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Abstract

Recently, the first CRISPR edited cell therapy-based therapeutic was approved for treatment of sickle cell 

anemia, with other CRISPR-based therapies in the pipeline.1–5 However, despite the growing market for CRISPR-

based therapeutics, technologies for comprehensive quality control analysis of CRISPR components and 

ribonucleoprotein (RNP) complexes are not well-established. To ensure safe and effective CRISPR drug 

substances, thorough quality control assessment of CRISPR reagents and characterization of RNP formation is 

needed. Current methods for characterization of CRISPR/Cas components are limited and do not typically allow 

for simultaneous characterization of apo-Cas, apo-sgRNA, and RNP species.

Here, we exploit the differing charges of apo-Cas, apo-sgRNA, and RNP to achieve separations of CRISPR 

components by ion exchange (IEX) high-performance liquid chromatography (HPLC) paired with ultraviolet (UV) 

detection. In this work, we have used a chromatography system equipped with high performance surfaces to 

mitigate the loss of metal-sensitive analytes. Anion exchange and cation exchange columns were coupled, 

allowing for simultaneous retention of Cas9 on the cation exchange column and sgRNA on the anion exchange 

column.

1Coupled IEX Chromatography for Stoichiometric Analysis of CRISPR Ribonucleoprotein Complexes

http://www.waters.com


Benefits

Coupled cation/anion exchange chromatography can probe charge states of the components in a single 

method, revealing information about the components not seen in ion pairing reversed-phase or size exclusion 

chromatography

■

The method allows for stoichiometric evaluation of the RNP formation from the individual components■

Introduction

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) are part of most prokaryote genomes and 

contribute to acquired immunity against phages for bacteria and archaea. CRISPR gene editing systems in 

nature consist of tracrRNA (trans-activating CRISPR-RNA) and crRNA. In research settings, tracrRNA, and 

crRNA can be combined into a single guide RNA (sgRNA). Cas protein, an endonuclease, forms a 

ribonucleoprotein (RNP) complex with sgRNA. The RNP complex introduces double stranded breaks in target 

DNA first by recognizing the target site and cleaving the two strands of DNA, followed by repair.6

To ensure success with CRISPR gene editing experiments, it is critical to understand RNP complex formation. To 

this end, the differing charge states of Cas9 and sgRNA can be leveraged. Under native conditions, Cas9 carries 

a positive charge, while sgRNA is highly negatively charged; consequently, the RNP complex exhibits an 

intermediate charge state (Figure 1).7–8 Therefore, by coupling cation and anion exchange chromatography, Cas9, 

sgRNA, and RNP complexes can be separated in a single run, allowing for the stoichiometry of the overall 

mixture to be monitored. In addition, charge variants for Cas9 and sgRNA single components can be 

characterized. In this work, we utilize a strong cation exchange (SCX) column (BioResolve™ SCX mAb Column) 

coupled to a strong anion exchange (SAX) column (Protein-Pak™ Hi Res Q Column) for stoichiometric analysis of 

CRISPR RNP complexes.
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Figure 1. A schematic representation of (A) positively charged apo-Cas9, 

(B) negatively charged sgRNA, and (C) ribonucleoprotein (RNP) complex. 

The RNP complex exhibits an intermediate charge state. Coupled SCX and 

SAX columns retain and separate the unbound apo-Cas9, unbound 

sgRNA, and RNP complex.

Experimental

Sample Preparation

Single Component sgRNA Analysis

Human HRPT1 sgRNA (GenScript, Piscataway, NJ; 5'-mG* mA* mU* rG rA rU rC rU rC rU rC rA rA rC rU rU rU rA 

rA rC rG rU rU rU rU rA rG rA rG rC rU rA rG rA rA rA rU rA rG rC rA rA rG rU rU rA rA rA rA rU rA rA rG rG rC rU 

rA rG rU rC rC rG rU rU rA rU rC rA rA rC rU rU rG rA rA rA rA rA rG rU rG rG rC rA rC rC rG rA rG rU rC rG rG 

rU rG rC rU* mU* mU* mU-3', m = 2’-O-methyl, * = phosphorothioate) was resuspended in nuclease-free Tris 
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EDTA buffer (Integrated DNA Technologies, Coralville, Iowa) to prepare a ~1 µg/µL (24.1 µM) solution.

Single Component Cas9 Analysis

Cas9 Nuclease Protein (Horizon Discovery, Cambridge, UK; 61.8 µM in buffered glycerol) was mixed in a 1:1 (v:v) 

ratio with mobile phase B. This stock solution was diluted using nuclease free buffer to prepare a ~3.7 µg/µL 

(22.9 µM) Cas9 solution. 

Ribonucleoprotein Complex Solutions

Stock solutions of sgRNA and Cas9 were prepared. Stock sgRNA solution was prepared at a concentration of 93 

µM by resuspending sgRNA in nuclease free buffer. Stock Cas9 was prepared at a concentration of 30.9 µM by 

mixing the glycerol buffered solution in a 1:1 (v:v) ratio with mobile phase B. Stock sgRNA was added to stock 

Cas9 to achieve a slight stoichiometric excess of sgRNA (final concentrations of 24.1 µM sgRNA and 22.9 µM 

Cas9). Solutions were complexed at room temperature for 30 minutes prior to analysis.

Chromatographic Conditions

LC system: ACQUITY™ Premier System with a Binary Pump 

and FTN-SM

Detector: ACQUITY™ Premier TUV Detector with titanium 

flow cell (5 mm, p/n: 205000611)

Wavelengths: 260 and 280 nm

Column: Waters BioResolve SCX mAb, 3 µm 4.6 × 50 mm 

Column (p/n: 186009058) coupled to Waters 

Protein-Pak Hi Res Q, 5 µm 4.6 × 100 mm Column 

(p/n: 186004931) with column union (p/n: 

700009524)

Column temperature: Ambient
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Sample temperature: 8 ˚C

Injection: 10 μL for each injection

229 pmol apo-Cas, 241 pmol apo-sgRNA for single 

component injections

For stoichiometric analysis, theoretical 0 pmol 

apo-Cas, 12 pmol apo-sgRNA, and 229 pmol RNP

Flow rate: 0.24 mL/min

Mobile phase A: 10 mM BIS-TRIS propane, 150 mM NaCl, pH 6.5 in 

water, filtered through 0.2 µm nylon membrane 

filters

Mobile phase B: 10 mM BIS-TRIS propane, 1 M NaCl, pH 6.5 in 

water, filtered through 0.2 µm nylon membrane 

filters

Gradient Table

Results and Discussion

Single components of sgRNA and Cas9 were injected onto the coupled SAX and SCX columns to evaluate 
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charge variants using a single chromatography method. This method utilizes a BIS-TRIS propane buffered mobile 

phase and salt gradient. UV data were collected at 260 and 280 nm. As shown in Figure 2, apo-Cas9 protein was 

retained on the SCX column, and apo-sgRNA was retained on the SAX column. Some charge variants were 

observed in the apo-Cas9 sample, while significant charge heterogeneity was revealed in the apo-sgRNA 

sample.

Figure 2. Representative chromatograms for coupled SCX and SAX 

columns. (A) single component injection of apo-Cas9. Inset: Scaled to 

show Cas9 charge variants. (B) Single component injection of apo-sgRNA. 

SAX HPLC reveals significant charge heterogeneity.

After apo-Cas9 and apo-sgRNA were analyzed as single components, the two components were complexed at 

approximately a 1:1 molar ratio with a slight excess of sgRNA. The resulting solution was analyzed using the 

coupled columns (Figure 3). A sharp, homogenous peak was present at approximately 12 minutes, indicating 

RNP complexation. The peak corresponding to apo-Cas9 at approximately 20 minutes was not detected, 

indicating complete complexation of Cas9. The heterogeneous apo-sgRNA eluting from approximately 40 to 48 

minutes was not completely consumed, as is expected given the slight excess of sgRNA in solution.
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Figure 3. After incubation of apo-Cas9 with sgRNA, Cas9 is fully 

complexed with a stoichiometric excess of unbound sgRNA remaining. 

Complexation was monitored at both 260 (black) and 280 nm (red).

As an orthogonal separation method to both ion pairing reversed phase chromatography and size exclusion 

chromatography, native IEX chromatography highlights charge heterogeneity unseen by other methods.9,10 

Separately, cation exchange and anion exchange can be used to evaluate CRISPR components from a quality 

perspective. When coupled, the two column chemistries can serve as an all-in-one method for an analysis of 

CRISPR components and RNPs that gives valuable insights into RNP complexation efficiency and optimization of 

CRISPR reagent ratios.

Conclusion

This application note demonstrates the capability of coupled SAX/SCX-HPLC to serve as an all-in-one method to 

evaluate charge heterogeneity in individual CRISPR components and perform stoichiometric analysis of RNP 

formation. This will be a versatile technique for a variety of applications, including evaluation of critical quality 

attributes of CRISPR-based therapeutics and optimization of CRISPR reagents.

7Coupled IEX Chromatography for Stoichiometric Analysis of CRISPR Ribonucleoprotein Complexes



References

Wang, J. Y.; Doudna, J. A. CRISPR Technology: A Decade of Genome Editing Is Only the Beginning. Science

 2023, 379 (6629), eadd8643. https://doi.org/10.1126/science.add8643 <

https://www.science.org/doi/10.1126/science.add8643>

1. 

Bulcaen, M.; Carlon, M. S. Genetic Surgery for a Cystic Fibrosis-Causing Splicing Mutation. Molecular Therapy 

Methods & Clinical Development 2024, 32 (1). https://doi.org/10.1016/j.omtm.2023.101177 <

https://www.cell.com/molecular-therapy-family/methods/fulltext/S2329-0501(23)00216-

4?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2329050123002164%3Fshowall%3Dtrue

>

2. 

Golchin, A.; Shams, F.; Karami, F. Advancing Mesenchymal Stem Cell Therapy with CRISPR/Cas9 for Clinical 

Trial Studies. Advances in experimental medicine and biology 2020. https://doi.org/10.1007/5584_2019_459 <

https://link.springer.com/chapter/10.1007/5584_2019_459>

3. 

Wong, P. K.; Cheah, F.; Syafruddin, S.; Mohtar, M.; Azmi, N.; Ng, P.-Y.; Chua, E. CRISPR Gene-Editing Models 

Geared Toward Therapy for Hereditary and Developmental Neurological Disorders. Frontiers in Pediatrics 

2021, 9. https://doi.org/10.3389/fped.2021.592571 <

https://www.frontiersin.org/articles/10.3389/fped.2021.592571/full>

4. 

Chavez, M.; Chen, X.; Finn, P. B.; Qi, L. S. Advances in CRISPR Therapeutics. Nat Rev Nephrol 2023, 19 (1), 

9–22. https://doi.org/10.1038/s41581-022-00636-2 <https://www.nature.com/articles/s41581-022-00636-2>

5. 

Asmamaw, M.; Zawdie, B. Mechanism and Applications of CRISPR/Cas-9-Mediated Genome Editing. 

Biologics 2021, 15, 353–361. https://doi.org/10.2147/BTT.S326422 <https://www.dovepress.com/mechanism-

and-applications-of-crisprcas-9-mediated-genome-editing-peer-reviewed-fulltext-article-BTT>

6. 

Zhang, S.; Shen, J.; Li, D.; Cheng, Y. Strategies in the Delivery of Cas9 Ribonucleoprotein for CRISPR/Cas9 

Genome Editing. Theranostics 2021, 11 (2), 614–648. https://doi.org/10.7150/thno.47007 <

https://www.thno.org/v11p0614.htm>  

7. 

Created with Biorender.com.8. 

Gaye, M. M.; Knowles, C.; Addepalli, B.; Lauber, M. A. CRISPR Single Guide RNA Characterization by IP-RP-

LC-MS with a Premier Oligonucleotide BEH 300 Å C18 Column. Waters Application Note. 720007897. 2023.

9. 

8Coupled IEX Chromatography for Stoichiometric Analysis of CRISPR Ribonucleoprotein Complexes

https://www.science.org/doi/10.1126/science.add8643
https://www.science.org/doi/10.1126/science.add8643
https://www.science.org/doi/10.1126/science.add8643
https://www.science.org/doi/10.1126/science.add8643
https://www.cell.com/molecular-therapy-family/methods/fulltext/S2329-0501(23)00216-4?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2329050123002164%3Fshowall%3Dtrue
https://www.cell.com/molecular-therapy-family/methods/fulltext/S2329-0501(23)00216-4?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2329050123002164%3Fshowall%3Dtrue
https://www.cell.com/molecular-therapy-family/methods/fulltext/S2329-0501(23)00216-4?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2329050123002164%3Fshowall%3Dtrue
https://www.cell.com/molecular-therapy-family/methods/fulltext/S2329-0501(23)00216-4?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2329050123002164%3Fshowall%3Dtrue
https://www.cell.com/molecular-therapy-family/methods/fulltext/S2329-0501(23)00216-4?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2329050123002164%3Fshowall%3Dtrue
https://link.springer.com/chapter/10.1007/5584_2019_459
https://link.springer.com/chapter/10.1007/5584_2019_459
https://link.springer.com/chapter/10.1007/5584_2019_459
https://link.springer.com/chapter/10.1007/5584_2019_459
https://www.frontiersin.org/articles/10.3389/fped.2021.592571/full
https://www.frontiersin.org/articles/10.3389/fped.2021.592571/full
https://www.frontiersin.org/articles/10.3389/fped.2021.592571/full
https://www.frontiersin.org/articles/10.3389/fped.2021.592571/full
https://www.nature.com/articles/s41581-022-00636-2
https://www.nature.com/articles/s41581-022-00636-2
https://www.nature.com/articles/s41581-022-00636-2
https://www.nature.com/articles/s41581-022-00636-2
https://www.dovepress.com/mechanism-and-applications-of-crisprcas-9-mediated-genome-editing-peer-reviewed-fulltext-article-BTT
https://www.dovepress.com/mechanism-and-applications-of-crisprcas-9-mediated-genome-editing-peer-reviewed-fulltext-article-BTT
https://www.dovepress.com/mechanism-and-applications-of-crisprcas-9-mediated-genome-editing-peer-reviewed-fulltext-article-BTT
https://www.dovepress.com/mechanism-and-applications-of-crisprcas-9-mediated-genome-editing-peer-reviewed-fulltext-article-BTT
https://www.dovepress.com/mechanism-and-applications-of-crisprcas-9-mediated-genome-editing-peer-reviewed-fulltext-article-BTT
https://www.thno.org/v11p0614.htm
https://www.thno.org/v11p0614.htm
https://www.thno.org/v11p0614.htm
https://www.thno.org/v11p0614.htm
https://www.waters.com/nextgen/de/de/library/application-notes/2023/crispr-single-guide-rna-characterization-by-ip-rp-lc-ms-with-a-premier-oligonucleotide-beh-300-a-c18-column.html


Kizekai, L.; Shiner, S. J.; Lauber, M. A. Exploring the SEC Analysis of CRISPR Molecules and Their Complexes. 

Waters Application Note. 720007727. 2022.

10. 

Featured Products

ACQUITY Premier System <

https://www.waters.com/nextgen/us/en/products/chromatography/chromatography-systems/acquity-premier-

system.html>

ACQUITY UPLC and ACQUITY Premier Tunable UV Detectors <https://www.waters.com/514228>

720008364, May 2024

© 2024 Waters Corporation. All Rights Reserved.
Nutzungsbedingungen Datenschutzrichtlinie Marken Karriere Rechtliche Hinweise und 
Datenschutzhinweise Cookies Cookie-Einstellungen

9Coupled IEX Chromatography for Stoichiometric Analysis of CRISPR Ribonucleoprotein Complexes

https://www.waters.com/nextgen/de/de/library/application-notes/2022/exploring-the-sec-analysis-of-crispr-molecules-and-their-complexes.html
https://www.waters.com/nextgen/us/en/products/chromatography/chromatography-systems/acquity-premier-system.html
https://www.waters.com/514228
https://www.waters.com/#
https://www.waters.com/nextgen/de/de/about-waters/corporate-governance/legal-and-privacy-notices/terms-of-use.html
https://www.waters.com/nextgen/de/de/about-waters/corporate-governance/legal-and-privacy-notices/privacy-policy.html
https://www.waters.com/nextgen/de/de/about-waters/corporate-governance/legal-and-privacy-notices/trademarks.html
https://www.waters.com/nextgen/de/de/about-waters/careers.html
https://www.waters.com/nextgen/de/de/about-waters/corporate-governance/legal-and-privacy-notices.html
https://www.waters.com/nextgen/de/de/about-waters/corporate-governance/legal-and-privacy-notices.html
https://www.waters.com/nextgen/de/de/about-waters/corporate-governance/legal-and-privacy-notices/cookie-policy.html
https://www.waters.com/#

