9) 

Developing both intact and middle-down MS analysis for novel antibody formats (bi-

specific, various scaffolds) to enable pharmacokinetic monitoring on modifications, 

cleavages and degradations quantitatively. 

 

Skills & Techniques 

Quantitative proteomics: Process protein samples for bottom-up applications, including 

protein extraction, affinity capture, in solution and in gel digestion, peptides clean-up, 

instrument method development and optimization, familiar with both DIA and DDA 

workflows 

Native ion mobility mass spectrometry: Optimize instrument parameters for native 

electrospray to preserve noncovalent interactions, monitor the binding affinity and 

kinetics of protein-ligand and protein-protein interactions, differentiate protein complex 

conformers through ion mobility separation, identify interactive residues through top-

down analysis. 

Antibody analysis: Develop analytical platforms for novel antibody formats to evaluate 

in vivo stability, utilizing affinity capture coupled with intact and middle-down MS 

approaches. 

Instruments: 1) LC: Waters nanoAcquity UPLC, Waters M-class nanoAcquity UPLC; 2) 

Mass spectrometer: Thermo Fusion Lumos, Thermo Q Exactive HF, Waters Synapt G2S, 

Bruker UltrafleXtreme, Agilent Q-tof 6560 

Software: Waters (Empower, Masslynx, Biopharmalynx), Thermo (Xcalibur, Protein 

Discoverer, Biopharma Finder), Mascot, MASH Suite, Prosight Lite, Skyline 

Biochemistry: Bacterial and mammalian cell culture, cell transfection, recombinant 

protein expression and purification, SDS-PAGE, size exclusion chromatography, affinity 

chromatography, western blot, quantitative PCR 

 



 
 

Oral Presentations 

4. Wenjing Li, Jianshi Yu, Maureen Kane. Targeted Proteomics Analysis of CrbpI 

Enables Interrogation of Retinoid Homeostasis and Reveals Potential Diagnostic Value 

for Cancer. The 4th International Conference on Retinoids. June 2018. 

3. Wenjing Li, Kiwon Ok, Sarah Michel, Maureen Kane. “Gold Finger” Protein 

Complexes Characterized through Native Mass Spectrometry. “Mass Spectrometry: An 

Expanding Tool for the Biophysicist” symposium as part of the 2018 Biophysical 

Society’s Annual Biophysics Week.  

2. Wenjing Li; Keely Pierzchalski; Jianshi Yu; Claire L Carter; Maureen A Kane. 

“Quantitative analysis of noncovalent protein complex through native mass 

spectrometry”. Poster Presentation and Highlight Talk at 2015 ASMS Asilomar 

Conference on Native Mass Spectrometry-based Structural Biology. 

1. Wenjing Li, Maureen A. Kane. “Probing the ratio of apo- and holo-CRBP1 through 

native mass spectrometry”. Washington-Baltimore Mass Spectrometry Discussion Group 

(Dec 2014) 

 

 Poster Presentations 

8. Wenjing Li; Robert Tchelepi; Neha Srikumar; Chen Gu; Diego Ellerman; Greg A 

Lazar; Yichin Liu; John C. Tran. “Characterizing and quantitating therapeutic antibody 

multimer degradation using affinity capture mass spectrometry.” 2018 American Society 

for Mass Spectrometry Annual Meeting. 

7. Wenjing Li, Kiwon Ok, Sarah Michel, Maureen Kane. “Gold finger” protein 

complexes characterized through native ion mobility mass spectrometry. 2018 American 

Society for Mass Spectrometry Annual Meeting.  

6. Wenjing Li; Jianshi Yu; Neil Sidell; Maureen A Kane. “Targeted proteomics of key 

regulators of all-trans retinoic acid during SIV infection”. 2017 American Society for 

Mass Spectrometry Annual Meeting. 

5. Wenjing Li; Jianshi Yu; Maureen A Kane. “Targeted Proteomics Analysis of CrbpI 

Reveals Diagnostic Value for Cancer”. 2016 AAPS Annual Meeting and Exposition.  



 
 

4. Wenjing Li; Jianshi Yu; Claire L Carter; Jace W Jones, Maureen A Kane. “Targeted 

quantitation of CrbpI in cancer cells through a bottom-up approach”. 2016 American 

Society for Mass Spectrometry Annual Meeting. 

3. Wenjing Li; Bao Tran; Sung Hwan Yoon; Keely Pierzchalski; Jianshi Yu; David R 

Goodlett; Maureen A Kane. “Use of native mass spectrometry for quantification of 

protein complex.” 2015 American Society for Mass Spectrometry Annual Meeting.  

2. Wenjing Li, Jace W. Jones, Jianshi Yu, Keely Pierzchalski, Pu-Ting Xu, Isabel L. 

Jackson, Zeljko Vujaskovic, Gregory Tudor, Catherine Booth, Thomas J. MacVittie, and 

Maureen A. Kane. Metabolite profiling of active metabolites of vitamin A in lung 

epithelial cells. 2014 American Society for Mass Spectrometry Annual Meeting  

1. Bao Quoc Tran, Young Ah Goo, Catherine Booth, Greg Tudor, Wenjing Li, David R. 

Goodlett and Maureen A. Kane. Label-free quantitative analysis of radiation-induced 

differential protein expression in the mouse lung proteome. 2014 American Society for 

Mass Spectrometry Annual Meeting 

Publications 

11. Li, Wenjing, Stephanie Zalesak, and Maureen A. Kane. “Probing the interaction 

between retinal dehydrogenase 1 and cellular retinol binding protein type I through mass 

spectrometry.” (in Preparation) 

10. Li, Wenjing, Robert Tchelepi; Neha Srikumar; Chen Gu; Diego Ellerman; Greg A 

Lazar; Yichin Liu; John C. Tran. “Characterizing and quantitating therapeutic antibody 

multimer degradation using affinity capture mass spectrometry.” (Ready for submission). 

9. Li, Wenjing, Jianshi Yu, and Maureen A. Kane. “Targeted proteomics reveals 

diagnostic value of cellular retinol binding protein, type I for breast cancer.” (in 

Preparation). 

8. Li, Wenjing, Kiwon Ok, Sarah L.J. Michel, Maureen A. Kane. “Gold fingers: through 

the lens of native mass spectrometry.” (Ready for submission). 

7. Arunendra Saha Ray, William E. Ghann, Phoebe Tsoi, Brian Szychowski, Yweon Pak, 

Wenjing Li, Maureen Kane, Peter Swaan, Marie-Christine Daniel*. Set of Highly Stable 

Dendronized Gold Nanoparticles for Versatile Bioconjugation and High Payloads. 

Submitted. 



 
 

6. Heather M. Neu, Sergei A. Alexishin, Joel E. P. Brandis, Anne M. C. Williams,  

Wenjing Li,  Dajun Sun, Nan Zheng, Wenlei Jiang, Ann Zimrin, Jeffrey Fink, James E. 

Polli, Maureen A. Kane, Sarah L. J. Michel*. “Viewing Iron Nanoparticles in Action via 

Liquid Chromatography-Inductively Coupled Plasma-Mass Spectrometry (LC-ICP-MS).” 

Submitted. 

5. Li, Wenjing, Jianshi Yu, and Maureen A. Kane. "Quantitation of the Noncovalent 

Cellular Retinol-Binding Protein, Type 1 Complex Through Native Mass Spectrometry." 

Journal of The American Society for Mass Spectrometry 28.1 (2017): 29-37. 

4. Li, Wenjing, et al. "Inhibition Mechanism of P-glycoprotein Mediated Efflux by 

mPEG-PLA and Influence of PLA Chain Length on P-glycoprotein Inhibition Activity." 

Molecular pharmaceutics 11.1 (2013): 71-80. 

3. Fan, C., Li, X., Zhou, Y., Zhao, Y., Ma, S., Li, W., Liu, Y. and Li, G., 2013. Enhanced 

topical delivery of tetrandrine by ethosomes for treatment of arthritis. BioMed research 

international, 2013. 

2. Li, Na, Xin-Ru Li, Yan-Xia Zhou, Wen-Jing Li, Yong Zhao, Shu-Jin Ma, Jin-Wen Li 

et al. "The use of polyion complex micelles to enhance the oral delivery of salmon 

calcitonin and transport mechanism across the intestinal epithelial barrier." Biomaterials 

33, no. 34 (2012): 8881-8892. 

1. Wang, X., X. Li, Y. Li, Y. Zhou, C. Fan, W. Li, S. Ma et al. "Synthesis, 

characterization and biocompatibility of poly (2-ethyl-2-oxazoline)–poly (d, l-lactide)–

poly (2-ethyl-2-oxazoline) hydrogels." Acta biomaterialia 7, no. 12 (2011): 4149-4159. 

 

 

Honors and Awards 

2018.6    Noa Noy Memorial Fund Travel Award, FASEB 4th International Conference 

on Retinoids 

2017.8     PSC department Fellowship Award 

2016.8     Waters Scholarship 2016-2017  

2016-2018   Fellow, NIH Chemistry/Biology Interface Program 

2015.10   Asilomar Conference "Native Mass Spectrometry-based Structural Biology" 

Student Travel Stipend and Presenter Award in Poster Highlight Talk Session 



 
 

2015. 6 Washington-Baltimore Mass Spectrometry Discussion Group Young Investigator 

Travel Award 

Activities 

2015. 9   Student representative of Research and Entrepreneurship Committee, School of 

Pharmacy 

2014-Present Member, American Society for Mass Spectrometry 

2014-2016 Secretary, UMB Toastmaster Inter-professional Club; Education Award as 

Competent Leader of UMB Toastmaster Inter-professional Club (1st Award in the Club) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Abstract          

Title of dissertation: “Zoom in” on protein functions through integrated mass 

spectrometry 

Wenjing Li, Doctor of Philosophy, 2018 

Dissertation directed by: Dr. Maureen A. Kane, Associate Professor in Department of 

Pharmaceutical Sciences and Executive Director of Mass Spectrometry Center, School of 

Pharmacy  

 

         Mass spectrometry (MS) has been a powerful tool in cracking the protein codes for 

human biology regarding to their structure and function. Rich information can be 

collected through MS either at protein level (native/intact, top-down) or peptide level 

(middle-down and bottom-up), however integration of these approaches in order to 

generate a comprehensive view of the protein(s) has been underutilized. In this thesis, 

strategic integration of MS platforms was developed for two protein systems with the aim 

of elucidating the fundamental molecular function related to protein-ligand or protein-

protein interactions toward fulfilling the potential of MS-based platforms for application 

in drug discovery. 

 In the first study, the integration of native top down mass spectrometry coupled 

with ion mobility analysis provided extensive structural information to understand gold 

finger protein complex that formed with the exchange of zinc. Native top down analysis 

identified the stoichiometry, binding residues and preferable binding sites when gold 

replaces zinc in the parent nonclassical zinc finger protein tristetraprolin (TTP). The 

subtle difference in conformation were monitored by ion mobility simultaneously. The 



 
 

heterogeneity of gold fingers that were reflected by MS-based assays was not obvious by 

other conventional assays, suggesting the unique analytical power of MS for in-depth 

drug-target investigations. 

        In the second study, bottom-up and native MS were applied on interrogation of the 

role of cellular retinol binding protein, type I (CrbpI) in maintaining retinoid homeostasis. 

The endogenous level of CrbpI was confidently quantified through customized bottom-up 

assays, which demonstrated a positive correlation with active metabolite retinoic acid 

(RA). Further investigation focused on the interaction between CrbpI and its biological 

ligands (retinol and retinal), and the RA-producing enzyme retinal dehydrogenase 

1(Raldh1), using native mass spectrometry. These studies contributed fundamental 

information toward elucidating the role of CrbpI in facilitating RA biosynthesis, and also 

suggested its potential as a disease marker. 
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Chapter 1 :  Overview: Integrating electrospray mass spectrometry approaches for 

protein analysis 

         

         As one of the recipients of 2002 Nobel Prize of chemistry, Dr. John Bennett Fenn, 

pioneered the development of electrospray ionization coupled with mass spectrometry to 

enable characterization of large biomolecules
1
. The first protein electrospray spectra were 

presented by Fenn’s group at the 36th American Society for Mass Spectrometry (ASMS) 

Conference on Mass Spectrometry and Allied Topics in San Francisco in June 1988
2
. The 

revolutionary advantage of electrospray is to generate multiply charged ions which 

greatly expand application to biomolecules with unlimited mass range. Since the advent 

of electrospray ionization, waves of new instrumentation have enlarged the application 

scope of electrospray mass spectrometry, including the incorporation of high-resolution 

analyzers
3
, modified ion transmission devices

4,5
, ion mobility coupling

6
 and multiple 

fragmentation techniques
7
. All of these advancements have contributed to a more in-

depth and well-rounded set of analytical capabilities for the investigation of the structure, 

abundance, and molecular function of proteins. 

        The mechanism of electrospray has been debated in the mass spectrometry 

community since proteins, unlike small molecules, can generate distinct charge state 

distributions under different conditions when ionized. Less debated is the initial step of 

charged droplet formation, mainly supported by the “Taylor cone” theory introduced by 

Sir Geoffrey Ingram Taylor in 1960s
8
. The mathematical model mimics the shape of the 

cone formed by the fluid droplets under the effect of an electric field. The apex of the 

cone is unstable and a jet stream can be formed when hydrodynamic relaxation time 

becomes larger than the charge relaxation time. Eventually the jet stream breaks into fine 

https://paperpile.com/c/KZwmcc/naHSa
https://paperpile.com/c/KZwmcc/ramar
https://paperpile.com/c/KZwmcc/eT1rv
https://paperpile.com/c/KZwmcc/FAhGm+156Fw
https://paperpile.com/c/KZwmcc/fwS8d
https://paperpile.com/c/KZwmcc/d2Pxt
https://en.wikipedia.org/wiki/Geoffrey_Ingram_Taylor
https://paperpile.com/c/KZwmcc/geWLO
https://en.wikipedia.org/wiki/Relaxation_time
https://en.wikipedia.org/wiki/Relaxation_time
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droplets due to intrinsic varicose instability, and the droplets can go through several 

rounds of desolvation and shrinkage before entering the mass spectrometer as it breaks 

into smaller droplets whenever it reaches its own "Rayleigh limit"
9
. Until now, there is no 

known physical or chemical experiments that enable the direct observation or 

measurement for the formation of the final droplet. However, elegant molecular 

dynamics models have provided a theoretical explanation for the ionization behavior of 

folded and unfolded proteins, namely the charged residue model and the chain ejection 

model
10–12

. These models were also able to match with other experimental results 

involving various types of analytes, providing the foundation for optimizing sample 

preparation strategies for protein MS analysis, to achieve the full analytical potential of 

electrospray. Herein I summarized the general MS-based strategies utilized for protein 

studies to investigate and reveal the fundamental molecular information that is not 

provided through other biochemical methodologies.   

          1.1 Native/intact analysis 

 

        The electrospray of intact proteins and peptides was initially carried out with organic 

solvents (20~80%) under acidic conditions (0.1% formic acid, pH 2) for better 

desolvation and easier ionization. In this way, the intact mass of a protein could be 

accurately assigned, and mutations or modifications could also be differentiated if there 

was a characteristic mass shift
13

. Easily coupled with various chromatographic 

separations at the front end, this straightforward platform still has its popularity for 

routine protein analysis and possesses an important position in biopharmaceutical 

companies- to monitor the stability, modification and heterogeneity of the protein 

therapeutics
14,15

.  

https://paperpile.com/c/KZwmcc/O46zL
https://paperpile.com/c/KZwmcc/YtZSy+HWi6g+OMZNg
https://paperpile.com/c/KZwmcc/0xEg0
https://paperpile.com/c/KZwmcc/xP5nl+jetSM
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       In 1991, a couple of labs reported that they could spray proteins in pure aqueous 

neutral solution
16–18

, usually with 5~500 mM ammonium bicarbonate or ammonium 

acetate. Since these proteins were considered in a folded conformation when sprayed, a 

new field, later named as “native mass spectrometry” was born, expanding the 

application of electrospray mass spectrometry to gas-phase structural biology
19,20

. Now 

multi-unit protein assemblies, up to 1 M Da, and the non-covalent interaction between the 

subunits including protein-ligand, protein-protein, protein-DNA/RNA can be probed 

through manipulation of native MS techniques, obtaining stoichiometry, binding affinity, 

and cooperativity information (Figure 1.1)
21

. Coupled with ion mobility analysis, the 

conformation of folded protein ions can be monitored and directly reflect their 

tertiary/quaternary structure in solution, adding another dimension for MS analysis to 

visualize the dynamics of protein assemblies 
22

. One of the many examples of this aspect, 

is the elucidation of the structure of the cyanobacterial circadian oscillator and how it 

maintained a natural 24-hour reaction cycle through monitoring the stoichiometry of 

protein complexes that appeared and diminished during the process
23

. The observation of 

the dynamic formation of complexes was also validated through cryo-EM and functional 

studies
23

. It is no doubt that native mass spectrometry, with versatile manipulations that 

can be applied  in a modern mass spectrometer, will continue to be the driving force in 

discovering molecular information that is not easily obtained through NMR or X-ray 

crystallography, and bringing new insights on the structure and function of protein 

assemblies. 

https://paperpile.com/c/KZwmcc/CxAJ3+Kouaa+DADhJ
https://paperpile.com/c/KZwmcc/OPgty+p53yN
https://paperpile.com/c/KZwmcc/PI0FP
https://paperpile.com/c/KZwmcc/XFW15
https://paperpile.com/c/KZwmcc/1gmQM
https://paperpile.com/c/KZwmcc/1gmQM
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Figure 1.1 Comparison of the MS analysis of an identical protein mixture under 

denatured and native MS conditions. A mixture of proteins, trypsin inhibitor, bovine 

serum albumin, lactate dehydrogenase, B-phycoerythrin, and apoferritin, commonly used 

as molecular weight markers in native PAGE, was buffer-exchanged into a 

water/acetonitrile/formic acid (50/49/1) solution or 100 mM aqueous ammonium acetate 

pH 7 for denatured MS (a) and native MS (b), respectively. Figure adapted from J Am 

Soc Mass Spectrom. 2017; 28(1): 5–13 with permission. No changes were made. Licence: 

(http://creativecommons.org/licenses/by/4.0/). Copyright © Aneika C. Leney and Albert J. 

R. Heck  2016 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5174146/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5174146/
http://creativecommons.org/licenses/by/4.0/
https://www.ncbi.nlm.nih.gov/pmc/about/copyright/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Leney%20AC%5BAuthor%5D&cauthor=true&cauthor_uid=27909974
https://www.ncbi.nlm.nih.gov/pubmed/?term=Heck%20AJ%5BAuthor%5D&cauthor=true&cauthor_uid=27909974
https://www.ncbi.nlm.nih.gov/pubmed/?term=Heck%20AJ%5BAuthor%5D&cauthor=true&cauthor_uid=27909974


5 
 

1.2 Bottom-up analysis   

 

       Analyzing protein at its full length usually best applied to a purified sample, with less 

than 10 species and known compositions. Often the intact MS analysis of a protein or 

peptide does not provide sufficient specificity or resolution, to look at the amino-acid 

sequence or post-translational modifications thoroughly. Tandem mass spectrometry, 

originally developed for protein sequencing in the 1970s, utilizes collision induced 

dissociation (CID) technique to generate the sequence for tryptic peptides from a 

particular protein
24

. Before the utilization of electrospray, ionization techniques (electron 

ionization, fast atom bombardment, etc.) required labor-intensive sample preparation and 

suffered from a mass limit of 6000 Da. With the application of electrospray, this platform 

is now termed as “shotgun”, or also called the “bottom-up” approach, which identifies the 

proteins in a mixture by comparing the fragment spectra with the fingerprint library 

generated from computer algorithms
25

. During the same time the word “proteomics” was 

introduced by Dr. Marc Wilkins in 1994, demonstrating the great potential of this 

platform to understand the whole proteome in a cell or tissue system
26

. 

       Subsequently, a scientific community started to mature with the establishment of the 

human proteome organization(HUPO) in 2001, and the first draft of human proteome 

based on MS-based analysis(mostly bottom-up approaches) was published in 2014
27

. 

Presently among the 19, 656 proteins that are predicted from human genome, 89% of 

them can be confidently assigned through mass spectrometry-based proteomics 

(https://hupo.org/human-proteome-project). Now bottom-up approaches are categorized 

into two main applications: global proteomics (or discovery proteomics), to profile as 

many proteins as possible in a particular cellular environment and explore the global 

https://paperpile.com/c/KZwmcc/NYZ5l
https://paperpile.com/c/KZwmcc/EKZYe
https://paperpile.com/c/KZwmcc/eeyuY
https://paperpile.com/c/KZwmcc/0y0aD
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changes during disease occurrence or treatment; targeted proteomics, to precisely 

quantify known protein markers that can reveal biological function with hypothesis-

driven experimental design
28

. All these efforts will contribute to greater coverage and 

depth for protein codes that complete the map for human biology and disease.  

1.3 Top-down analysis 

 

         The sequence coverage through “bottom-up” was only able to reach 50-90%, with 

missed sequence from digestion, fragmentation, or background interference
29

. The top-

down approach, whereby the intact protein instead of peptides is fully dissociated, in 

theory, can achieve 100% sequence coverage where potentially all the modified location 

could be recognized.  

           With the advancement of instrumentation and software, top-down has now 

progressed from one-protein system into a proteome era, demonstrating its power in 

mapping PTMs including methylation, phosphorylation and acetylation in vivo
30

. 

Multiple offline and online separation strategies prior to MS analysis could provide 

sample-dependent advantages, mostly relying on reducing the complexity of the 

proteome and increasing the depth of information needed
31

. Non-covalent protein 

complexes could also be analyzed through top-down approach, supplementing the 

information pertaining to stoichiometry of subunits or PTMs that you can obtain on the 

intact level
32,33

. Although the upper mass limit for the top-down approach is ~50-70 kDa 

and the bioinformatics tools to fully decipher the datasets are still underdeveloped, the 

unique information provided by this approach is irreplaceable
34

. The Consortium for Top 

Down proteomic has been established in 2017
35

  to address and tackle these key issues. A 

bright future waits for a new protein network contributed by top-down mass spectrometry. 

https://paperpile.com/c/KZwmcc/ggQjo
https://paperpile.com/c/KZwmcc/aie7w
https://paperpile.com/c/KZwmcc/iZKPQ
https://paperpile.com/c/KZwmcc/aaDSu
https://paperpile.com/c/KZwmcc/sJgT3+GYQl2
https://paperpile.com/c/KZwmcc/ufioz
https://paperpile.com/c/KZwmcc/04fvR
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          1.4 Middle-down analysis 

 

        Middle-down analysis was introduced as a way to gain structural information when 

top-down analysis is not applicable, particularly to proteins with molecular weight over 

50 kDa which usually are not amenable for direct dissociation
14

. The development of this 

platform is widely adopted by biopharmaceutical companies, since most antibody 

therapeutics have a much larger size (>150 kDa)-that is current out of the range for top-

down analysis while bottom-up analysis may generate too much “noise” for full 

identification of PTMs
36,37

. A combination of immunoglobulin-G-degrading enzyme of 

Streptococcus pyogenes (IdeS) digestion and chemical reduction facilitated ~50% 

sequence coverage and identification of critical oxidized methionine residues for 

adalimumab
37

. The versatility of middle-down strategies also opens new doors to 

empower MS analysis-the use of disulfide reduction, enzymatic reaction, and other 

chemical modifications to break the intact protein into long peptides are all tangible 

routes one can take to gain insights on the target protein
38

.  

       Similar as top-down analysis, another important niche for middle-down analysis is its 

application in PTM identifications. Co-occurring PTMs that depict biological function 

might be separated on two peptides or lost during bottom-up analysis but could be 

preserved on a long peptide through middle-down approach
38

. Histones are nuclear 

proteins that are central to chromatin function and heavily decorated with PTMs at the N-

terminus
39

. Middle-down allows a complete examination of the N-terminal tail of 

histones (aa1-50), providing in-depth description of “histone codes” that are potentially 

serving as new biomarkers for diseases
40–43

.  

https://paperpile.com/c/KZwmcc/xP5nl
https://paperpile.com/c/KZwmcc/EoSLg+ObuVY
https://paperpile.com/c/KZwmcc/ObuVY
https://paperpile.com/c/KZwmcc/HoP3s
https://paperpile.com/c/KZwmcc/HoP3s
https://paperpile.com/c/KZwmcc/7bas5
https://paperpile.com/c/KZwmcc/GPl2S+BK09f+AvDyL+rNz2B
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          1.5 Integrated mass spectrometry: scope and applications 

 

      As discussed above, these protein-centric (intact/native and top-down) and peptide-

centric (middle-down and bottom-up) MS-based strategies when integrated, could yield a 

comprehensive view towards elucidating the structure and function of protein or protein 

complexes with complementary information informing each other. The following are 

examples of recent integrated analysis at the protein level or peptide level, sometimes 

combined, to break the barriers that biochemists face in answering biological questions. 

          Protein-centric integration  The combination of native MS and top-down analysis 

has achieved remarkable progress in deciphering the stoichiometry, the stability and 

affinity of protein-ligand or protein-protein interactions
44

. With the assistance of various 

dissociation techniques (collisional activated dissociation, electron transfer dissociation 

and electron capture dissociation), ligand-binding sites could be probed either based on 

electrostatic or hydrophobic interactions
45–47

. A recent study on yeast alcohol 

dehydrogenase (ADH) has revealed the tetramer coordinates two zinc atoms in each 

subunit when analyzed at the intact level, and the zinc binding site was identified to be 

Cys46 at N-terminus through top-down approach. This was distinctively different from 

horse ADH, which was shown to bind not only zinc, but also NAD/NADH, and top-down 

approach was able to reveal a preferable site for NAD/NADH among the subunits
48

.  

         Protein- and Peptide-centric integration The advent of hybrid mass spectrometers 

along with novel chromatographic separations and informatics has boosted an emerging 

trend in MS analysis, the combination of protein-centric and peptide-centric analysis. 

Middle/Top down studies have demonstrated capability to identify not only co-occurring 

modifications on histones, but also other unexpected clipping of histone tails
49

. The 

https://paperpile.com/c/KZwmcc/3IqIY
https://paperpile.com/c/KZwmcc/jHj9F+fRCrz+YdJSe
https://paperpile.com/c/KZwmcc/om4LO
https://paperpile.com/c/KZwmcc/qA8X5
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combination of native and middle-down analysis discovered three new C-glycosylation 

sites on properdin and a heterogeneous C-mannosylation event
50

. A comparison of 

bottom-up and top-down analysis on the proteins (0-30 kDa) extracted from the same 

breast tumor xenografts revealed values of both: bottom up proteomics quantified 3519 

proteins which was 10-fold greater than what top-down could detect but top-down 

examined differences in PTMs that were lost in the bottom-up analysis
51

. These studies 

have implied the power of an integrated MS analysis for bringing new discovery and 

understanding towards biology, when a “fit-for-purpose” strategy is developed for the 

particular protein system. 

          1.6 Aims of the thesis 

 

          In this thesis, strategic integrations of MS platforms are developed for each protein 

system with the aim of elucidating the fundamental molecular function related to protein-

ligand, protein-protein, protein-RNA interactions and demonstrating the potential of MS-

based platforms for routine application in drug discovery. 

 Chapter 2 describes the integration of native top down mass spectrometry coupled 

with ion mobility analysis to provide extensive structural information to understand the 

formation of gold finger protein complex that occur upon exchange of zinc. Native top 

down analysis identified the stoichiometry; binding residues and preferable binding sites 

when gold replaces zinc in the nonclassical zinc finger protein tristetraprolin (TTP), and 

the subtle differences in conformation were monitored by ion mobility simultaneously. 

The heterogeneity of gold fingers reflected by MS-based assays were not obvious via by 

other conventional assays (UV absorbance, circular dichroism, NMR, etc.), 

demonstrating its unique analytical power for in-depth drug-target studies. 

https://paperpile.com/c/KZwmcc/iWHbS
https://paperpile.com/c/KZwmcc/76CHy
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             Chapter 3 introduces the application of bottom-up and native MS on interrogation 

of the role of cellular retinol binding protein, type I (CrbpI) in maintaining retinoid 

homeostasis. The endogenous level of CrbpI was confidently quantified through a 

customized bottom-up assay, which demonstrated a positive correlation of CrbpI with 

active metabolite retinoid acid (RA). Further investigation focused on the interaction 

between CrbpI and its biological ligands (retinol and retinal), and the RA-producing 

enzyme retinal dehydrogenase 1(Raldh1), using native mass spectrometry. This study 

provided fundamental information towards elucidating the role of CrbpI in facilitating 

RA biosynthesis, and also suggested its potential role for CrbpI as a disease marker, 

which could be further validated through mass spectrometry analysis.   
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Chapter 2 : The structure and function of “gold finger”, through the lens of 

integrated mass spectrometry 

2.1 Abstract           

       We present an integrated mass spectrometry (MS) approach to investigate the 

structure of a gold finger protein that resulted from the replacement of zinc in 

nonclassical zinc finger protein, and examine the resultant functionality with target RNA 

through native MS coupled with ion mobility. The preservation of the native-like 

structure allows us to probe the preferable binding sites of gold and monitor subtle 

conformation changes upon metal exchange, facilitating a comprehensive view of the 

heterogeneity of gold fingers. This is the first report on the interaction between a non-

classical zinc finger protein with a reactive gold compound utilizing integrated mass 

spectrometry. We believe this approach could benefit other metalloprotein studies to 

inform on structural modulations by metals regarding to their biological effect or 

therapeutic potential. 
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2.2 Introduction   

 

        Tristetraprolin (TTP) is a non-classical zinc finger protein that contains two 

conserved three cysteine one histidine (Cys3His) Zn binding domains (Figure 2.1)
52,53

. 

TTP plays a key role in regulating the inflammatory response at the mRNA level and is 

directly involved with cytokine mRNA decay
54

. The cysteine-rich microenvironment, 

however, can also coordinate other metals at multiple oxidation states, including Fe(II), 

Fe(III), Cu(I), and Cd(II)
55–57

. While most metals demonstrate toxic effect in vivo, gold 

complexes have shown therapeutic potential in cancer, inflammatory diseases and HIV, 

targeting classic zinc fingers like PARP-1, Sp1-3 and NCp7
58,59

. The proposed 

mechanism of action is their capability of exchanging zinc from the core of zinc-binding 

domain to form a gold finger, followed by the loss of interaction with DNA targets. Non-

classical zinc fingers, uniquely distinguished by their affinity with mRNA, have 

undergone limited investigation regarding their reactivity with gold compounds. 

Examining their molecular interaction with gold therapeutics will facilitate a more 

comprehensive understanding of the pharmacology of gold, and aid in the full evaluation 

of their therapeutic potential. With objective of investigating the reactivity of gold 

compounds to TTP, herein we developed an integrated native MS approach coupled with 

ion mobility analysis, to probe the interaction between a model gold complex- 

[Au(III)terpy Cl]Cl2(Figure 2.1), and the tandem zinc finger binding domains of 

TTP(TTP-2D). 

 

 

https://paperpile.com/c/KZwmcc/ZiAM+FPPZ
https://paperpile.com/c/KZwmcc/4ZCJ
https://paperpile.com/c/KZwmcc/psc1+EbjK+8LNy
https://paperpile.com/c/KZwmcc/0fSq+AEas
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Figure 2.1 The structure of TTP-2D and [Au(III) terpy Cl]Cl2 used in this study. The 

circled section is the N-terminus zinc finger TTP-1D also included in this study. 

Highlighted amino acids are cysteines(yellow) and histidines(blue) that are involved with 

zinc binding; tyrosines and phenylalanines(both green) that are RNA binding sites. 

 

        Native MS-based biophysical investigations have recently provided critical insights 

on protein-ligand (small molecules, metals), and protein-RNA/DNA interactions
60,61

. The 

term “native” refers to maintaining the close-to-native structure of the protein complex 

through manipulating conditions for MS analysis: neutral pH provided by ammonium 

acetate solutions for the complex preparation; soft ionization and optimized instrument 

parameters to preserve the non-covalent interaction in vacuo. In fact, many classical zinc 

fingers like PARP-1, NCp7 and Sp1-3 have benefited from high resolution mass 

spectrometry analysis, gaining structural information on their interaction with gold(I) and 

gold(III) complexes on stoichiometry, metal binding sites, and also conformation if the 

instrument harbors the capability for ion mobility separation
58,59,62–67

. However, MS 

studies to date have a variety of issues that have limited interrogation of metal-protein 

complexes. The issues include the use of denaturing/harsh conditions may result in the 

https://paperpile.com/c/KZwmcc/V1AB+XB1L
https://paperpile.com/c/KZwmcc/0fSq+AEas+0C5r+99LN+0Uvn+ji1l+S9P9+KZ5k
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unfolding of the zinc finger, or demetalation. Limited examination under different ratios 

of gold compounds in the presence of zinc finger protein and the lack of interpretation of 

the charge state distribution, may have limited critical information regarding the stability 

and conformation for each metal-peptide complex. Such issues may have caused some 

inconsistencies in reported stoichiometry
58, 66, 67, 74

(Table 2.1) which could lead to limited 

interpretation of the reactivity between gold and zinc finger due to a perturbation of the 

solution structure. To address these issues and further expand the understanding of metal-

protein complexes, we applied a native MS platform that included: 1) neutral solution 

(pH ~7) to mimic the physiological condition and optimized instrumental parameters to 

ensure the preservation of the secondary/tertiary structure; 2) titration of Au(III) to TTP-

2D to monitor the formation of gold fingers; 3) acquisition of the conformation 

information for each complex through ion mobility analysis to enable structural  

zinc finger Au(III) complexes Au: 

peptide           

mix ratio 

Stoichiometry 

(gold ions per 

peptide) 

PARP-1(CCHC 

type) 

 

 

Aubipy, Auphen 3:1 1, 2, 3
58

 

Auphen 3:1 1, 2
67

 

NCp7(CCHC type) [Au(III)(terpy)Cl]Cl2, 

[Au(III)(dien)Cl]Cl2 

1:1 1, 2, 4
66

 

Aubipy 

Auphen 

1:1 

1:1 

 2
74

 

1
74

 

 

Table 2.1 The reported stoichiometry of gold fingers involved with Au(III) 

complexes and classical zinc finger peptide. 

https://paperpile.com/c/KZwmcc/0fSq+AEas+99LN+S9P9
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comparison between zinc finger and gold fingers. Another advantage of the platform is to 

provide the convenience to further probe the interaction between finger peptides with 

target RNA. Through maintaining a native-like structure in the gas phase, we could 

correlate the results with other solution-based biochemistry assays on the same system. 

To our knowledge, it’s the first time the interaction among a non-classical tandem zinc 

finger peptide, gold(III) compounds and the target single stranded RNA(5’-

UUUAUUUAUUU-3’), was systematically examined through integrated native mass 

spectrometry. 

2.3 Experimental Section 

    2.3.1 Materials   

 

    HAuCl4 and 2,2';6',2"-terpyridine were purchased from Fisher Scientific and Acros, 

respectively. The gold (III) complex, [Au(III)terpyCl]Cl2 was synthesized and 

recrystallized via a published method
68

. Ammonium acetate (NH4OAc) and zinc acetate 

(Zn (OAc)2) were obtained from Fisher Scientific and Fluka Chemicals, respectively. The 

11-mer RNA oligonucleotide (sequence: 5’- UUUAUUUAUUU-3’, M.W. 3352.0 Da) 

was purchased via a custom product service provided by Sigma Aldrich and purified by 

HPLC. All other used reagents were purchased from Sigma Aldrich unless specified. All 

used water is generated by Milli-Q water purification system. 

   2.3.2 Preparation of Zinc Finger and Gold Fingers  

 

      A first zinc finger domain construct of TTP, called TTP-1D (sequence: 

TSSRYKTELCRTYSESGRCRYGAKCQFAHGLGELRQ, M.W.: 4143.6 Da), was 

purchased from Biosynthesis (Lewisville, TX) at >75% purity. Further HPLC 

https://paperpile.com/c/KZwmcc/Coa2
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purification of apo-form of TTP-1D is described in detail previously. A tandem zinc 

finger domain construct of TTP, termed TTP-2D (sequence: MSRYKTELCRTY 

SESGRCRYGAKCQFAHGLGELRQANRHPKYKTELCHKFYLQGRCPYGSRCHFIH

NPTEDLAL, M.W.: 8581.8 Da), was overexpressed and purified as described previously. 

After purification, the reduced apo-form of TTP-1D and TTP-2D, were stored in an 

anaerobic glove box (Coy Laboratory Products), and then subsequently dissolved in 

water. Protein concentration was determined via UV-Vis spectrophotometer (Perkin 

Elmer) using a wavelength of 276 nm with specific extinction coefficients (TTP-1D: 

4260 L∙mol
-1

∙cm
-1

, TTP-2D: 8520 L∙mol
-1

∙cm
-1

). Each sample’s concentration was set to 

5 μM in 10 mM NH4 (OAc) at pH 6.9. 2 equiv of Zn (OAc)2 was then added to form zinc 

finger. Prepared [Au(III)(terpy)Cl]Cl2 solution was titrated directly to the zinc finger 

solution from 0.2 to 2 equivs and metal exchange was monitored.  

   2.3.3 Mass spectrometry  

 

   All the protein complexes were directly infused through syringe pump at a flow rate 

of 100~500 nL/min to a nanoESI source on Waters Synapt G2S mass spectrometer. The 

instrument parameters used for native analysis were: source temperature: 50°C; capillary 

voltage, 2.0 kV; sample cone, 30 V; source offset, 0 V; trap collision energy, 4V; trap gas 

flow, 2 mL/min; helium cell gas flow, 180 mL/min; IMS gas flow 90 mL/min; IMS wave 

height, 40V; IMS wave velocity, 900 m/s. Sodium iodide solution was used for 

calibration m/z 100-3000. All Mass spectra were processed by Masslynx 4.1 (Waters) 

and deconvoluted through MagTran (Amgen Inc.). Top-down data analysis was 

conducted through Prosight Lite
69

. The simulations for isotope patterns were calculated 

through enviPat Web 2.2 
70

. For ion mobility studies, Myoglobin, Cytochrome C and 

https://paperpile.com/c/KZwmcc/KFZE
https://paperpile.com/c/KZwmcc/B3R5
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ubiquitin were used for ion mobility calibration
69,71

 and arrival time distributions (ATDs) 

were processed through Driftscope 2.3 and Masslynx 4.1 (Waters). 

2.4 Results and discussion 

         2.4.1 The stoichiometry of gold finger complexes  

 

          To enable direct observation of metal exchange events, all the zinc finger samples 

were subjected to MS analysis immediately (within 2 min) after the titration of Au(III) at 

room temperature (25 ± 2 °C). The mass differences in deconvoluted MS spectrum were 

utilized to assign the stoichiometry for each complex with mass errors all within 0.3 Da 

(Table 2.1-2.4). Demonstrated in Figure 2.1, the apo-TTP-2D fully incorporated two zinc 

ions when titrated with 2 equivs of zinc acetate, as previously observed in binding assays 

using UV-absorbance
55

. A series concentration of Au(III) was directly added to the zinc 

finger protein, at 0.4, 0.8, 1.2, 1.6 and 2 equivs. At 0.4 equivs, up to five gold ions could 

be coordinated with TTP-2D, and also present were one zinc bound(1Zn-), two zinc 

bound(2Zn-), and one zinc one gold bound(1Zn-1Au-) TTP-2D complexes, as a result of 

incomplete exchange. As more Au(III) was added, the zinc finger completely disappeared, 

while gold bound species became the dominant species and up to 6 gold ions were 

coordinated with TTP-2D at 2 equivs. A similar titration experiment was carried out for 

TTP-1D, where Au(III) was added at 0.2, 0.4, 0.6, 0.8 and 1.0 equivs, shown in Figure 

2B. The apo-TTP-1D formed a fully zinc bound complex at 1:1 ratio. Au-bound-TTP-1D 

species became more intense with the increase of Au(III), and up to 3 gold ions were 

present with TTP-1D at the maximum. These data suggested a direct ejection of zinc 

upon Au(III) addition, with the formation of zinc(terpy) complexes  

https://paperpile.com/c/KZwmcc/KFZE+8DHv
https://paperpile.com/c/KZwmcc/psc1
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Table 2.2 Deconvoluted mass (Da) for each species observed during the titration 

experiment for TTP-2D. The mass shifting events for complex with an assigned 

stoichiometry that observed in the intact mass measurements in Figure 2.2 were 

highlighted in colors accordingly.  

 

Table 2.3 Mass errors (Da) for each species observed in Table 2.2 during the 

titration experiment for TTP-2D compared to their theoretical average mass (Da).  
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Table 2.4 Deconvoluted mass (Da) for each species observed during the titration 

experiment for TTP-1D. The mass shifting events for complex with an assigned 

stoichiometry that observed in the intact mass measurements in Figure 2.2 were 

highlighted in colors accordingly.  

 

Table 2.5 Mass errors (Da) for each species observed in Table 2.4 during the 

titration experiment for TTP-1D compared to their theoretical average mass (Da).  
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Figure 2.2 Deconvoluted native MS spectra of protein complexes formed during 

titration experiment. A) Apo-TTP-2D was titrated with 2 equivs of Zn(II) to form zinc 

finger, followed with Au(III) titration at equivs of 0.4 to 2.0. B) apo-TTP-1D was 

incubated with 1 equiv of Zn(II) to form zinc finger before Au(III) was titrated directly at 

equivs of 0.2 to 1. The stoichiometry of the complexes are reflected by the color-coded 

circles shown in the Figure. The mass shifts of the same protein complex during the 

titration of Au(III) were highlighted by arrows when it first occurred. 

 

identified at lower mass range (Figure 2.2). Intriguingly, when Au(III) was added up to 

0.4 equivs to the single zinc finger 1Zn-TTP-1D, the 1Zn-TTP-1D appeared to be the 

dominant species. However, when the same equivs of Au(III) were added to the tandem 
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zinc finger 2Zn-TTP-2D, 1Au-TTP-2D was the most abundant complex--It’s likely the 

formation of 1Au-TTP-2D was mostly contributed by the metal exchange at the low-zinc-

affinity finger at C-terminus. Indeed, it’s been reported that the first zinc finger domain 

(TTP-1D) has a higher affinity with zinc than the second zinc finger domain at the C-

terminus
72,73

.  

 

 

Figure 2.3 The formation of Zn(terpy) species upon titration of Au(III) to 2Zn-TTP-

2D. The “zoom in” spectrums matched with simulation results for isotopic envelops for 

two occurring species where Zn was associated with (terpy).  

 

0.4 equiv Au(III)

0.8 equiv Au(III)

1.2 equiv Au(III)

1.6 equiv Au(III)

2.0 equiv Au(III)

2 equiv Zn(II) simulation
Zn(terpy)2

2+ Zn(terpy)Cl+

simulation

https://paperpile.com/c/KZwmcc/DT0v+LbhH


23 
 

          The stoichiometry observed for gold fingers in our study is comparable with 

previous reports on classic zinc fingers which also contain three cysteines and one 

histidine but with distinct biological functionalities, including PARP-1(CCHC type)
58,63

 

and NCp7(CCHC type)
59,66,74

. When incubated with Au(III), multiple gold bound 

complexes could be formed with varied gold-to-peptide ratios from 1 to 4 (Table 2.1). 

The discrepancies of stoichiometry observed for the same parent zinc finger in those 

cases could be possibly related to experimental conditions or design, including non-native 

environment, instrument parameters, and incubation time. Our platform demonstrated an 

optimized preservation of zinc finger and gold finger complexes in the gas phase, 

bridging the correlation of metal exchange events in the solution phase. It is also 

demonstrated in our study that the formation of gold fingers is affected by the available 

amount of Au(III)- as Au(III) increases it gradually occupied more binding sites, until 

saturation occurred.  

         2.4.2 The oxidation effect of Au(III) on zinc finger  

 

         The occurrence of apo-TTP-2D and apo-TTP-1D indicated a direct zinc 

replacement upon 0.4 equivs of Au(III). Strikingly, multiple mass shifts with 1 or 2 Da 

losses were observed for apo-TTP-2D/TTP-1D during the titration of Au(III). As 

highlighted in Figure 2.2A, immediately after the addition of Au(III), apo-TTP-2D 

became fully oxidized with a loss of 4 Da due to the formation of two disulfide bonds 

(the original deconvoluted MS of apo-TTP-2D was shown to contain one disulfide bond 

caused by exposure to air). For TTP-1D, shown in Figure 2.2B, occurred to gain 32 Da, 

possibly due to the oxidation of disulfide bonds to form thiosulfonate, induced by 

Au(III)
75–77

. The free thiol in apo-TTP-1D could be oxidized to form intermolecular 

https://paperpile.com/c/KZwmcc/0fSq+99LN
https://paperpile.com/c/KZwmcc/AEas+S9P9+uQBA
https://paperpile.com/c/KZwmcc/z5Tx+5MAL+mQYB
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disulfide bond which could go through degradation that results dehydroalanine, with a 

loss of 34 Da
78

. The combined effect of oxidation and degradation on the same TTP-1D 

peptide would result in species with a 2 Da loss. The oxidation effect of Au(III) on the 

formation of disulfide bonds and over-oxidation with a 32 Da gain as compared to apo 

zinc finger peptide have been reported repeatedly, although the 2Da loss (a 4 Da loss in 

total against the reduced peptide) of TTP-1D seemed to be an interesting observation, 

since other oxidized/degraded species were not detected. Moreover, the oxidized products 

of TTP-1D persisted and demonstrated increased abundance with the addition of Au(III), 

which were not able to coordinate gold ions. However the oxidized species of apo-TTP-

2D with three disulfides decreased with more Au(III) added, potentially contributing to 

the formation of more gold fingers. This indicated that the oxidative stress that posed by 

Au(III) seemed more severe for TTP-1D compared with TTP-2D, suggesting the 

intermolecular or intramolecular disulfide bonds in more disordered TTP-1D may be 

more susceptible to oxidation compared to TTP-2D.  

         2.4.3 Mapping the possible binding sites through the titration   

 

       A concurrent phenomenon with the oxidation of apo zinc fingers was the reduction 

of Au(III) to Au(I). To explore this phenomenon in our cases, the isotopic distribution for 

1Au-TTP-2D (charge state 6+), and 1Au, 2Au-TTP-1D (charge state 4+) were compared 

with Au(III)/Au(I) simulated mass spectra (Figure 2.4-2.6). For 1Au-TTP-2D, all the 

possible binding pairs like cysteine and histidine (Cys-Au-His), two cysteines (Cys-Au-

Cys) and two histidines (His-Au-His) for Au(I) were considered, as they may result in 

different protonation states that shift isotopic clusters. The complexity in assigning the 

binding residues for the gold ion lies in that a combination of Au(III)/Au(I) would result 

https://paperpile.com/c/KZwmcc/FYKH
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in the same isotopic distribution; however, the mass shifting events that occurred for the 

same aurated TTP-2D during titration could imply the preferable sites for gold are 

cysteines. For example, at 0.4 equiv of Au, either Au(III) or Au(I) would present the 

exact same isotopic distribution, and in both cases, cysteines are critical for the 

interaction, presenting a dominant peak among other aurated species. However, as the 

titrated Au increased to 0.8 equivs, His-Au-His pair was the only possible interactive 

residues to match with the simulated isotopic envelope, with decreased relative signal 

intensity (Figure 2.4). It is likely the six cysteines were responsible for the increase of 

other aurated species at 0.8 equivs. As the titration continued, the relative intensity of 

histidine- based 1Au-TTP-2D continuously decreased, in contrast with a combined rise of 

cysteine-based gold fingers.  

           The coordination of one gold ion for TTP-1D, similar as the case for TTP-2D, 

can either be Au(III) or Au(I)(Figure 2.5). The Cys-Au-Cys did not appear to be a 

preferable binding pair in 1Au-TTP-1D, possibly due to the extensive oxidation of 

disulfide bonds observed in Figure 2.2B. Intriguingly, there was a consecutive 1 Da mass 

shift for 2Au-TTP-1D species when Au(III) was titrated from 0.6 equivs to 1.0 

equivs(Figure 2.2B, 2.6), and only when we included arginine as potential binding sites 

could we explain the isotopic pattern for the particular aurated species at 1.0 equiv. The 

fact that TTP-1D could incorporate 3 gold ions has already implied there should be other 

amino acids involved, since three cysteines and one histidine can only anchor two gold 

ions in maximum. Moreover, TTP-1D does contain 5 arginines, and it’s been reported 

this basic amino acid could bind gold in the presence of cysteine and histidine in the same 
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peptide
79

. Interestingly, the 2Au-TTP-1D species observed at 0.8 equivs seemed to be a 

mixed product of 0.6 equiv and 1.0 equiv, based on the raw mass spectrum.  

Figure 2.4 Simulated and experimental isotope envelopes for  

                             1Au(III)-TTP-2D:   [C374H576N117O105S6Au]
6+

 

                             1Au(I)-TTP-2D:  (Cys)2   : [C374H576N117O105S6Au]
6+

 

                                                        (CysHis) :[C374H576N117O105S6Au]
6+

 

                                                        (His)2 : [C374H574N117O105S6Au]
6+

  

 

 

 

 

https://paperpile.com/c/KZwmcc/pAYK
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Figure 2.5 Simulated and experimental isotope envelopes at 0.2 equiv Au(III) for  

1Au(III)-TTP-1D:[C174H278N57O55S3Au]
4+

 

1Au(I)-TTP-1D: (Cys)2 : [C174H279N57O55S3Au]
4+

 

                        (CysHis) : [C174H278N57O55S3Au]
4+

 

                        (ArgHis) : [C174H278N57O55S3Au]
4+
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Figure 2.6 Simulated and experimental isotope envelopes at 0.6, 0.8, 1.0 equiv Au(III) 

for  

 

            2Au(I)-TTP-1D: (CysHis) +(Cys)2 : [C174H279N57O55S3Au2]
3+

 

                                      (CysArg) +(Cys)2 : [C174H279N57O55S3Au2]
3+

 

                                      (HisArg) +(Cys)2 : [C174H279N57O55S3Au2]
3+

 

                                      (ArgHis) +(Arg)2 : [C174H277N57O55S3Au2]
3+

 

                                      (CysHis) +(Arg)2 : [C174H277N57O55S3Au2]
3+

 

                                       

                Au(III)-Au(I)-TTP-1D:      Au(III) +(Arg)2 : [C174H277N57O55S3Au2]
3+
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        Collectively, the isotopic pattern for each aurated species could assist the assignment 

of binding sites for the gold ion, and their relative ion intensities in the titration 

experiment could provide insights on the preferable targets for gold ions during metal 

exchange. Under low levels of Au(III), cysteines showed high affinity for incorporating 

gold; as the Au(III) increases, cysteines continues to dominate in gold coordination, while 

histidines or arginines could contribute more for the formation of multi-gold bound 

species.  

         2.4.4 Ion mobility reveals the presence of gold finger conformers    

 

        Ion mobility coupled with native mass spectrometry enables the visualization and 

comparison of conformation for protein/peptide ions as they distribute distinct arrival 

time distribution (ATD) profiles that correlate with their overall shape
80,81

. It is of our 

interest to compare the secondary/tertiary structure of TTP-2D when bound with zinc or 

gold under native-like condition. The ATD profiles for both titration experiments can be 

found in Table 2.6, 2.7. Charge state 5+ was picked for comparisons of arrival time 

distribution(ATD) for TTP-2D gold fingers since there was a 10% dissociation of 2Zn-

TTP-2D at charge state 6+ and two conformers were present (Figure 2.7), possibly due to 

the unfolding of one zinc binding domain in the gas phase at higher charge state. Shown 

in Figure 2.8, the apo-TTP-2D has a later arrival time (10.25 ms) than 2Zn-TTP-2D (9.48 

ms), indicating a less compact conformation likely due to a more disordered state under 

zinc free condition. The six gold fingers that formed upon 2 equivs of Au(III) titration 

showed a stoichiometry-dependent increase of averaged ATD, all of which shown with 

wider peak bands than the ATD for 2Zn-TTP-2D, but still slightly lower than the ATD of 

apo-TTP-2D. This suggests “gold fingers” could induce conformation changes upon zinc 

https://paperpile.com/c/KZwmcc/zHlq+zWOJ
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ejection but they are not as disordered as metal free state. Of note, the mass shift events 

were well aligned with the transitions we observe in ATD profiles (Table 2.6), suggesting 

a corresponding conformation change induced by the formation of disulfide bonds(for 

apo-TTP-2D) or switches of binding residues(for aurated species) (Figure 2.4). For 

example, the binding pair for 1Au-TTP-2D switched from cysteine-based to histidine-

based from 0.4 equivs to 0.8 equivs of Au(III), with a concurrent shift of ATD from 9.59 

ms to 9.70 ms.  

 

Table 2.6 ATD profiles of TTP-2D at charge state 5+ during the titration 

experiment. The transitions of ATD for the complex with the same stoichiometry were 

highlighted corresponding to the mass shifting events that observed in the intact mass 

measurements in Figure 2.2 
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Table 2.7 ATD profiles of TTP-1D at charge state 2+ during the titration 

experiment. The transitions of ATD for the complex with the same stoichiometry were 

highlighted corresponding to the mass shifting events that observed in the intact mass 

measurements in Figure 2.2. 
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Figure 2.7 Raw MS spectrum of 2Zn-TTP-2D with and without 2 e.q. of Au(III). 

Inserted figures are ATD(ms) for each protein complex at charge state 6+ and 5+.  
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Figure 2.8 ATD profiles of A) TTP-2D and B)TTP-1D with and without metal 

bound. The color-coded circles reflect the stoichiometry of the metal complexes being 

analyzed. All the gold fingers selected in the figure were A) 2Zn-TTP-2D titrated with 2 

equivs of gold and B) 1Zn-TTP-1D titrated with 1 equiv of gold.  

    We also compared the ATD for TTP-1D at charge state 3+ (Figure 2.8). Interestingly, 

apo-TTP-1D had a shorter travel time than metal-bound peptides, possibly a result of the 

presence of one disulfide bond (Table 2.4). 1Au-TTP-1D showed slightly shorter drift 

time than 1Zn-TTP-1D, which is comparable with the in silico study on structure of 

PARP-1, where only minimal structure distortion was observed as the outcome of zinc 

replacement by gold regardless of the oxidation states
63

. Intriguingly, the ATD for 2Au- 

and 3Au-TTP-1D appeared to have three conformers and a much broader peak width 

compared to 1Zn-TTP-1D, suggesting a possible scrambling of combinations of binding 

https://paperpile.com/c/KZwmcc/99LN
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residues for Au (Figure 2.8). Previously in Figure 2.6, we postulated 3 possible 

combinations for gold(I) coordination, and it may correspond to the three conformers that 

we saw here for 2Au-TTP-1D. Ongoing top-down studies will provide more details for 

assigning these conformers with their distinctive binding residues 

      2.4.5 Can gold finger interact with RNA just as zinc finger does? 

   

       It’s our assumption that such gold fingers with heterogeneous conformations, once 

formed after replacing zinc, would cause amino acids disorientation which would affect 

its biological activity to interact with target RNA. The RNA recognition of TTP relies on 

aromatic residues involved in base-stacking interactions with AU-rich element (ARE), 

particularly through tyrosines and phenylalanines highlighted in Figure 2.1
82

. Under the 

same native-like conditions that we examined the stoichiometry and conformation of gold 

fingers, we could observe the formation of RNA-bound zinc finger when 2Zn-TTP-2D 

were mixed with 1 e.q. of single stranded target RNA sequence (Figure 2.9A). The 

deconvoluted mass is 12060.6 Da with 0.4 Da mass error compared with theoretical mass 

12060.2 Da. This is consistent with the high affinity (~ 16 nM) between 2Zn-TTP-2D and 

RNA validated through previous fluorescence anisotropy studies 
55

. When the zinc was 

replaced by gold, RNA remained its monomer state at charge state 3+ and 2+, 

suppressing the ion signal for gold bound TTP-2Ds (Figure 2.9B). The loss of affinity for 

RNA observed for gold fingers could be attributed to the structural difference that 

reflected by ion mobility analysis. The replacement of Zn(II) with Au(I)/Au(III), 

regardless of the stoichiometry, may have resulted a significant steric change in the finger 

domain which perturbed the interaction with RNA. Interestingly, though Au(III) could 

replace zinc rather efficiently, it could not induce zinc ejection once the RNA-bound zinc 

https://paperpile.com/c/KZwmcc/AJVw
https://paperpile.com/c/KZwmcc/psc1
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finger was formed (Figure 2.9C). Moreover, the ATD of RNA bound zinc finger showed 

no difference before and after the addition of Au(III) (Figure 2.9A, C), suggesting the 

integrity of the RNA protein complex remained. Moreover, the ATD of zinc finger at 

charge state 6+ showed two conformers, while only one stabilized conformation was 

observed upon RNA binding, suggesting the docking of RNA may lead to a more rigid 

structure (Figure 2.10). This illustrated the highly specific and tight interaction between 

zinc finger and target RNA, such that the interaction with RNA would stabilize and 

protect zinc finger to protect from the “stripping” effect of [Au(III)terpyCl]Cl2. 

 

Figure 2.9 Deconvoluted native MS spectrum of 2Zn-TTP-2D incubated with 

A)RNA; B) Au(III) for 5 min and then with RNA; C) RNA for 5 min and then with 

Au(III). Inserted figures are ATD profiles for the RNA complex before and after the 

incubation with Au(III) at charge state 5+. 
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Figure 2.10 Raw MS spectrum of 2Zn-TTP-2D and 2Zn-TTP-2D-RNA with and 

without 1 e.q. of Au(III). Inserted figures are ATD (ms) for each protein complex at 

charge state 6+ and 5+. 

 

2.5 Conclusions  

       Our studies have demonstrated the analytical power of native mass spectrometry 

coupled with ion mobility in mapping the heterogeneity of gold fingers formed upon zinc 

replacement in TTP-2D and TTP-1D, and their interaction with a cognate ARE substrate, 

a 11-mer single stranded RNA. The titration experiment not only enabled an immediate 

observation of gold finger formation, but also assisted in determining the preferable 

binding sites and observing the phenomenon when the interactive amino acids with 

metals were altered. Coupled with ion mobility analysis, the conformation of gold fingers 
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demonstrated a corresponding shift according to these specific amino acid interactions 

and illustrated a significant different profile than the parent zinc finger. The differences in 

structure and subtle change in conformation help to explain the observed difference in 

functionality between the two metalloprotein, such that zinc finger could bind target 

RNA tightly while gold finger could not. This sample- and time-efficient platform has 

great potential to benefit other metalloprotein studies in aspects of stoichiometry, binding 

residues, conformation and DNA/RNA interactions, which would facilitate a mechanistic 

framework to evaluate the selectivity and therapeutic potential for metal drugs. 
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Chapter 3 : The role of CrbpI in maintaining retinoid homeostasis, investigated 

through integrated mass spectrometry 

3.1 Abstract 

       Cellular retinol-binding protein, type I (CrbpI) is a member of the intracellular lipid-

binding protein family that binds hydrophobic ligands and regulates the metabolic 

processes to maintain the homeostasis of retinoids in cellular milieu. The significance of 

retinoids in human biology is mainly attributed to the active metabolite, retinoic acid 

(RA), a transcription regulator that affects over 500 genes associated with cell 

differentiation, apoptosis, and proliferation. Retinoid dysregulation has been associated 

with diseases including cancer, autoimmune dysfunction and inflammation. CrbpI, the 

major chaperone of vitamin A (retinol) and retinal, has shown aberrant expression in a 

number of disease states, with its most prominent and well-studies example of altered 

expression being cancer, where CrbpI has been identified as a tumor suppressor in 10 

common cancers. However, a lack of specific antibodies and conflicting reports on 

agreement between mRNA and protein level hampers a full understanding or 

investigation of its role in directing metabolism, maintaining homeostasis as well as the 

impact of altered CrbpI expression on disease progression. Here, we developed an 

integrated mass spectrometry (MS)-based approach to 1) quantify the endogenous level 

of CrbpI in disease models through bottom-up approach in an absolute manner; (2) 

determine the impact of CrbpI levels on the regulation of essential metabolites; and (3) 

explore the interaction between CrbpI and its retinoid ligands as well as metabolizing 

enzymes in retinoid signaling pathway through native mass spectrometry. The 

overarching significance of this project is to yield analytical techniques that are 
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applicable to the study of in vivo abundance and function of CrbpI to inform on 

fundamental biological regulation of essential nutrient signaling.  

3.2 Introduction 

        100 years have passed since the isolation of vitamin A from milk, originally called” 

fat-soluble A”,  in 1913 by McCollum and Davis
83

. A class of vitamin A metabolites 

were then identified, with the visual role of retinal elucidated by George Wald in 1930s
84

. 

Retinoic acid was established as the major bioactive form for growth in other tissues in 

1946
85,86

. Intrigued by the bioactivity of retinoic acid, a class of synthetic molecules were 

tested in cell and animal models, in an attempt to explore their therapeutic potential in 

dermal diseases and cancer
87,88

. The name “retinoids” was introduced in 1970s
89

 to 

include both naturally occurring vitamin A-like molecules and its synthetic derivatives 

that both display biological activity. It was not until 1987 the direct target of retinoic acid 

was discovered to be nuclear receptors
90,91

, now classified as retinoic acid receptors, 

retinoid X receptors, and retinoid-related orphan receptors.  

      Along with the discovery of retinoids, two classes of intracellular retinoid binding 

proteins were identified in various tissues since 1970s
92–94

, with one class specifically 

binding retinol and retinal while another binds retinoic acid. Discovery of these 

intracellular retinoid-binding proteins helped to explain that the serum or tissue 

concentration of retinol
95

 is much higher than its poor aqueous solubility (~60 nM)
96

. The 

chaperone protein for retinol and retinal was named cellular retinol binding protein 

(CRBP), and it possesses high affinity and specificity for specific endogenous retinoid 

ligands
97–99

. Four homologs of CRBP were found in human so far
100

, with CrbpI 

demonstrating the most extensive and ubiquitous distribution in tissues and also highest 

https://paperpile.com/c/KZwmcc/EVg3
https://paperpile.com/c/KZwmcc/HseTL
https://paperpile.com/c/KZwmcc/EvrYK+3oky9
https://paperpile.com/c/KZwmcc/yWoMe+WjZB8
https://paperpile.com/c/KZwmcc/wApFS
https://paperpile.com/c/KZwmcc/eLyMY+wmgoo
https://paperpile.com/c/KZwmcc/evycd+IGyVY+VluKs
https://paperpile.com/c/KZwmcc/l9ko4
https://paperpile.com/c/KZwmcc/hDTIC
https://paperpile.com/c/KZwmcc/dddY7+ryoZ1+cbI5G
https://paperpile.com/c/KZwmcc/pcwZP
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affinity with retinol. As such, CrbpI is crucial to buffer the concentration of its ligand, 

retinol, to a regulated intracellular level and direct the flux of it to different functional 

fates as metabolites (Scheme 3.1). Holo-CrbpI (CrbpI bound with retinol) presents as the 

substrate for the initial and rate limiting step in RA biosynthesis and facilitates excess 

retinol to storage
101–105

; while apo-CrbpI interacts with enzymes to mobilize stored retinol 

or limit metabolism
106,107

. The co-localization of CrbpI with enzymes that facilitate the 

biosynthesis of RA suggests CrbpI could directly affect RA homeostasis
108

. As a result, 

CrbpI-null mice present ~50% less retinyl ester storage in liver
100

, and ~40% reduction in 

endogenous RA levels in mammary, and endometrium
109,110

, inducing oxidative stress 

that similar to early stages of tumorigenesis. In addition, CrbpI is positively regulated by 

RA, through transcriptional interactions between RA and nuclear receptors, where CrbpI 

gene promoter serves as one of the targets
111

. As a result, disrupted atRA homeostasis in 

various tissues could contribute to the extent of aberrant CrbpI gene expressions. But the 

endogenous level of CrbpI remains incompletely understood due to lack of specific 

antibody and analytical limitations in quantifying low-abundant proteins, hindering a full 

understanding of the mechanism of how CrbpI contributes to atRA homeostasis in the 

body. The hypothesized interaction between CrbpI and enzymes has mainly been 

approached through enzymatic kinetic studies
104,112,113

, with limited support from 

structural evidence on the protein-protein interactions.   

 

         

https://paperpile.com/c/KZwmcc/fpnNe+HuoLW+FK8Ll+CnA7K+xiOJG
https://paperpile.com/c/KZwmcc/XC50F+wskKE
https://paperpile.com/c/KZwmcc/qfQ29
https://paperpile.com/c/KZwmcc/pcwZP
https://paperpile.com/c/KZwmcc/hvCJp+HUghO
https://paperpile.com/c/KZwmcc/CyUJX
https://paperpile.com/c/KZwmcc/mT67I+FPLhe+CnA7K
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Scheme 3.1 The pivotal role of CrbpI in intracellular retinoid signaling pathway. 

Immediately after retinol enters the cell through Stra6 receptor, apo-CrbpI binds tightly to 

it and protects it from nonspecific oxidation. CrbpI then delivers retinol to highly specific 

dehydrogenases for retinoic acid biosynthesis, where the first oxidized metabolite retinal 

is also chaperoned by CrbpI. Retinol could be stored as retinyl ester by acyltransferases 

and mobilized to retinoic acid production. Dashed arrows indicate the effect of apo-CrbpI 

for enzymes that are related to retinoid metabolism. (+), facilitation; (-), inhibition. (RBP-

ROL, retinol binding protein-retinol complex; Stra6, “Stimulated by retinoic acid 6” 

protein, cell surface receptor for RBP-ROL; Lrat, Lecithin retinol acyltransferase; REH, 

Retinyl ester hydrolase; Rdh, retinol dehydrogenase; Dhrs, Dehydrogenase/reductase 

SDR family member; Raldh, retinal dehydrogenase; FABP5, fatty acid-binding protein 5; 

CRABP, cellular retinoic acid binding protein; Cyp26, Cytochrome P450 family 26; 

PPAR, Peroxisome proliferator-activated receptor; RAR, retinoic acid receptor.)  

 

 

       Beyond serving as essential nutrients for cell growth and differentiation, retinoids 

have enormous therapeutic potential and have been widely examined in clinical and 
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preclinical cancer studies however with limited success, due to differences in metabolic 

defects among disease subtypes, deciphering the resistance of retinoid therapy and 

identifying markers of response to potential therapies
114–117

. In recent years, CrbpI loss 

has been reported in 10 of the 12 most common cancers due to epigenetic silencing
118–120

. 

These cancers with depleted CrbpI include (in order of frequency): prostate, breast, lung, 

colon & rectal, melanoma, bladder, nonHodgkin lymphoma, leukemia, endometrial, and 

pancreatic cancer. Loss of CrbpI expression occurs in a significant percentage of cancer 

and, thus, represents a molecular signature found in approximately 228,965 new cancers 

per year (American Cancer Society, Cancer Facts & Figures 2018). Ongoing studies to 

establish Rbp1, which encodes CrbpI, as a tumor suppressor gene have triggered the 

question that, on the molecular level, whether CrbpI could possibly serve as a diagnostic 

and prognostic marker for cancer, which may benefit epigenetic therapy, beyond its 

impact on retinoid metabolism.  

       Our current proposal is to address key gaps in knowledge by monitoring the 

endogenous abundance of CrbpI to better understand its role as a crucial mediator of RA 

production, and exploring its interaction with other protein mediators that maintaining 

retinoid homeostasis. The fundamental information provided by these investigations will 

possibly fill the gap in linking CrbpI abundance to metabolites homeostasis. Our 

integrated MS-based platform could potentially benefit multiple diseases with retinoid 

dysfunction and impact the retinoid field by elucidating mechanism and explaining the 

role of CrbpI as a marker for preventive and therapeutic purposes.     

https://paperpile.com/c/KZwmcc/4WWNu+jmf4p+8qaEC+oSbah
https://paperpile.com/c/KZwmcc/6CseJ+LHIjd+mtAxK
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3.3 Experimental 

      3.3.1 Materials  

 

     Recombinant proteins. Recombinant mouse CrbpI was prepared as previously 

described
109

. Briefly, mouse CrbpI with a GST tag was expressed recombinantly from E. 

coli cells. The protein was purified first through glutathione Sepharose 4 fast flow gravity 

columns (GE Healthcare) followed with the cleavage of the GST tag with Promega 

ProTEV protease (Promega, Madison, WI, USA). The excess of protease was removed 

through Ni Sepharose 6 Fast Flow gravity columns (GE Healthcare). Purified protein was 

dialyzed through a 3 kDa molecular weight cutoff (MWCO) spin filter columns 

(Millipore, Billerica, MA, USA) and stored in PBS solution at –80 °C. The heavy labeled 

full-length recombinant 
15

N-CrbpI was expressed and purified similarly except the LB 

broth media used for E.coli was replaced by M9 medium (prepared based on Cold Spring 

Harbor Protocols) with 
15

NH4Cl as the only nitrogen source.     

        Recombinant mouse Raldh1 was produced from a PET-30a(+)-derived vector with 

ALDH1A1 ORF((Accession No.: NM_013467.3) obtained from Genscript. The protein 

with a His tag was expressed in E.coli cells in the same conditions as described above, 

and purified through Ni Sepharose 6 Fast Flow gravity columns(GE Healthcare).   

        Retinoids. All-trans-retinol, all-trans-retinal and retinoids standards was purchased 

from Sigma-Aldrich (St. Louis, MO, USA) and handled under yellow light. 

Concentrations were determined by Beer’s law based on measured UV absorbance and 

molar absorptivity value. 

https://paperpile.com/c/KZwmcc/hvCJp
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     LC-MS reagents. Optima LC/MS grade water (H2O), acetonitrile(ACN), 

trifluoroacetic acid(TFA) and formic acid(FA) were purchased from Fisher Scientific 

(Pittsburgh, PA).  

      Cells.  MCF-10-2A, MDA-MB-468 cells were purchased from ATCC (Manassas, VA) 

and cultured as instructed. Hut 78 and SIV-transfected Hut 78 cells were kindly provided 

by Dr. Neil Sidel from Emory University. 

       Antibodies. CrbpI antibodies used for western blot and immuno-capture were 

purchased from Santa Cruz Biotechnology, Inc (cat#sc-271208) and Proteintech 

(cat#22683-1-AP).  

     In-gel digestion. 0.75 mm thick 15% polyacrylamide gel used for protein 

electrophoresis was made in house using the Mini-PROTEAN® Tetra handcast systems 

(Bio-rad, CA). Cell lysis buffers including 0.1% SDS, 8M urea, and hypotonic buffer (20 

mM HEPES and 2 mM MgCl2) were prepared fresh in house, while RIPA buffer was 

purchased from Thermo Scientific. All buffers were added with cOmplete™ protease 

inhibitor cocktail (Roche, Switzerland) before use. Trypsin Gold (Promega, Madison, WI, 

USA) was used for digestion and all other reagents were purchased from Sigma-Aldrich.     

       Others. Dynabeads™ Protein G for Immunoprecipitation was purchased from 

Invitrogen
TM 

(CAT #10003D). Pierce™ BCA assay kit was purchased from Thermo 

Scientific.  

           3.3.2 Quantitation of retinoids 

 

        The quantification of atRA was performed using a validated LCMRM
3 122 

method   

and other retinoids were be quantified through HPLC-UV methods developed in the Kane 

lab
123,124

. Briefly cells were scraped and suspended in PBS solution and retinoids were 

https://www.google.com/search?q=Manassas,+Virginia&stick=H4sIAAAAAAAAAOPgE-LUz9U3MC-MNytU4gAxc_OyTLQ0Msqt9JPzc3JSk0sy8_P084vSE_MyqxJBnGKr9MSiosxioHBGIQCxlj-CQQAAAA&sa=X&ved=2ahUKEwjcs6vF7ujdAhWCk1kKHb37Cb0QmxMoATATegQIBxAe
https://paperpile.com/c/KZwmcc/EvYyd+5thWY
https://paperpile.com/c/KZwmcc/80xVc+Xrp3d
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extracted by a two-step liquid-liquid extraction as described in detail previously
124

. 

Retinoic acid and its isomers were subjected to Shimadzu Prominence UFLC XR high-

performance liquid chromatography (HPLC) (Shimadzu, Columbia, MD) for fast LC 

separation and coupled with AB Sciex QTRAP 5500 hybrid tandem quadrupole/linear 

ion trap mass spectrometer (AB Sciex, Framingham, MA) for MRM
3
 analysis

122
. Retinol 

and retinyl ester were analyzed through Waters H-class UPLC with UV detection
123, 124

.  

          3.3.3 Bottom up approach for targeted proteomics 

 

         3.3.3.1 Optimization of sample preparation 

         Due to the known relative low abundance of CrbpI, several sample enrichment 

strategies were tested for efficiently extracting the target protein from cell lysate, 

including utilizing different buffers to ensure sufficient protein extraction and 

immunoprecipitation process to enrich the abundance of CrbpI. Western blot was used in 

this aim to evaluate and select best approach to prepare samples for mass spec analysis. 

        Cell lysis. Four cell lysis buffers were included: 0.1% SDS; RIPA buffer; 8M urea; 

and hypotonic buffer. To test the extraction efficiency among different cell lysis buffers, 

10 million MCF-10-2A cells were washed twice in PBS and then resuspended in each of 

1 ml lysis buffer and incubated for 5 min in 4°C. After sonication for 10 min, the lysate 

was centrifuged at 15,000 g for 10 min and the supernatant was subjected to BCA assay 

to quantify total protein content. 10 μL of cell lysate were added to each lane for western 

blot quantitation where the relative amount of CrbpI from the same cell line was 

compared.  

           Immunoprecipitation. 10 μg CrbpI antibodies was added to 100 μL of cell lysate 

and incubated for 1 hr at room temperature to allow antigen binding. 50 μL of protein G 
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beads was washed twice with PBS before resuspended with lysate already incubated with 

antibody. After overnight incubation, the beads were washed twice with PBS and proteins 

were eluted in 10 μL 5% TFA and neutralized by 1M Tris buffer before SDS-PAGE. 

           Western blot. SDS-PAGE was set at 200 V for 35 min before the gel being 

subjected to transfer for 45 min at 100 V. The membrane was blocked for 1 hr at room 

temperature and then incubated with primary antibody overnight on a shaker at 4°C. The 

next day the membrane was washed 3 times with PBS and incubated with secondary 

antibody for 1 hr at room temperature on a shaker before subjected for imaging. 600 nm 

and 800 nm were selected to visualize the fluorescence signal for the protein standard 

ladder and CrbpI protein respectively.  

       In-gel digestion. The digestion was based on the product protocol of Trypsin Gold 

(Promega) with minor modifications. Briefly a total protein amount of 10 μg from cell 

lysate was spiked with 1 ng heavy labeled CrbpI as internal standard. The protein sample 

was separated through electrophoresis on a 15% SDS-Tris-Glycine gel and stained with 

Biosafe G-250 solution.  The bands of interest at ~15 kDa with a size of 2×8 mm were 

cut for each lane and further into 1×1 mm cubes. The gel cubes were subjected to 

destaining in 50% acetonitrile /100 mM ammonium bicarbonate for 45 min twice. Gel 

slices were dried in hood at room temperature for 20 min before resuspended in 40 μL 

trypsin solution (20 μg/mL in 40 mM ammonium bicarbonate/10% acetonitrile). The 

incubation lasted 1 hr at room temperature and then overnight at 37 °C. The gel slices 

have to be completely covered. The next day 150 μL water was added to the digest and 

vortex for 10 min. The liquid was moved to in a new tube and the gel slice digests were 

extracted twice with 50 μL of 50% acetonitrile/5% TFA for 60 min each time at room 
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temperature. All extracts were pooled and dried in SpeedVac
@

 and cleaned up using 

Ziptip
TM

 pipette tips for mass spec analysis.  

 

            3.3.3.2  nanoLC-MS/MS analysis  

 

         Proteome samples were then separated through a nanoAcquity UPLC 1.7um 

BEH130 C18 100um × 100 mm column on Waters
®
 nanoACQUITY

 
System, coupled to 

an Orbitrap Q-Exactive HF mass spectrometer (Thermo Fisher Scientific). Samples were 

loaded on the trapping column at 10 μL/min and desalted by 3% ACN for 5 min. The LC 

flow rate was set at 300 nL/min and a linear gradient of ACN from 15% to 30 % in 30 

min was applied to provide sufficient peptides separation. The instrument settings for 

nanoESI interface were: spray voltage: 1.9 kV; ion transfer tube temperature 275 °C; S-

lens 50 V.  Data was acquired in both PRM (Parallel reaction monitoring) and SIM 

(Selected Ion Monitoring) mode for comparison. Detailed parameters for PRM mode are 

Resolution: 30,000; AGC target 2e5; max IT 130 ms; Isolation window 1.6 m/z; NCE 27 

eV. Detailed parameters for SIM mode are: Resolution: 240,000; AGC target 2e5; max 

IT 250 ms; Isolation window 2.0 m/z; scan range 150 to 2000 m/z. Both modes were 

time-scheduled acquisitions with a mass list generated for CrbpI signature peptides.  

       Proteome Discoverer (Thermo) was used to identify signature peptides (1% FDR) 

and generate spectral library for Skyline (https://skyline.ms/project/home/software/ 

Skyline/begin.view, MacCoss lab software, University of Washington) to further process 

quantification analysis. Quantification was performed using extracted ion chromatograms 

https://skyline.ms/project/home/software/
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of either three MS1 precursor ions in SIM mode or three MS2 fragment ions in PRM 

mode for each signature peptide.   

       3.3.4 Native mass spectrometry  

 

 

               3.3.4.1 Sample preparation 

          Retinol/retinal was dissolved in ethanol and concentrations were measured based 

on their molar extinction coefficients (retinol 325 nm, 52770 M
–1

cm
–1

, retinal 383 nm, 

42880 M
–1

cm
–1

). To make holo-CrbpI, retinol/retinal was added to apo-CrbpI solution 

with a glass Hamilton syringe (Sigma-Aldrich) at a w/v < 5% (to avoid the denaturing 

effect from organic solvents), gently mixed, and equilibrated for 5 min at room 

temperature before measuring the absorbance. Apo-CrbpI and holo-CrbpI concentrations 

were determined from UV absorbance using published molar extinction coefficient (ε) 

values
125

. For any purified protein containing amino acids with aromatic rings, they 

exhibit an absorbance maxima at 280 nm in solution; CrbpI alone in solution shows an 

absorption peak at 280 nm (A280) with a molar extinction coefficient 28080 M
–1

cm
–1

. 

Retinol in ethanol shows an absorption peak at 325 nm; however, when retinol is bound 

to CrbpI, there is a 25 nm shift in λmax, which yields a peak maximum for holo-CrbpI at 

350 nm (A350). The ε for retinol bound to CrbpI was previously determined to be 50200 

M
–1

cm
–1126

. Retinol binds to CrbpI in a 1:1 ratio where 100% binding yields a theoretical 

A350/A280 ratio proportional to the ε ratio of retinol bound to CrbpI (50200 M
–1

cm
–

1
)/CrbpI alone (28080 M

–1
cm

–1
), which is 1.8. An A350/A280 ratio above 1.6 was 

required in these studies to ensure sufficient binding (>90%) between retinol and CrbpI. 

The binding of retinal to CrbpI were evaluated similarly
127

.  

https://paperpile.com/c/KZwmcc/8g4bK
https://paperpile.com/c/KZwmcc/Sp9Cp
https://paperpile.com/c/KZwmcc/nCjFH
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       Raldh1 concentration was determined spectrophotometrically using a molar 

absorption coefficient of 250,000 M
–1

cm
–1

 at 280 nm
121

. The retinal stock was added to 

Raldh1 in ethanol with a w/v less than 5% in the dark room. 

 

               3.3.4.2 Native MS analysis for CrbpI-ligand complexes 

 

      Native MS mass spectra were acquired on two instruments for comparison: an 

Orbitrap-based instrument (Exactive; Thermo Fisher Scientific, Bremen, Germany) and a 

quadrupole-ion mobility separation-time-of-flight (Q-IMS-TOF) instrument (Synapt G2S; 

Waters, Manchester, UK). Before analysis, all protein sample solutions were buffer 

exchanged into 10 mM ammonium acetate using a 3 kDa cutoff centrifugal filter 

(Millipore). Samples were adjusted to a solution concentration between 0.25 to 10 μM 

according to UV absorbance and then introduced to the gas phase by direct infusion using 

a syringe pump. Native-like cations were generated using nanoelectrospray ionization 

from a PicoTip emitter with a 2 μm internal diameter (New Objective, Woburn, MA, 

USA). A stable spray at nanoflow rate was obtained for 1 min for data analysis. All MS 

experiments were performed in positive ion mode and instrumental parameters were 

optimized on each instrument to minimize in-source dissociation as described. 

Myoglobin from equine skeletal muscle (Sigma-Aldrich, MO, USA) was tested as a 

native MS assay control and an internal standard in some studies at either 2 μM (Exactive) 

or 1 μM (Synapt) concentration as indicated in Figure Legends.      

       Quantitative measurements for native MS of both CrbpI and myoglobin included the 

abundance of all charge states under native conditions in the calculation for each species, 

https://paperpile.com/c/KZwmcc/EvYyd
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where an integration of isotopic peak areas, including areas of adduct ions, were utilized 

for each charge state. Peak areas with peak scores below 90 (determined through MASH 

suite), which correlated to the ion intensities of those peaks being below 5% of the parent 

protein ion, were discarded. The y-axes entitled “normalized absolute ion intensity” in 

Figure 3.10 were calculated through normalizing the absolute ion peak areas in order to 

allow for easier comparison between the two instruments. The “dissociation level” that is 

mentioned in the text refers to the peak area ratios of apo-CrbpI to the sum of apo- and 

holo-CrbpI. 

Exactive The instrument was calibrated by Angiotensin II in the mass range (200–3000 

m/z). Operating pressures in the instrument were typically 1–2 mbar in the S-lens region, 

3 ×10
–9

 mbar in the source chamber, and 5 ×10
–11

 mbar in the analyzer chamber. The 

conditions of the interface were as follows: flow rate 50 nL/min; electrospray voltage 1.5 

kV; capillary voltage 40 V; tube-lens voltage: 120 V; skimmer voltage: 20 V; capillary 

temperature 40 °C. Mass spectra were acquired over the range m/z 1500– 3000 for 1 min 

prior to data analysis using Xcalibur. MASH Suite was used for mass deconvolution and 

relative quantitation
128

.    

Synapt G2S Full scan mass spectra were recorded in Resolution Mode where the 

experimental resolution that was achieved was at least 20,000 across samples. The typical 

operating conditions were optimized for the highest sensitivity of detection: flow rate, 

100 nL/min; electrospray voltage, 2.5 kV; source temperature, 50 °C; trap CE, 2 V; gas 

control, 6 mL/ min, cone voltage, 0 V. The backing pressure at the time of experiment 

was 3.0 mbar; trap pressure 1.5 × 10
–4

 mbar. Data for each sample was acquired for 1 min 

in the mass range between m/z 1000 and 3500. Mass calibration was performed using CsI. 

https://paperpile.com/c/KZwmcc/7cC77
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MassLynx V4.1 (Waters, Manchester, UK) was used for experimental mass 

determination and quantitation. 

 

         3.3.4.2  Native MS analysis for Raldh1 and related complexes 

          Native MS analysis for Raldh1 and for Raldh1 in complex with NAD
+
, retinal and 

CrbpI were conducted on Synapt G2S in sensitivity mode with a regular ESI source. The 

flow rate of the syringe pump was set at 1~5 μL/min, other operating parameters were 

optimized to maximize the signal for a Raldh1 tetramer species: quadrupole 

MS1/MS2/MS3 6000/7000/8000 m/z; electrospray voltage, 2.5 kV; source temperature, 

50 °C; trap CE, 0 V; transfer CE, 2.0 V; Trap gas flow, 8 mL/min; sampling cone, 150 V. 

Data for each sample was acquired for 3~5 min in the mass range between m/z 3000 and 

10000. Mass calibration was performed manually using CsI (2 mg/ml). MassLynx V4.1 

(Waters, Manchester, UK) was used for smoothing experimental mass spectrum and then 

the molecular masses were deconvoluted manually. 

3.4 Results and Discussion 

  3.4.1 The bottom-up approach of CrbpI enables precise measurement for low-

abundant endogenous protein 

 

        Sample preparation strategies  To systematically evaluate the effect of buffer for 

CrbpI extraction, we used MCF-10-2A cells as a model system and selected four regular 

cell lysis buffers for comparison. These lysis buffers were selected as they have shown 

satisfactory compatibility with downstream MS analysis
129–132

. As shown in Figure 3.1, 

hypotonic lysis buffer and 8M urea solutions are detergent-free choices that interferences 

introduced in these two processes can be easily removed by desalting after digestion. 

https://paperpile.com/c/KZwmcc/mdIbF+YvqWa+OS98H+uv4Jz
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Since CrbpI was recognized as a cytosolic protein, we expected to achieve sufficient 

solubilization through “mild” lysis procedure. However, only a faint band was observed 

for 8 M urea lysis and no CrbpI was detected treated with hypotonic buffer. The total 

protein concentration per million cells from these two methods was around ~0.25 mg. We 

then tested two strong detergent-based lysis buffers, where the detergent introduced 

would need extra steps to be removed before MS analysis. The total protein concentration 

per million cells from these two methods was ~0.38 mg, about 1.5 fold of the “mild” lysis. 

Strikingly, RIPA buffer achieved the highest protein yield among four methods, shown as 

the brightest band in Figure 3.1(i). Such result has implied that although CrbpI itself is 

cytosolic, its affinity with other proteins in lipid rafts or membrane-based organelles may 

impact its solubilization under different extraction conditions. Thus our experiments 

indicate proteins like CrbpI, caution should be considered when extrapolating the 

absolute endogenous values where the efficiency of extraction and yield should be 

evaluated thoroughly. Efficient extraction of proteins out of cells or tissues is the first 

step to ensure the accuracy and reproducibility of a quantitative assay, especially for low-

abundant species
133

. There are extra challenges for achieving consistent and high-quality 

quantification through an optimal sample handling procedure. As Peter Feist summarized, 

“There is no absolute “best way” to lyse a sample.”
134

 These analytical challenges are 

often not trivial however they can be overlooked easily. The most popular proteomics 

protocols that aim for total proteome examination are inevitably biased against low 

abundant species. The most sensitive mass spectrometers can detect a dynamic range of 

protein abundance of four or five orders of magnitude, however the “dark corner” range 

of proteins that are typically undetected could represent 10% of species that are critically 

https://paperpile.com/c/KZwmcc/oi1n2
https://paperpile.com/c/KZwmcc/KN38o
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important messengers with least expressions
134,135

. Targeted proteomics are hypothesis-

driven studies that requires rigorous optimization of the sample preparation to best fit the 

characteristics of the target(s), and the strategies developed for one study are not always 

applicable for others. A systematic evaluation of the recovery of the target from the 

biological matrix facilitates a robust and precise analytical practice for quantitation, and a 

better understanding of the physicochemical properties of the protein target.  

  

Figure 3.1 Optimization of conditions for CrbpI extraction and immuno-

precipitation for MS analysis. i) Western blot showing endogenous CrbpI level 

extracted from 10 μg MCF-10-2A cell lysate using different lysis buffers: B) 0.1% SDS 

buffer; C) RIPA buffer; D) hypotonic buffer; E) 8 M urea. A) is the protein ladder and 1 

μg CrbpI was used as positive control, shown in lane F). ii) Western blot showing the 

recovery of heavy labeled CrbpI(50 ng) spiked in B) MCF-10-2A cell lysate; C) RIPA 

buffer; D) hypotonic buffer; after immunoprecipitation. 50 ng heavy labeled CrbpI was 

used as positive control in lane E).  

 

 

 

      Another popular strategy to enrich low-abundant species is to precipitate the target 

protein with the assist of the highly specific antibody that fixated to a solid support, 

including columns, agarose beads or magnetic beads
136,137

. Magnetic beads coupled with 

protein A/G have been developed to meet the large demand for immunoprecipitation or 

immunoaffinity enrichment for its wide application in quantifying low-abundant protein 

markers or investigating protein-protein interactions in vivo
138

. Shown in Figure 3.1(ii), 

we compared the recovery of 
15

N CrbpI as spiking 50 ng to RIPA buffer, hypotonic 

https://paperpile.com/c/KZwmcc/KN38o+7Qwpd
https://paperpile.com/c/KZwmcc/NDrIh+3Aju8
https://paperpile.com/c/KZwmcc/uZ9D6
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buffer, and MCF-10-2A cell lysate (cell lysed through RIPA buffer). There was some 

interference bands caused by nonspecific binding to the eluted antibody light chain at ~25 

kDa. Comparing the lane C) and land D), RIPA buffer have caused a loss of binding 

possibly due to strong interruptive environment by detergents, which is more severe than 

hypotonic buffer. However the cell lysate showed minimum level of CrbpI that equals to 

~10% of the positive control that represent no affinity capture enrichment. This indicates 

a significant loss of binding between capture reagents and target protein under highly 

heterogeneous background, possibly due to nonspecific binding or interaction with other 

abundant proteins in the lysate. A couple of different antibodies for CrbpI have been 

tested (see materials) but no significant improvement was observed, confirming its nature 

as a poor immunogen. Immunoassays, though providing ease of automation and robust 

reproducibility, rely heavily on the access of high quality reagents and highly specific 

antigen-antibody interactions to avoid interference, which can be a time-consuming and 

costly process
139

. When the target is a poor immunogen and intrinsically hard to target, 

antibody-based methodologies have little utility.  

      In-gel digestion - the “fit-for-purpose” approach for CrbpI  As above attempted 

experiments reached undesired results, we approached in-gel digestion to circumvent the 

issues with low abundant protein extraction. In-gel digestion was introduced as a method 

for bottom-up proteomics applications by Rosenfeld
140

. In the past few years the method 

has been modified along with the advancement of high-quality reagents and 

instrumentation to improve the peptide yield and limit of quantitation
141,142

. As 

demonstrated in Scheme 3.2, we developed a “fit-for-purpose” workflow to ensure the 

maximum recovery of CrbpI from cellular environment and minimum loss during sample 

https://paperpile.com/c/KZwmcc/lVL4N
https://paperpile.com/c/KZwmcc/ThYoX
https://paperpile.com/c/KZwmcc/WOHh3+HFQQQ
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preparation. RIPA buffer was used to lyse the cells, which provided the best yield for 

target protein; followed by removal of all the detergents that we introduced by running 

SDS-PAGE. By directly cutting the gel band containing the target protein we could 

remove other abundant species that might interfere with CrbpI’s signal during MS 

analysis. Moreover, by using full length recombinant heavy labeled 
15

N-CrbpI as internal 

standard, all major analytical variances (protein extraction efficiency, tryptic digestion 

efficiency, peptide losses during transfer, retention time shifts, ion suppression effects, 

etc.) that may be introduced by sample handling would be accounted for. The adoption of 

labeled proteins as internal standard, is the most ideal and accurate analytical measure 

that guarantees the precision and reproducibility of the platform, under rigorous 

validation procedures
143

. 

  

 

Scheme 3.2 The in-gel digestion workflow for CrbpI quantitation through bottom-

up approach 

 

ionization

https://paperpile.com/c/KZwmcc/sgOFF
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          Mass spec analysis-PRM or SIM? The fast scanning high-resolution and accurate 

mass (HRAM) platform that Orbitrap technology provides greatly increased options in 

data acquisition strategies for targeted proteomics
144,145

. To quantify a protein of interest, 

you can either choose Single Ion Monitoring (SIM) mode, acquiring the ion signal for the 

intact signature peptide (MS1) relying on an excellent mass resolvement at the retention 

window; or Parallel Reaction Monitoring (PRM) mode, acquiring the ion signal for the 

fragments of signature peptides (MS2), usually a combination of no less than 3 fragments 

that specifically represent that peptide. The most common fragmentation technique is 

collision induced dissociation, through which ions collide with neutral gas molecules in 

controlled electrical field and generate b and y ions that resulted from peptide bond 

breakage. PRM has been reported to provide superior selectivity due to the fragments that 

rarely cause cross-talk between peptides
146,147

; however SIM mode, if the background has 

been extensively reduced and present no strong interference, can provide better response 

since the loss of signal intensity by fragmentation sometimes can be severe
148

. In both 

modes, a mass (m/z) list for the quadrupole to enrich the intact peptide of interest at its 

elution time window contributes to a better sensitivity by increasing the ion trapping time 

thus improving signal to noise ratios
149

. Shown in Figure 3.2, 5 signature peptides were 

detected with distinct retention time after 0.25 ng 
15

N-CrbpI was digested in gel in both 

SIM and PRM acquisition. Significantly, the intensity for each peptide in SIM mode is 

~100 fold higher than PRM mode. It is not surprising since SDS-PAGE have provided a 

rather simpler protein mixture-possibly 10 to 20 proteins, SIM acquisition was able to 

selectively monitor the peptide of interest with no strong interference from the 

background, while PRM acquisition suffers from signal loss due to fragmentation. 

https://paperpile.com/c/KZwmcc/2KopM+awzpg
https://paperpile.com/c/KZwmcc/vtptk+Ko7r5
https://paperpile.com/c/KZwmcc/jZ44t
https://paperpile.com/c/KZwmcc/YuFGk
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        The calibration curve was generated by spiking 1 ng of 
15

N-CrbpI into 0.1, 0.25, 0.5, 

1, 2.5, 5ng non-labeled CrbpI (termed as light CrbpI later on) and followed with in-gel 

digestion. Both PRM and SIM modes were acquired for signature peptide evaluation as 

they demonstrated ion response in a linear manner. Peptide ALDVNVALR
2+

 showed 

very consistent elution time and highest abundance throughout concentrations, making it 

a suitable candidate for quantitation. Shown in Figure 3.3, 3.4, data acquired in SIM 

mode and PRM mode are both adequate for quantitation, well matched with the known 

ratio of light vs. heavy protein spiked in. However the SIM data provides better ion 

response which may potentially provide better limit of quantification as needed, thus SIM 

mode was adopted for following assays.  

       The linear range based on the signal of ALDVNVALR
2+ 

was 0.1 to 5 ng (R
2
=0.9871), 

shown in Figure 3.5. This means we can possibly quantify the endogenous CrbpI level 

from just 5,000 cells, which would contain ~10 μg proteins in total. For volume limited 

biological samples, this can be a viable and reliable way to study the presence of low-

abundant proteins. The reason why heavy labeled standards did not show exact the same 

ion response could be due to many reasons (enzyme digestion efficiency, peptide 

extraction efficiency, sample loss, etc.).  There is another possibility that the heavy 

labeled standard contains incomplete labeled proteins that may appear as a part of the 

endogenous protein. Shown in Figure 3.6, the non-labeled protein that exist in 
15

N-CrbpI 

showed a concentration-dependent phenomenon of its abundance in heavy labeled 

standards, but at 1 ng, it only possess less than 10% of the signal and very consistently. 

The systematic errors caused by this issue could be corrected by generating a modified 
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calibration curve by subtracting the non-labeled portion from the results obtained in 

Figure 3.5. 

 

 

Figure 3.2 Representative extracted ion chromatograms of 5 signature peptides for 

in-gel digested CrbpI, data acquired in A) SIM mode and B) PRM mode. The CrbpI 

used for this analysis is 0.25 ng. Data were processed and examined through Skyline 

software.   
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Table 3.1 The mass list of signature peptides that were monitored throughout single 

LC-MS/MS run. Peptides are colored accordingly as how they were labeled in Figure 

3.2. Retention time windows for each endogenous and heavy labeled peptide are included 

and identical.  
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Figure 3.3 Representative extracted ion chromatograms of ALDVNVALR

2+
 

acquired in SIM mode when the ratio of light/heavy protein was 1:1. i) Integrated 

chromatograms represent light(red) and heavy(blue) peptide from three precursor ions 

selected for ii) light and iii) heavy peptide. All data analysis was performed using Skyline. 
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Figure 3.4 Representative extracted ion chromatograms of ALDVNVALR
2+

 

acquired in PRM mode when the ratio of light/heavy protein was 1:1. i) Integrated 

chromatograms represent light(red) and heavy(blue) peptide from three fragment ions 

selected for ii) light and iii) heavy peptide. All data analysis was performed using Skyline. 

 

       

Figure 3.5 Calibration curve for quantifying CrbpI based on signature peptide 

ALDVNVALR
2+

. Y-axis shows the ratios of the area from the extracted ion 

chromatograms for the peptide were obtained from LC-MS/MS experiment. X-axis is the 
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known ratio calculated from light CrbpI at 0.1, 0.25, 0.5, 1, 2.5, 5 ng spiked with 1 ng. 

Each ratio was done in triplicates.  

 

 

Figure 3.6 Concentration-dependent interference of light CrbpI in 
15

N-CrbpI 

samples during in-gel digestion analysis. 

       

3.4.2  The abundance of CrbpI is positively associated with retinoic acid levels in 

disease models 

      Breast cancer Retinoid signaling is found to be disrupted early during carcinogenesis 

frequently
150

, implying its significance in maintaining and modulating critical biological 

activities including cell proliferation, apoptosis, and differentiation. Alltrans retinoic 

acid (atRA), a key regulatory metabolite, functions as a ligand for nuclear receptors 

which modulate transcriptional activities involving over 500 downstream gene 

expressions. Accumulated in vitro evidence has shown the importance of CrbpI in 

maintaining atRA homeostasis across organs and directing retinoid mobilization as 
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necessary
102,103,151

. An accurate measurement of CrbpI in vivo will provide fundamental 

evidence to understand the mechanistic aspects of homeostasis in retinoid pathways. 

Previously, the loss of CrbpI have induced a severe loss of retinoic acid level in mouse 

mammary tissue and induced epithelial and stromal hypercellularity
109

. This aberrant 

mammary gland morphology exhibit a pre-cancer environment with high oxidative stress 

and abnormal growth of fibrotic tissue. It is of our interest to know how CrbpI regulates 

the signaling pathway, especially its correlation with RA.  

      CrbpI was quantified in an absolute manner in human breast cancer cell lines MCF-

10-2A and MDA-MB-468. MCF-10-2A is a non-tumorigenic epithelial cell line which 

served as a control, while MDA-MB-468 represents a basal triple-negative phenotype 

that have been intensively utilized in screening potential drugs for aggressive tumor
152,153

. 

Among breast cancer patients, triple-negative breast cancer (TNBC) subtype have the 

worst prognosis because estrogen receptor-alpha, progesterone receptor, and the HER2 

oncogene are not expressed; therefore, TNBC lacks targets for molecularly-guided 

therapies
154

. This subtype accounts for approximately ~20% of invasive breast cancer 

diagnoses in the United States and patients diagnosed with TNBC have the lowest 5-year 

survival rates among all breast cancer patients
154

. Based on NCI-60 database, there is an 

increased transcriptic level of CrbpI in MDA-MB-468 cells
155

. Shown in Figure 3.7, there 

was a 1-fold increase of CrbpI at the protein level in MDA-MB-468 cells compared to 

MCF-10-2A, and concurrently, the retinoid acid level was abnormally higher in MDA-

MB-468 cells. As RA is normally tightly regulated, excess RA could contribute to 

disrupted signaling and may play a role in the pathogenesis of breast cancer. Excess RA 

may compose a subset of patient tumor phenotypes as supported by a study that showed 

https://paperpile.com/c/KZwmcc/sZcUe+HuoLW+FK8Ll
https://paperpile.com/c/KZwmcc/hvCJp
https://paperpile.com/c/KZwmcc/3qbyc+79j35
https://paperpile.com/c/KZwmcc/goP1C
https://paperpile.com/c/KZwmcc/goP1C
https://paperpile.com/c/KZwmcc/Vftns
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Figure 3.7 The positive correlation of endogenous CrbpI with retinoic acid levels in 

disease models. A) CrbpI level was reduced significantly in SIV-infected Hut78 cells, 

concurrently with compromised RA level.  B) CrbpI was abnormally high in tumorigenic 

breast cancer cell line MDA-MB-468 compared to MCF-10-2A cells (non-tumorigenic), 

while RA was also found to be elevated. All experiments were performed in triplicates. *, 

p<0.01. 

 

the analysis of breast patient tumors revealed that high levels of ALDH1A3, an RA-

producing enzyme, correlated with expression of atRA-inducible genes with retinoic acid 

response elements (RAREs), poorer patient survival and triple-negative breast cancers
156

. 

Our study demonstrated that the elevation of CrbpI could be an indicator of the 

upregulated retinoic acid signaling, signifying the severity or specific subtype of breast 

cancer.  

https://paperpile.com/c/KZwmcc/zbJWT
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 Immunodeficiency disorder The biological function of retinoic acid also plays a 

vital role in the exertion of immune function
157

. It is reported that children with clinical 

vitamin A deficiency had a lower proportion of circulating CD4
+
 naive T cells, and 

vitamin A supplementation reversed the abnormality
158,159

. In respect to immune response 

for viral infection, a severe depletion of local activated memory CD4
+
 T cells was found 

during acute HIV/SIV infection in gastrointestinal tissues in monkeys, and concurrently 

with a significant drop of RA level in plasma, which may induce further damage to the 

gut homeostasis
160,161

. A novel therapy which target to maintain a normal level of CD4
+
 T 

cell in circulation has shown promising results in eliminating the rebound of SIV for 9 

months, with recovered RA levels in treated groups
160

. RA was also reported to have a 

potential therapeutic activity in the treatment for HIV due to its effect in inhibiting the 

reverse transcriptase and reducing viral replication
162

. Understanding the role of RA in 

this disease model would help further elucidate mechanisms of injury that could be 

exploited in new therapeutic applications or monitored as indicator of drug efficacy. We 

utilized Hut 78, a human CD4
+
 T cells as the control, and SIV-infected Hut78 cells as the 

disease model, and quantified the endogenous RA and CrbpI levels. RA was significantly 

lower in the SIV-infected cells, and can be positively correlated with the decreased level 

of CrbpI. The significance of the loss of CrbpI could include impaired function inducing 

the loss of holo-CrbpI that serves as the preferred substrate for retinal dehydrogenase 

enzymes in RA biosynthesis. Additionally, the ratio of apo- vs. holo-CrbpI (when retinol 

being the substrate), maintains a normal flux through the retinoid pathway. The resultant 

decreased RA levels would also contribute to the further downregulation of rbp1 

(encodes CrbpI) expression, which would further disrupt retinoid metabolism in the local 

https://paperpile.com/c/KZwmcc/cZGOm
https://paperpile.com/c/KZwmcc/bxRTp+2pME5
https://paperpile.com/c/KZwmcc/y7uwb+gpCWE
https://paperpile.com/c/KZwmcc/y7uwb
https://paperpile.com/c/KZwmcc/Nfx7W
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environment. There are ongoing studies in our lab to comprehensively evaluate enzymes 

and chaperone proteins in RA-producing cells in the gut that might play a role in 

modulating the RA biosynthesis, toward understanding the mechanism of SIV infection 

related to retinoid signaling.  

3.4.3 Investigation of interaction between CrbpI and its binding partners-retinol, 

retinal and Raldh1 through native mass spectrometry 

 

          Since noncovalent protein–ligand complex was first observed in the mass 

spectrometer in 1991
16,17,18

, native MS has become a valuable tool in studying protein–

ligand interactions, including their structures, binding affinities, and kinetic and 

thermodynamic parameters, which has proven to be superior to other traditional methods 

(isothermal titration calorimetry, surface plasmon resonance spectroscopy, nuclear 

magnetic resonance spectroscopy) in speed and sensitivity
19,20

. Studies on various 

noncovalent complexes have exhibited a correlation of stoichiometry, binding affinity, 

and conformation between in vacuo and in solution
21

. Models that have been developed 

for understanding ion formation and the desolvation process under native conditions have 

also indicated the likely possibility of the retained structure of protein complexes
10

. These 

combined efforts have encouraged the application of native MS to study protein 

interactions with ligands, peptides, proteins, or nucleotides, and provided an avenue for 

timely and sample-efficient analysis
20

. Of note, quantitative analysis by native MS has 

shown promise in monitoring single protein species for binding affinities or kinetics with 

small molecules. Semi-quantitation for heterogeneous protein mixtures has been made 

possible through improved resolving power and algorithm innovations, with 

advancements in coupling online or offline separation techniques. However, the 
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correlation between absolute ion response and concentration in solution for protein-

complex species requires further study because of the complexities in response factors, 

intrinsic interactive forces, and instrumental settings among the noncovalent complexes 

being investigated. This lack of knowledge has resulted in difficulties in comparing data 

from native MS with other methodologies, hindering a comprehensive understanding of 

ion behavior under the native condition, which may result in an underestimation of the 

analytical power of this approach.  

       Here, for the first time, we developed a native mass spectrometric assay for 

measuring the abundance of apo-CrbpI and holo-CrbpI, and examined our results on two 

different platforms (Orbitrap-based Thermo Exactive and Quadrupole-Ion Mobility-Time 

of flight-based Waters Synapt G2S) to quantitatively investigate ion behavior under 

native conditions. This proof-of-concept study leads to a greater understanding of the 

native mass spectrometry of complex mixtures and informs on the behavior of small, 

noncovalent protein–ligand complexes in the mass spectrometer. Using CrbpI-retinol as a 

model system, we explored the working dynamic range where native mass spectrometry 

provides a linear correlation between ions in the gas phase and molecules in the solution 

phase, and took factors including concentration, solvent, and instrumental features into 

consideration on two widely adopted platforms. The results provided here on noncovalent 

protein complexes in the gas phase will contribute to the understanding of native mass 

spectrometry as a quantitative tool. 

         3.4.3.1  The interaction between CrbpI and its ligands-retinol  

Exactive
TM

 As myoglobin has been widely studied as a model system for developing 

native MS assays and has a similar molecular weight and charge state distribution as 
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CrbpI, we used it as a control to test the generalizability of the optimization for native 

conditions we developed for CrbpI. Under native conditions, myoglobin showed a charge 

state distribution that centered on 8+ as previously reported
163

 (Figure 3.8Ai), with an 

experimental monoisotopic mass of 17555.2 Da. The denatured myoglobin has a 

monoisotopic mass of 16940.5 Da (data not shown) suggesting the mass shift was due to 

the binding of heme. Under the same experimental settings, the native mass spectra of the 

complex of CrbpI bound to its ligand, retinol, displayed a mixture of a mixture of bound 

(holo-) and unbound (apo-) CrbpI showing two distinct ion series  

 

Figure 3.8 Native mass spectra of i) myoglobin(5 μM), ii) holo-CrbpI (5 μM) with in-

source dissociation(inserted figure represents UV spectra corresponding to holo-CrbpI in 

solution, A350/A280 >1.6 were achieved to ensure more than 90% retinol were bound to 

https://paperpile.com/c/KZwmcc/GcFJh
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CrbpI), iii) holo-CrbpI (1 μM) with myoglobin (1 μM) on two instruments: A) 

Exactive
TM

  B) Synapt G2S. Black circles, myoglobin; blue circles, holo-CrbpI; red 

circles, apo-CrbpI.  

 

corresponding to apo-CrbpI with a monoisotopic mass of 16613.1 Da and 16899.4 Da for 

holo-CrbpI (Figure 3.8Aii). This value is in excellent agreement with the theoretical mass 

calculated from the plasmid sequence of apo-CrbpI (16613.2 Da) and holo-CrbpI 

(16899.4 Da) with a mass difference of retinol (286.2 Da). As expected, under non-

denaturing conditions, the compact structure of apo-CrpbI and holo-CrbpI shared similar 

charge state distribution that centered on 8+, likely due to their similar conformations 

according to previous NMR analysis.     
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Figure 3.9 Effect of different experimental conditions on native CrbpI complex MS 

analysis through Exactive
TM: A) flow rate; B) temperature; C) skimmer voltage. Holo-

CrbpI were made through mixing apo-CrbpI with sufficient ligand retinol at a final 

concentration of 5 μM.  

 

   As reported in the literature, the observation of intact noncovalent complexes during 

native MS analysis have been found to be particularly influenced by various interface 

parameters, which affect the reproducibility of native MS assays. With the utilization of a 

suitable commercialized emitter, we were able to reproduce our data and compare them 

between different platforms. Various parameters were optimized where source 

temperature, flow rate, and spray voltage appeared to be the most critical factors for 

controlling the sensitivity, resolution, and in-source dissociation of the protein complex 

(Figure 3.9). The absorbance spectra suggests that the fraction of free (unbound) protein 

in solution is less than ~10%, whereas we observed ~26% apo-protein of total protein 

under optimized conditions, where the additional proportion of apo-protein was attributed 

to in-source dissociation of holo-CrbpI (Figure 3.8Aii). Since previous studies have 

indicated that the response factors for apo-CrbpI and holo-CrbpI should be similar 
164

, the 

additional dissociation must occur in the gas phase. We investigated the occurrence rates 

and extent of dissociation further (vide infra).   

       Peaks corresponding to protonated holo-CrbpI, apo-CrbpI, and myoglobin ions are 

observed in the spectra (Figure 3.8Aiii, Biii). No myoglobin was detected to be 

complexed with retinol consistent with the previously well-characterized high affinity 

binding of CrbpI to retinol
100,164

. The addition of myoglobin to holo-CrbpI did not change 

the charge state distributions but the absolute ion abundance dropped 20% to 80% for 

each species (Figure 3.10), compared with having holo-CrbpI alone at the same 

https://paperpile.com/c/KZwmcc/8QMqK
https://paperpile.com/c/KZwmcc/8QMqK+pcwZP
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concentration. This proved to be a common event across concentrations suggesting a 

competition mechanism of ion formation under native conditions, which will be 

addressed in detail in the following section. 

Synapt G2S Data comparable to that collected on the Exactive (Figure 3.8A) was 

collected on the Synapt G2S (Figure 3.8B). Upon deconvolution of the spectra for all 

three samples, average masses of 16623.8 ± 0.3 Da, 16909.8± 0.1 Da, and 17565.5 ± 0.7 

Da were obtained, which is in good agreement with the theoretical average masses for 

apo-CrbpI (16623.9 Da), holo-CrbpI (16910.4 Da), and myoglobin (17565.6 Da), 

respectively. Similar to the results on the Exactive, mass spectra of CrbpI acquired under 

native conditions on the Synapt G2S showed a distribution centered on +8 charge states 

(Figure 3.8Aii), consistent with a folded protein conformation. Two series at the +7, +8, 

and +9 charge states were observed, corresponding to apo-CrbpI and holo-CrbpI (Figure 

3.8Bii). In the case of holo-CrpbI, the more mild values of interface parameters 
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Figure 3.10 The comparison of absolute ion responses of apo- and holo-CrbpI in 

samples corresponding to System ii and iii on A) Exactive
TM

; B) Synapt G2S. Trend 

lines represent the linear regression curves for each species.  

 

that could be achieved on the Synapt G2S were found to preserve the noncovalent 

complex, where a low intensity distribution of dissociated holo-CrbpI was also observed 

(~39%). Also on the Synapt G2S, the addition of myoglobin to holo-CrbpI did not change 

the charge state distributions and had less of an impact on absolute ion abundance than on 

the Exactive for each species (Figure 3.10) compared with having holo-CrbpI alone at the 

same concentration under the same instrumental conditions.    

Evaluation of the CrbpI Complex Stability in the Gas Phase 

(1) Charge State Distribution for the CrbpI Complex                                                               

         As shown in Figure 3.8, the charge state distribution showed a similar pattern on 

both instrument platforms investigated here. Figure 3.8 shows that 88% ± 5% of the 

signal originates from the +8 charge state among three different experimental component 

systems. The CrbpI complex with retinol does not result in a major change the observed 

charge-state distribution compared with apo-CrbpI. The charge state 8+ being the 

dominant species fits in well with the Rayleigh/CRM framework that is proposed 

elsewhere
165

, supporting the existence of similar charge-state distributions for the apo- 

and holo-protein is a similar ion mobility drift time as detected using the Synapt G2S, 

which indicates a similar conformational shape (Figure 3.11). However, some subtle 

differences between apo-CrbpI and holo-CrbpI can be observed. The absolute ion 

intensity ratio of apo-CrbpI to holo-CrbpI increases as the charge state decreases from +9 

to +7. For example, in Figure 3.8Aii, at the +9 charge state, the ratio of apo-protein ion 

intensity to holo-protein ion intensity was found to be 61%, which is lower than 71% and 

https://paperpile.com/c/KZwmcc/VRklr
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80% at the +8 and +7 charge states, respectively. Similarly, there were no significant 

differences between ion intensities at +8 and +7 charge states on Synapt, but charge state 

+9 showed lower ratios of free protein. For quantitative purposes, we combined the ion 

intensities of the three observed charge states since each ion species represents a 

quantifiable amount of molecule in the gas phase regardless of the charges that they carry. 

   

Figure 3.11 Drift time of myoglobin (1 μM), holo-CrbpI (2 μM) and apo-CrbpI (0.5 

μM) at charge state 8+ from on infusion. 

 

  

(2) Preservation of CrbpI Complex Through Cooling Agent    

          We evaluated additional strategies to minimize dissociation during native MS 

methods to preserve the binding of a retinol to CrbpI. This 15 kDa protein contains 135 

residues, which form two 5-stranded β-sheets
166

. The two β-sheets are packed 

orthogonally to form a solvent-filled β-barrel. The ligand- binding pocket, which 

https://paperpile.com/c/KZwmcc/edx5b
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physiologically accommodates all-trans retinol, is located inside the barrel. Importantly, 

the retinol binds CrbpI predominantly by hydrophobic interactions, as the ligand forms a 

hydrogen bond with the carbonyl group of the Gln 108 side chain. The experimental  

 

Figure 3.12 Influence of imidazole concentration on the dissociation of holo-CrbpI 

A)dissociation levels of holo-CrbpI (5 μM) in solutions containing 10~100 mM 

ammonium acetate(AA) and 1~5 mM Im(Imidazole). Red dashed line represents the 

level of dissociation without addition of Im. B) peak broadening effect of solution 

compositions (100 mMAA and 1 mM Im).  

 

challenge often posed by small hydrophobic ligands is their facile dissociation from 

proteins in the gas phase
167

. The removal of solvent molecules from the protein–ligand 

complex environment reduces the entropy-driven hydrophobic interactions to short-range 

van der Waals interactions. As a result, even very mild desorption conditions often cause 

partial or complete complex dissociation, thus compromising the ability to interrogate 

protein–ligand complexes by native MS
164

. One strategy for stabilizing holo- CrbpI was 

to introduce imidazole into solution
168

. We utilized the ion peak area ratios of apo-CrbpI 

to total CrbpI as the dissociation level shown in Figure 3.12. Addition of imidazole 

yielded a minor increase of the complex preservation (~5%); however, the loss in 

https://paperpile.com/c/KZwmcc/R8afT
https://paperpile.com/c/KZwmcc/8QMqK
https://paperpile.com/c/KZwmcc/H1r5h
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sensitivity and deterioration in peak shape were not worth the minor increase in complex 

preservation.      

(3) Concentration Dependence of In-Source Dissociation      

We investigated the relationship between absolute gas-phase abundance and solution-

phase concentration to determine if the linearity of response and the dissociation ratio 

would remain constant across concentrations. The response for apo-CrbpI and holo-CrbpI 

via native MS was compared with experimentally derived values from absorbance 

spectroscopy. As shown in Table 1, ion intensity of myoglobin is positively correlated 

with solution concentration (2–8 μM), and showed a good linear correlation R
2
 (0.98) 

(Figure 3.13). Saturation of signal and nonlinearity began at >8 μM and >6 μM on the 

Exactive and Synapt G2S, respectively. Holo-CrbpI showed a similar trend; however, the 

linear correlation was slightly less at R
2
 (0.94) (Figure 3.13). The relative intensity ratios 

of apo- to holo-CrbpI exhibited an inverse trend with increasing solution concentration 

(Figure 3.10A). 

    

 

 Exactive Synapt 

 i ii iii i ii iii 

R
2
 0.9732 0.9492 0.9262 0.9570 0.9419 0.9009 

Linear 

Range(μM) 
1.6-8 2.0-8 1.6-7 0.25-6 0.25-5 0.125-3 

 

Table 3.2 Linear Correlations between solution concentration and ion intensities 

compared between two instruments. Studies were categorized to i) myoglobin ii) holo-

CrbpI  iii) holo-CrbpI spiked in with a fixed concentration of myoglobin(2 μM for 

Exactive, 1 μM for Synapt).              
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With the addition of an equal amount of myoglobin (2 μM) to the same concentration 

series of holo-CrbpI to serve as an internal standard, we observed an additional minor 

reduction in correlation R
2
 (0.92). The same three systems were examined on the Synapt 

G2S and showed a similar decreasing trend in linear correlation (R
2
) from single to two 

and three components (Figure 3.10, 3.13). The loss of linear correlation among three 

different systems could possibly be explained by (1) additional variability introduced by 

the dissociation of holo-CrbpI that varies with concentration (Figure 3.10, 3.13), and/or 

(2) fluctuations of myoglobin abundance in the gas phase due to the interaction at the ion 

formation stage where the competition of ions at different concentrations may result in 

differences in ion efficiency (Figure 3.10Aiii, Biii). Regardless of this observed 

variability, it is still possible for native MS to achieve linear gas-phase response as a 

function of solution concentration with R
2
 > 0.9 with optimized instrumental parameters, 

solvents systems, and a good understanding of intrinsic protein complex characteristics.       

(4) Impact of Additional Species on In-Source Dissociation     

Previously, including an internal standard had improved the reproducibility of native MS 

assays
169

. Figures 3.10 and 3.14 show an effect on the retention of the holo-CrbpI 

complex when an additional species (myoglobin) is present. At lower concentrations of 

holo-CrbpI, when ion intensities of holo-CrbpI were lower than myoglobin, the in-source 

dissociation increased 16% compared with when holo-CrbpI was analyzed alone (Figure 

3.10, on Synapt G2S). When the signal intensity of holo-CrbpI was in excess of 

myoglobin (as is the case when both myoglobin and holo-CrbpI are present at 1 μM), the 

https://paperpile.com/c/KZwmcc/WYRJO
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retention of holo-CrbpI was greatly improved, yet the spectrum of holo- CrbpI still 

exhibited ~5%    

 

Figure 3.13 Linear regression curves with coefficient R
2
 values for myoglobin in 

System i and holo-CrbpI in System ii & iii on A) Exactive; B) Synapt G2S.  
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Figure 3.14 Correlation of solution concentrations with normalized absolute ion 

intensities on two instruments A) Exactive B)Synapt G2S. Results were obtained for 

three systems: i) myoglobin; ii) holo-CrbpI; iii) holo-CrbpI spiked with a fixed 

concentration of myoglobin (2 μM for Exactive, 1 μM for Synapt.  
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Figure 3.15 The ratios of absolute ion abundance of apo- to holo-CrbpI in Systems ii 

& iii on A) Exactive; B) Synapt G2S.  

 
 

more dissociation compared with analyzing holo-CrbpI alone. Whereas the mechanism of 

this concentration dependent dissociation warrants further study, potential mechanisms 

may include competition during ion formation that may alter ionization efficiencies for 

apo-CrbpI and holo-CrbpI. 
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Figure 3.16 Native mass spectra of holo-CrbpI with or without 1 μM myoglobin 

acquired on Synapt G2S( myoglobin, holo-CrbpI, and apo-CrbpI).  
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Relative Quantitation of apo-/holo-CrbpI    

In order to determine if we could use this native MS assay to probe the ratio of apo-/holo- 

CrbpI in solution, we defined the relationship between ion signal and solution 

concentration (Equation 1 and Equation 2). The factor relating the ion signal and the 

analyte concentration is called the electrospray response factor R. In this case, we also 

have to account for the dissociation ratio D, which also tended to vary across 

concentrations. The relative abundance of apo-CrbpI([P]) to holo-CrbpI([PL]) in the gas 

phase can be presented in the following equation:  

    

                  (1) 

 

In Equation 1, CP and CPL represent the solution concentration of apo-CrpbI and holo-

CrbpI. RP and RPL refer to the response factor for apo- and holo- CrbpI. Equation 1 can 

also be transformed in the following format: 

 

              (2) 

 

Equation 2 indicates that if RP and RPL could remain constant, and the dissociation ratio 

D only fluctuates at negligible level within the tested concentration range, the relative ion 

abundance in the gas phase could correlate with relative solution concentration in a linear 

pattern. The slope and intercept could inform on differences between instruments in 

terms of the relative response factor Rr(RP/RPL) and an average value of the dissociation 

ratio.   
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To test our theory, we kept apo-CrbpI constant (5 μM for Exactive, 2 μM for Synapt 

G2S), combined with a series of concentrations (from 0.1- to 1-fold excess of apo-CrbpI 

concentration) of retinol and allowed to equilibrate at room temperature for at least 5 min 

prior to native MS analysis (Figure 4). Table 2 shows excellent linear correlation on each 

platform, although each platform had a unique slope, intercept values, and linear 

equations. The difference of linear correlation parameters on two instruments indicates 

  

Figure 3.17 Native mass spectra of CrbpI with different ratios of apo- to holo- forms 

acquired on Synapt G2S. The total concentration of CrbpI was fixed at 5 μM. The 

ligand retinol forms a 1:1 complex with CrbpI thus presented in an equivalent amount as 

holo-CrbpI.  
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there may be a different selection process of ion transfer that possibly occurs both at the 

interface and in the mass spectrometer for apo- and holo-CrbpI. Previous studies have 

hypothesized that if the ligand is small, a protein and its complex should share the same 

R value across the concentration for native MS assays, which does not seem to hold true 

for the small protein that we studied here. This finding may help researchers design better 

affinity studies or models for native MS methodologies. 

 

 Exactive  Synapt 

Slope 1.148  ± 0.022 1.652 ± 0.040 

Intercept 0.434 ± 0.067 0.083 ± 0.158 

R
2
 0.9941 0.9839 

Experimental ratio range(apo/holo) 0.27-6.67 0.14-7.14 

 

Table 3.3 Calculated linear regression of apo- to holo-CrbpI ratios in the solution 

phase and gas phase.  

               

   3.4.3.2 The interaction between CrbpI and Raldh1  

      The positive correlation between CrbpI and RA is consistent with previous studies 

showing that CrbpI is directly involved with the biosynthesis of RA. The enzymes that 

are critical for converting retinal to retinoic acid are retinal dehydrogenases, which 

belong to a class of non-P450 aldehyde oxidizing enzymes that broadly metabolize and 

detoxify endogenous or exogenous aldehydes and provide cellular defense against 

oxidative stress
170

. Remarkably, retinal dehydrogenases have three highly conserved 

homologs (Raldh1, 2, 3, 70% sequence similarity) that have non-overlapping expression 

https://paperpile.com/c/KZwmcc/atqyQ
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patterns but all play a role in maintaining retinoid homeostasis
170,171

. In cancer, retinal 

dehydrogenases have been found to be downregulated. Raldh1 was found to be 

downregulated in adrenocortical carcinomas and liver cancer; Raldh2 was identified to be 

a tumor suppressor in prostate cancer; Raldh3 was downregulated in breast cancer and 

gastric cancer
170

. The decrease in Raldh in disease models may work synergistically with 

reduced or epigenetically silenced CrbpI, to induce reduction of RA levels in disease. 

However, in other contexts, Raldh activities have been observed to be elevated in stem 

cancer cells which led to discoveries of highly specific inhibitors that targeting Raldh to 

alleviate cancer progression
172–176

. The divergent effect of elevated Raldh3 in certain 

subtypes of triple negative breast cancer xenografts adds another complexity in 

elucidating their role in cancer pathogenesis and in consideration for diagnostic and 

therapeutic indications
156

. Nonetheless, a series of inhibitors have shown anti-cancer 

activity in vivo and in vitro, mostly targeting the retinal binding pocket and covalently 

bound with cysteines. This mechanism of action, while demonstrated high specificity 

towards certain ALDH enzymes, may pose toxicity effect due to the disturbance it may 

cause for retinoid homeostasis. A fundamental understanding of the role of Raldh in 

retinoid-related manner will facilitate a better diagnosis and novel drug development for 

cancer.  

        It’s been extensively discussed that CrbpI, especially in its ligand-bound form with 

retinal, could directly protein-protein interaction with retinal dehydrogenase to facilitate 

RA synthesis
101

. The in vitro enzymatic assay indicated the retinal bound CrbpI was a 

preferable substrate for Raldh1, with 2 fold improved efficiency with Raldh1 compared 

to free retinal
177

. This is not surprising since the endogenous level of CrbpI was found in 

https://paperpile.com/c/KZwmcc/atqyQ+RoiGQ
https://paperpile.com/c/KZwmcc/atqyQ
https://paperpile.com/c/KZwmcc/HVl0A+5lkhk+swdQe+KcK6N+K9xL2
https://paperpile.com/c/KZwmcc/zbJWT
https://paperpile.com/c/KZwmcc/fpnNe
https://paperpile.com/c/KZwmcc/1TM5B
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excess of retinoid, protecting these lipid-like molecules from nonspecific oxidation and 

modulates their metabolism. Another evidence is the co-localization of Raldh1 with 

CrbpI in rat olfactory epithelium that occurs in prenatal state, indicating its critical 

function in supporting embryogenesis
108

. The “cassette” model proposed by Napoli. et al, 

elucidated the benefit of direct retinoid transfer under the shield from chaperone protein 

and enzymes-to allow for a higher degree of regulation from better catabolism and 

avoiding nonspecific oxidation
103

. To our knowledge, these molecular interactions have 

not been supported by direct structural evidence. Using Raldh1 as a model enzyme, we 

expect to preserve these non-covalent interactions in the gas phase and provide insights 

on the protein-protein interaction that impact the metabolic process for retinoic acid 

biosynthesis.            

       The interaction between NAD
+ 

and Raldh1 Structurally, all three Raldh homologs 

function as homotetramers comprising subunits of 500 or 501 amino acids, and they 

require nicotinamide adenine dinucleotide (NAD
+
) as a cofactor which was assumed to 

bind with the enzyme first during reaction
170

. Through native mass spectrometry, intact 

masses for each dimeric and tetrameric species were deconvoluted manually utilizing 

three charge states (Table 3.3, 3.4), to investigate the binding of NAD
+
 to ALDH1A1. 

Shown in Figure 3.18, when analyzed under native condition, the tetramer ALDH1A1 

was preserved in the gas phase, with a less than 10% of total abundance dimeric species 

possibly formed due to gas-phase dissociation. As the titration of NAD
+
 continued, the 

incorporation of cofactors occurred sequentially in a positive cooperative manner, and 

reached to fully saturation at 20 equivs of NAD
+
. The saturated enzyme formed a 

complex with NAD
+ 

and the stoichiometry is 1:1 ratio between ALDH1A1 and NAD
+
, 

https://paperpile.com/c/KZwmcc/qfQ29
https://paperpile.com/c/KZwmcc/FK8Ll
https://paperpile.com/c/KZwmcc/atqyQ
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meaning each monomer could interact with one NAD
+
. This is consistent with 

established NMR and X-ray crystallography studies for aldehyde dehydrogenases class 1 

across species
175,178

. Native MS assays could provide more molecular details regarding to 

this process as to investigate the incorporation binding of cofactors is positive or 

negative
179,180

. Challenges in studying the dynamic of the complex is the heterogeneity of 

the mixture when the binding occurs and indirect measurements could lead to conflicting 

results
181

. Our results indicated a positive cooperativity for NAD
+
, to our knowledge this 

is the first direct evidence of this phenomenon. This analytical platform may enable a 

systematic examination of the cooperativity of NAD
+
 for other ALDH homologs and 

facilitate a fundamental understanding of how dehydrogenase enzymes function in vivo. 

      Another interesting observation is while the average mass of the tetramer could 

reflect the shift of stoichiometry as demonstrated in the mass spectrum (Figure 3.18), it 

was also matched well with the species of dimers generated under the same condition. 

However the abundance of dimers seemed to increase when cofactors were present in 

excess, suggesting the interaction with NAD
+
 may have an impact on the stability of the 

homo-tetramer. Previous NMR studies for ALDH1A family indicated the tetramer is a 

dimer of dimers (A-B+C-D)
182

, since the most intimate contact surface is between A and 

B, and C and D. The interaction between A and B or C and D mainly involve hydrogen 

bonds with few hydrophobic interactions, which could be strengthened in the gas phase 

compared to interface between dimers. Another NMR and fluorescence spectroscopies 

demonstrated an extensive conformational heterogeneity of liver cytosol ALDH upon 

NAD
+
 binding via mobility of the phosphodiester region and the nicotinamide

183
, which 

could make NAD
+
 bound tetramers more prone to gas-phase dissociation. The effect of 

https://paperpile.com/c/KZwmcc/vBm5b+KcK6N
https://paperpile.com/c/KZwmcc/aSB3z+YFN6L
https://paperpile.com/c/KZwmcc/PWPst
https://paperpile.com/c/KZwmcc/PKoou
https://paperpile.com/c/KZwmcc/YAKww
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NAD
+
 is in contrast with other dehydrogenases where the interaction of NAD

+
 

contributed to a more stabilized tetramer enzyme, with reduced dimeric species. A more 

in-depth investigation on the detailed characterization and comparison of the dimers 

interface would help in explaining the functional form of various dehydrogenases.  

 
 

Figure 3.18 Native mass spectra of homo-tetrameric enzyme Raldh1 (5 μM) 

incubated with different ratios of cofactor NAD
+
 in 10 mM ammonium acetate. 

Main charge states used for MS deconvolution are labeled. Topological views of the 

stoichiometry for major peaks representing dimeric and tetrameric species are highlighted. 
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Table 3.4 Molecular masses deconvoluted from native MS spectra for tetrameric 

species of Raldh1 and in complex with 3 NAD
+
 and 4 NAD

+
. Mass errors were 

calculated based on theoretical average masses obtained from protein sequence.  

 

 

 
 

Table 3.5 Molecular masses deconvoluted from native MS spectra for dimeric 

species of Raldh1 and in complex with 3 NAD
+
 and 4 NAD

+
. Mass errors were 

calculated based on theoretical average masses obtained from protein sequence. 
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       The interaction between retinal and Raldh1 Retinal serves as the highly specific 

substrate of Raldh1, and each monomer of Raldh1 is assumed to convert one retinal to 

retinoic acid molecule independently. The in vitro reaction would occur at a fast rate with 

a kcat value at ~4 μ mol/min, which might be a challenge for mass spectrometry to reveal 

the highly dynamic process. After directly titrating retinal to Raldh1 which was saturated 

with NAD
+
 first in 10 mM ammonium acetate, samples were immediately infused to 

mass spectrometer in attempt to observe any newly formed species. Shown in Figure 3.19, 

no Raldh1 in complex with retinal was observed regardless of the amount of retinal being 

added. Additionally the ratio of dimers vs. tetramers climbed as more retinal was given. 

This could possibly be a result of further disturbance of the tetramer equilibrium in 

solution, by adding retinal to the system to initiate the enzymatic process. Then we tested 

the interaction between Raldh1 and retinal, without the presence of cofactor NAD
+
, in the 

hope of catching a snapshot of enzyme-substrate complex. Shown in Figure 3.20, the 

same titration experiment was carried out for apo-Raldh1; however no protein-retinal 

complex was observed. This indicated the lack of interaction between retinal and 

Raldh1is consistent with the need for cofactor binding prior to substrate binding.  
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Figure 3.19 Native mass spectra of homo-tetrameric enzyme Raldh1 (5 μM) 

incubated with different ratios of retinal in 10 mM ammonium acetate at room 

temperature. Raldh1 was saturated with NAD
+
 before incubation with retinal.  
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Figure 3.20 Native mass spectra of homo-tetrameric enzyme Raldh1 (5 μM) 

incubated with different ratios of retinal in 10 mM ammonium acetate at room 

temperature. Apo-Raldh1 was directly incubated with retinal without NAD
+
. 

 

         Interaction between CrbpI and Raldh1 Previously we have demonstrated the 

interaction between CrbpI and its ligand retinol could be preserved in the gas phase and 

native MS can be used to conduct relative quantitation for apo- and holo- form. To study 

whether retinal-bound CrbpI could serve as the substrate for Raldh1, we also examined 

the protein complex at native condition. Shown in Figure 3.21, since the binding affinity 

of retinal to CrbpI is lower than retinol, more dissociation were observed during MS 

analysis (4 fold higher than retinol-bound CrbpI). We then saturated Raldh1 with excess 

amount of NAD
+
, and incubated with apo- and holo- CrbpI at 1 equiv. Only noisy spectra 
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were shown in both cases after the addition of CrbpI (Figure 3.22), possibly due to the 

initiation of the enzymatic process.  

 

Figure 3.21 Native mass spectra of retinal-bound CrbpI (5 μM) in 10 mM 

ammonium acetate at room temperature. 
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Figure 3.22 Native mass spectra of homo-tetrameric enzyme Raldh1 (5 μM) incubated 

with apo/holo-CrbpI (5 μM) in 10 mM ammonium acetate at room temperature. Raldh1 

was saturated with NAD
+
 before incubation with retinal. 

 

            Similarly as what we did for retinal, we wanted to see whether Raldh1 could 

interact with CrbpI without initiating the enzyme reaction, with the absence of NAD
+
. 

When we incubate retinal bound CrbpI with Raldh1, we could observe the dissociated 

apo-CrbpI in the low mass range (<3000 m/z) (Figure 3.23). Remarkably, the 

preservation of the octamer protein complex, consisted of tetramer Raldh1 plus 4 retinal-

CrbpI protein complex were observed since the beginning of the titration. The charge 

states used for mass deconvolution were listed in Table 3.5. The mass errors for these 

species were more prominent compared to apo- Raldh1, possibly indications of 

dissociations of one retinal molecule.  What’s notable is as the holo-CrbpI increased, the 
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tetramer Raldh1 became more stabilized and saturated with holo-CrbpI, with almost 

completely disappeared apo- Raldh1, indicating the interaction between Raldh1 monomer 

and holo-CrbpI is rather specific with a stoichiometry of 1:1. Not surprisingly, the 

tetrameric species of the octameric protein complex were also identified in the spectrum, 

showing an increased relative intensity during the titration. This might be a sign that the 

interface between the monomer Raldh1 and CrbpI is stronger than the dimer interface 

within Raldh1 in the gas phase. 

           In vitro and ex vivo enzymatic assays have also suggested that apo-CrbpI could 

interact with Raldh1 directly
101

. We were able to observe the direct interaction through 

native MS, shown in Figure 3.24. Similarly as we observed for holo-CrbpI, apo-CrbpI 

could bind Raldh1 at 1 equiv and form an octameric complex, which maintained the 

stoichiometry when more apo-CrbpI was added. These data indicate that the two 

octameric complex share similar gas-phase stabilities, since the interactive partners are 

CrbpI and Raldh1 monomers. When CrbpI and Raldh1 were incubated at 1:1 ratio, apo-

CrbpI presented an even higher affinity to Raldh1, since the holo-CrbpI would need to 

find the specific docking position for the delivery of the retinal to the enzymatic pocket 

of Raldh1. As a result, the in vivo relative abundance of apo- and holo-CrbpI would affect 

the metabolism of retinal as to how much holo-CrbpI could efficiently present the 

substrate to the enzyme. Further studies to include different ratios of apo-/holo- CrbpI for 

enzymatic function, structural dynamics could inform on such critical metabolic 

processes and elucidate the biological significance of CrbpI.  

https://paperpile.com/c/KZwmcc/fpnNe
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Figure 3.23 Native mass spectra of homo-tetrameric enzyme Raldh1 ((5 μM) 

incubated with holo-CrbpI in 10 mM ammonium acetate at room temperature. 

Holo-CrbpI was prepared by incubating with 1.5 equiv of retinal for 5 min. Main charge 

states used for MS deconvolution are labeled. A topological view of the stoichiometry for 

major peaks representing dimeric and tetrameric species is highlighted. 
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Figure 3.24 Native mass spectra of homo-tetrameric enzyme Raldh1 ((5 μM) 

incubated with apo-CrbpI in 10 mM ammonium acetate at room temperature. Main 

charge states used for MS deconvolution are labeled. Topological views of the 

stoichiometry for major peaks representing dimeric and tetrameric species are highlighted. 
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Table 3.6 Molecular masses deconvoluted from native MS spectra for tetrameric 

species of Raldh1 and in complex with 4 apo-CrbpI and 4 holo-CrbpI during 

incubation. Mass errors were calculated based on theoretical average masses obtained 

from protein sequence.  

3.5  Conclusions      

       Here, we developed an integrated MS-based approach to allow investigation of the 

role of CrbpI in maintaining retinoid homeostasis, particularly its function in regulating 

the biosynthesis of active metabolite retinoic acid. The robust quantitation of endogenous 

CrbpI through targeted proteomics in disease models enabled molecular examination of 

the impact of CrbpI on retinoid flux-where there was a positive correlation between 

CrbpI and retinoic acid levels. A further exploration on the interaction between CrbpI and 

its binding partners (ligands and enzymes) in retinoid signaling pathway through native 

mass spectrometry has provided structural evidence of interaction that facilitate for 

enzymatic reactions from CrbpI. These developments could open new opportunities for 

structural analysis of CrbpI and enzyme reactions using native MS, towards 

understanding CrbpI’s versatile activity beyond a chaperone protein.  
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         Whereas it is premature to draw a conclusion that CrbpI could be used as a disease 

marker clinically, with limited cell models tested in our study, our data indicate tumor 

subpopulation have disrupted retinoid signaling that correlate with levels of CrbpI. Here, 

a robust bottom-up approach serves to enable the collection of rich information for low-

abundant proteins, like CrbpI, on its abundance, modifications and stabilities in vivo. In 

our case, another benefit of gaining cellular abundance data is to bridge the gap in 

knowledge ion how the fluctuations of CrbpI impact active metabolites in the retinoid 

pathway, enabling direct observation of correlation between the protein and metabolites. 

With the bottom-up approach, investigation of the CrbpI levels at different stages of 

disease models, and how CrbpI may respond when treated with retinoid-related 

therapeutics, would give better insight on how the disruption of CrbpI contributes to 

disease progression.  

          The application of native mass spectrometry in structural biology has gained 

momentum in recent years. In our proof-of-concept study, we developed methodology for 

relative quantitation for a small protein and its ligand-bound form, apo- and holo-CrbpI, 

and identification of protein-protein interactions between CrbpI and Raldh1. This 

information provides the foundation for native MS to be applied for functional 

investigations of the role of CrbpI in retinoid metabolism and signaling. The difference 

between response factors and in-source dissociation ratios that were observed in our 

native MS analyses indicated these crucial parameters need to be addressed in study 

designs and data analysis concerning protein–ligand interactions. Moreover, to apply this 

assay for samples with complex backgrounds, appropriate separation strategies, including 

but not limited to hydrophobic interaction chromatography and/or size exclusion 
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chromatography, will have to be integrated in the workflow either online or offline, 

which have shown promise for many protein complexes.     
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