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(pink), and 50% PS (purple) all made with PC as the balance. The dashed lines indicate the 

addition of a new concentration of PrZ, the *marks the transition to HEPES buffer, and ** 

marks the transition to HEPES(-). (B) The maximal shift of PrZ binding vs PrZ 

concentration fit to Equation IV.1 for each type of Nanodisc used. 139 

IV.9. Comparison of Kd values from binding. (A) PT, (B) fX, (C) fIX, (D) fVIIa, (E) aPC, (F) PrS, 

and (G) PrZ to Nanodiscs with (blue) and without (red) PE lipids. Kd values are plotted as 

a function of percent PS where the PS + PE lipid composition is equal to 50% for the PE 

lipid containing Nanodiscs. Each was determined by plotting relative shift of binding vs. 

concentration of protein and fitting to Equation IV.1. Error bars represent the standard 

deviation from at least n = 4 microrings. Kd values for 50% PE/50% PC are not shown in 

the graphs due to the large error from the poor binding to this lipid environment by each 

clotting factor. # aPC binding to 10% PS without PE was too weak to calculate Kd. 140 

IV.10. Affinity increase (Kd decrease) due to PE-PS synergy. These values were calculated by 

taking the ratio of Kd values without PE to those with PE. The dashed line represents no 

change in Kd with the addition of PE. Error bars represent standard error in calculating the 

ratio of these two values.21 # Fold-change unable to be calculated since aPC binding to 

10% PS without PE was too weak to measure. 141 

V.0. Graphical Abstract. 165 

V.1. DNA Cross-reactivity Testing. Each row represents a sensor chip arrayed with different 

capture probes and exposed to a single complement analyte probe. Columns represent the 

response for an individual capture probe to each analyte sequence. Sensors show response 

to complementary sequences (shown in red and yellow)  with minimal to no interactions 

to off-targets. Dashed lines represent assay step switching from buffer (20 mM Tris, 100 
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mM NaCl, 0.01% NaN3, and 2% BSA) to 200 µM analyte DNA then switching back to 

buffer. 166 

V.2. SDS-PAGE of Purified Conjugated MSP1D1. (A) Fluorescein and IR imaging of Ni-NTA 

purification SDS-PAGE. Conjugation of MSP1D1 D73C was performed with fluorescein 

labelled DNA for imaging DNA. MSP1D1 was run as a control to show bromophenol blue 

imaging with IR. The unpurified conjugation shows a band around 32 kDa representing 

conjugated MSP and bands around 10 kDa representing free DNA as monomers or dimers 

due to side-product formation. The flow through shows excess DNA that did not bind the 

Ni-NTA column. Washes 1 and 2 contain low concentrations of sodium cholate and 

imidazole to rinse nonspecifically bound DNA off the resin. There is loss of conjugated 

MSP in the wash 2 steps potentially due to nonspecific binding of the DNA to the column. 

After the non-specific DNA is washed off, elution shows successful purification of 

conjugated MSP. (B) Krypton stain and IR imaging of the same gel. This stain shows the 

co-purification of conjugated (~25 kDa) and not conjugated MSP (~32 kDa). Comparing 

the intensities of the bands in the elution, the yield is about 70% conjugated MSP. (C) 

Coomassie stain of DNA purification SDS-PAGE. Ni-NTA purified MSP is concentrated 

for purification on DNA columns. The flow through that did not bind to the DNA column 

shows a band around 25 kDa for not conjugated MSP. Washes are performed with 30% 

formamide to eliminate non-specifically bound not conjugated MSP. Elutions show 

successful extraction of purified DNA-tagged MSP. 167 

V.3. SEC of Nanodiscs and ssDNA. HPLC separation on a Superdex Increase 2000 with 

hydrodynamic radius calculated from a standard curve of known hydrodynamic radii. 

Nanodiscs without DNA (black) are shown to elute at the volume corresponding to the 

expected hydrodynamic radius around 4.3 nm while ssDNA  (grey) elutes around 1.9 nm. 

In red, DNA-tagged Nanodiscs display a shifted hydrodynamic radius due to the addition 

of DNA to the MSP. The shift is similar to the hydrodynamic radius of DNA. 168 

V.4. SEC of Nanodiscs at 280 and 260 nm Absorbance. (A) HPLC separation on a Superdex 

Increase 2000 with hydrodynamic radius calculated from a standard curve of known 

hydrodynamic radii. Nanodiscs without DNA (black) are shown to elute at the volume 

corresponding to the expected hydrodynamic radius around 4.3 nm while DNA-tagged 

Nanodiscs (red) display a shifted hydrodynamic radius due to the addition of DNA to the 
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MSP. DNA-tagged Nanodiscs show a higher absorbance at 260 nm due to the presence of 

DNA. (B) The ratios of 260 to 280 absorbance for Nanodiscs with (red) and without (black) 

DNA. The ratio of DNA-tagged Nanodiscs correlates to a protein contaminated DNA 

sample. 169 

V.5. SEC of Various Nanodiscs. (A) Elution profile of Nanodiscs without DNA. (B) Elution 

profile of DNA-tagged Nanodiscs 50% PIP3 (red) and 50% GM (blue) elute earlier due to 

increased hydrodynamic size due to the larger lipid headgroups. Peaks eluting before 1.0 

mL are lipid aggregates. 170 

V.6. Physisorption Flow Loading of Nanodiscs. Loading of Nanodiscs using physisorption onto 

silicon photonic microring resonators using a two-channel setup to allow for use of 100% 

PC as a control to account for chip-to-chip variation. The assay is thermally controlled and 

starts with buffer (SDB; 20 mM Tris, 100 mM NaCl, and 0.01% NaN3) then switches to 

Nanodisc loading in the boxed region before switching back to buffer. Channel 1 is always 

showing the loading for 0.5 µM 100% PC (black) with the comparison for (A) 0.5 µM 50% 

PS (green), (B) 0.5 µM 50% PA (purple), (C) 0.5 µM 50% GM (blue), and (D-I) 0.05 µM 

to 7.50 µM 50% PIP3 (red). The shaded ribbon shows the standard deviation of microrings 

(n = 64). 171 

V.7. Extended Physisorption Loading. (A) Loading of Nanodiscs using physisorption onto silicon 

photonic microring resonators using a two-channel setup to allow for use of 100% PC as a 

control to account for chip-to-chip variation. The assay is thermally controlled and starts 

with buffer (SDB) then switches to Nanodisc loading at a low concentration in the boxed 

region before switching back to buffer. The loading step here is 40 minutes compared to 5 

minutes showed previously. The shaded ribbon shows the standard deviation of microrings 

(n = 64). (B) Comparison of the total relative shift loading based on the shift right before 

loading and at the end of the final buffer step. (C) Comparison of the relative shift of 100% 

PC. 172 

V.8. Schematic of Sensor Array for Loading Test. The flow path for loading and assays is shown 

by the light blue box and arrows. Hand-spotting was used to generate the array of C (red), 

A (purple), B (black), J (green), G (blue), and control (pink) while white represents 

unfunctionalized microrings. 173 
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V.9. DNA-Tagged Loading of Nanodiscs. Loading of Nanodiscs onto silicon photonic microring 

resonators is ssDNA controlled using a U-channel setup. The assay starts with buffer (SDB 

+ 2% BSA) then switches to Nanodisc loading in the boxed region before switching back 

to buffer for the duration of the assay. Boxed regions are colored-coded to show the 

matched complementary Nanodisc and capture DNA pairs 100% PC (black), 50% PIP3 

(red), 50% GM (blue), 50% PA (purple), and 50% PS (green). The shaded ribbon shows 

the standard deviation of microrings (n = 16). 174 

V.10. DNA-Tagged Loading of Nanodiscs and DNA Loading. (A) Loading of Nanodiscs onto 

silicon photonic microring resonators is ssDNA controlled using a U-channel setup. The 

assay starts with buffer (SDB + 2% BSA) then switches to Nanodisc loading in the boxed 

region before switching back to buffer for the duration of the assay. Boxed regions are 

colored-coded to show the matched complementary Nanodisc and capture DNA pairs 

100% PC (black), 50% PIP3 (red), 50% GM (blue), 50% PA (purple), and 50% PS 

(green).The shaded ribbon shows the standard deviation of microrings (n = 16). (B) Mixed 

loading of DNA-tagged Nanodiscs with ssDNA control. The assay starts with buffer then 

switches to mixed Nanodiscs in the boxed region before switching back to buffer. The 

shaded ribbon shows the standard deviation of microrings (n = 16). (C) Representative 

loading of complementary DNA at the same concentration with the same assay setup. The 

shaded ribbon shows the standard deviation of microrings (n = 16). (D-I) Observation of 

DNA-tagged loading with 50% PIP3 at various concentrations. Sharp changes in the 

baseline are from air bubbles. The shaded ribbon shows the standard deviation of 

microrings (n = 16). 175 

V.11. Comparison of Loading for Physisorption and DNA-Tagged Nanodiscs. (A) Comparison of 

the total relative shift based on the shift right before loading and at the end of the final 

buffer step for physisorption of various Nanodisc environments at the same concentration 

from Figures V.6A-D. (B) Relative shift comparison of 50% PIP3 Nanodiscs loaded at 

different concentrations compared to the same concentration of 100% PC Nanodisc from 

Figures V.6D-I. (C) Comparison of the total relative shift based on the shift right before 

the loading and at the end a particular loading step for DNA-tagged Nanodiscs and DNA 

performed on the same chip sequentially with formamide rinses. Trial 1 and 2 are shown 

in Figure V.9 and Figure V.10A, respectively while Trial 3 and DNA are from Figure 
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V.10B-C. (D) Relative shift comparison of 50% PIP3 DNA-tagged Nanodiscs at different 

concentrations from Figures V.10D-I. 176 

V.12. Comparison of Loading for Physisorption and DNA-Tagged Nanodiscs. (A) Comparison of 

the total relative shift  relative to 100% PC based on the shift right before loading and at 

the end of the final buffer step for physisorption of various Nanodisc environments at the 

same concentration from Figures V.6A-D. (B) Relative shift to 100% PC comparison of 

50% PIP3 Nanodiscs loaded at different concentrations compared to the same concentration 

of 100% PC Nanodisc from Figures V.6D-I. (C) Comparison of the relative shift to 100% 

PC based on the shift right before the loading and at the end a particular loading step for 

DNA-tagged Nanodiscs and DNA performed on the same chip sequentially with 

formamide rinses. Trial 1 and 2 are shown in Figure V.9 and Figure V.10A, respectively 

while Trial 3 and DNA are from Figure V.10B-C, respectively. (D) Relative shift to 100% 

PC comparison of 50% PIP3 DNA-tagged Nanodiscs at different concentrations from 

Figures V.10D-I. 177 

V.13. Schematic of Sensor Array for Titrations. The flow path for loading and assays is shown by 

the light blue box and arrows. (A) Hand-spotting was used to generate the array of D 

(orange, control), C (red), A (purple), B (black), J (green), G (blue), and control (pink) 

while white represents unfunctionalized microrings. (B) Flow loading of 100% PC (black) 

and 50% PS (red) Nanodiscs. (C) Hand-spotting of 100% PC (black) and various 

concentrations of 50 % PS (red). 178 

V.14. Method of Nanodisc Array Generation Comparison for Titrations. (A) Blocking of the 

sensor surface with Starting Block prior to DNA-tagged Nanodisc loading. The assay starts 

in water before switching to starting block in the boxed region (yellow) then switches to 

buffer (SDB + 2% BSA). The shaded ribbon shows the standard deviation of microrings 

(n = 8-16). (B) Loading of DNA-tagged Nanodiscs on the blocked surface. The assay 

alternates between buffer and Nanodiscs or DNA in the boxed regions (various colors 

based on complementary DNA). The shaded ribbon shows the standard deviation of 

microrings (n = 8-16). (C) Physisorption flow loading of Nanodiscs followed by Starting 

Block surface blocking. The assay starts in SDB then switches to Nanodiscs in the boxed 

region (various colors based on channel) before switching back to SDB and blocking in the 

second boxed region (yellow) then returned back to SDB. The shaded ribbon shows the 
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standard deviation of microrings (n = 64).  (D) Blocking of the sensor surface after hand-

spotting of Nanodiscs. The assay starts in SDB before switching to starting block in the 

boxed region (yellow) then switches to SDB. 179 

V.15. Schematic Comparing Data Workup Based on the Loading Method. 180 

V.16. Process for Titrations on DNA-tagged Nanodisc Arrays Using Prothrombin. (A) Nanodiscs 

are loaded on to the surface then (B) prothrombin (or other protein) titration is performed 

from 10 nM to 10 µM. The shaded ribbon shows the standard deviation of microrings (n = 

12-16). (C) The titration is corrected using a ssDNA control. (D) The data is normalized 

using Equation V.2 to correct for surface loading of Nanodiscs and plot for prothromibin 

per leaflet. (E) Nonspecific interactions with 100% PC are subtracted. The maximum 

prothrombin per leaflet per titration step is calculated by subtracting the equilibrated shift 

during the HEPES(+) buffer step (*) from the equilibrated concentration step. This is 

plotted versus concentration (F) for binding characterization with Equation V.3. Note: ** 

= HEPES buffer and * = HEPES(+) buffer. 181 

V.17. Prothrombin Titration Replication. (A) Prothrombin titrations from 10 nM to 10 µM with 

buffer steps of HEPES (**) and HEPES(+) (*). Trials 1 and 2 were performed in sequence 

on the same array with surface regeneration with a non-calcium containing buffer while 

Trial 3 was performed on a newly loaded surface. Colors correspond to surface loading: 

low surface loading (red), medium surface loading (blue), and high surface loading 

(purple). The shaded ribbon shows the standard deviation of microrings (n = 12-16). (B) 

Binding curves and (C) values for each trial. Slight differences are observed between 

Nanodiscs due to variation in lipid packing between biological replicates. 182 

V.18. Various Nanodisc Loading Method Prothrombin Binding Curves. All binding curves were 

fit with Equation V.3. Methods of Nanodisc loading (A) DNA-tagged, (B) physisorption 

flow loading, and (C) physisorption spotting. For (A) and (B), normalization was 

performed using Equation V.2 for the graphs on the right. Physisorption flow loading for 

one-side access (B, grey) Equation V.2 was modified by not multiplying by a half to 

assume that there is only access to one side of the Nanodisc. 183 

V.19. Protein Titrations and Binding Curves. (A) Normalized and 100% PC controlled 

prothrombin titration from 10 nM to 10 µM with buffer steps of HEPES (**) and 

HEPES(+) (*). The shaded ribbon shows the standard deviation of microrings (n = 44). (B) 
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Prothrombin binding curve with prothrombin per leaflet values calculated from 

equilibrated steps in the titration using the first calcium buffer step as a zero point. (C) 

Normalized and 100% PC factor X titration from 10 nM to 10 µM with buffer steps of 

HEPES (**) and HEPES(+) (*). The shaded ribbon shows the standard deviation of 

microrings (n = 44). (D) Factor X binding curve with factor X per leaflet values calculated 

from equilibrated steps in the titration using the first calcium buffer step as a zero point. 

(E) Normalized and 100% PC factor Va titration from 1 nM to 1 µM with buffer steps of 

HEPES (**) and HEPES(+) (*). The shaded ribbon shows the standard deviation of 

microrings (n = 32). (B) Factor Va binding curve with factor Va per leaflet values 

calculated from equilibrated steps in the titration using the first calcium buffer step as a 

zero point. 184 

V.20. Binding Values for Prothrombin, Factor X, and Factor Va with 50% PS Nanodiscs. Binding 

values, (A) dissociation constant and (B) protein per leaflet, calculated from the protein 

binding curves of prothrombin (red), factor X (blue), and factor Va (purple). Bars represent 

an average of microrings (n = 32 or 44) with standard deviation shown as error. 185 

V.21. Tissue Factor Incorporation. (A) Representative elution profile of 100% PC DNA-tagged 

Nanodiscs with TF incorporated. (B) Coomassie stained SDS-PAGE for determination of 

TF to MSP ratio. Conjugated MSP and TF are run as standards at 0.75 µg and SEC purified 

before running on the gel. Comparing the intensities to the controls to normalize membrane 

protein staining, the ratio of TF to MSP is 1 to 2 which corresponds to 1 TF per Nanodisc. 

All TF Nanodisc profiles and the full gel can be seen in Figure V.22. 186 

V.22. Tissue Factor Nanodisc Formation. (A) Full Coomassie stained SDS-PAGE for 

determination of TF to MSP ratio. Conjugated MSP and TF are run as standards at 0.75 µg 

followed by the flow through that did not bind to the HPC4 column that is specific for TF. 

Washes are performed with a calcium containing buffer to maintain the HPC4 interaction 

before the elution with 5 mM EDTA to break the interaction. The elution was concentrated, 

and SEC purified before running on the gel. Comparing the intensities to the controls to 

normalize membrane protein staining, the ratio of TF to MSP is 1 to 2 which corresponds 

to 1 TF per Nanodisc. (B) Elution profile of empty DNA-tagged Nanodiscs. (C) Elution 

profile of all DNA-tagged Nanodiscs with TF incorporated. Note: 100% PC-K is shown in 

Figure V.21 as “100% PC-DNA + TF,” it is shown again here for comparison. 187 
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V.23. Schematic of High-multiplexity Sensor Array. The flow path for loading and assays is shown 

by the light blue box and arrows. The array was generated by Genalyte for functionalization 

of control (pink), N (purple), M (gold), L (blue), K (black), J (green), I (yellow), H (dark 

red), G (brown), F (red), E (orange), D (dark blue), C (dark green), B (grey), and A (dark 

purple). The key denotes the DNA-tagged Nanodisc that is complementary to the capture 

DNA. 188 

V.24. Factor X and Factor IX Titrations. (A) Normalized and 100% PC controlled fX titration 

from 50 nM to 10 µM with buffer steps of HEPES (**) and HEPES(+) (*). The shaded 

ribbon shows the standard deviation of microrings (n = 8). (B) fX binding curve with fX 

per leaflet values calculated from equilibrated steps in the titration using the first calcium 

buffer step as a zero point. (C) Normalized and 100% PC fIX titration from 50 nM to 10 

µM with buffer steps of HEPES (**) and HEPES(+) (*). The shaded ribbon shows the 

standard deviation of microrings (n = 8). (B) FIX binding curve with fIX per leaflet values 

calculated from equilibrated steps in the titration using the first calcium buffer step as a 

zero point. 189 

V.25. Tissue Factor Binding to Factor X and Factor IX. Binding values for fX and fIX binding to 

membranes with and without TF shown with light and dark color pairings, respectively. 

Graphs show comparisons of dissociation constants calculated for (A) fX and (B) fIX. Bars 

represent an average of microrings (n = 8) with standard deviation shown as error. Note: # 

represents no observed binding. 190 

VI.1. Sensor Chip Layout. (A) The flow path for loading is shown by the light blue box and arrows 

using a 2-channel setup. The array was generated by Genalyte for functionalization of 

control (pink), N (black), M (gold), L (dark blue), K (dark purple), J (dark green), I 

(yellow), H (dark red), G (brown), F (red), E (orange), D (blue), C (green), B (grey), and 

A (purple). (B) The flow path for Nanodisc array titration is shown by the light blue box 

and arrows using a U-channel setup. Flow loading in (A) was used to generate the array of 

100 % PC (black), 10% PS (red), 20% PS (orange), 35% PS (yellow), 50% PS (pink), 50% 

PE (purple), 10% PS 50% PE (indigo), 20% PS 40% PE (blue), 35% PS 20% PE (teal), 

and 50% PS 10% PE (green) while white represents unfunctionalized microrings that act 

as ssDNA controls. This allows 2-3 biological replicates with 4 technical replicates each 

for every Nanodisc (n = 8-12). 216 
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VI.2. Factor X Wildtype and Mutant Titrations. (A-C) Right: Normalized and 100% PC controlled 

fX titration from 100 nM to 5 µM with buffer steps of HEPES (**) and HEPES(+) (*). The 

shaded ribbon shows the standard deviation of microrings (n = 8-12).  Left: fX binding 

curve with fX per leaflet values calculated from equilibrated steps in the titration using the 

first calcium buffer step as a zero point. The plotted binding fit is generated with the 

average values from the fit for each microring (n = 8-12).  217 

 (D-F) Right: Normalized and 100% PC controlled fX titration from 100 nM to 5 µM with 

buffer steps of HEPES (**) and HEPES(+) (*). The shaded ribbon shows the standard 

deviation of microrings (n = 8-12).  Left: fX binding curve with fX per leaflet values 

calculated from equilibrated steps in the titration using the first calcium buffer step as a 

zero point. The plotted binding fit is generated with the average values from the fit for each 

microring (n = 8-12).(G-I) Right: Normalized and 100% PC controlled fX titration from 

100 nM to 5 µM with buffer steps of HEPES (**) and HEPES(+) (*). The shaded ribbon 

shows the standard deviation of microrings (n = 8-12).  Left: fX binding curve with fX per 

leaflet values calculated from equilibrated steps in the titration using the first calcium 

buffer step as a zero point. The plotted binding fit is generated with the average values 

from the fit for each microring (n = 8-12). 219 

 (J-K) Right: Normalized and 100% PC controlled fX titration from 100 nM to 4 µM with 

buffer steps of HEPES (**) and HEPES(+) (*). The shaded ribbon shows the standard 

deviation of microrings (n = 8-12).  Left: fX binding curve with fX per leaflet values 

calculated from equilibrated steps in the titration using the first calcium buffer step as a 

zero point. The plotted binding fit is generated with the average values from the fit for each 

microring (n = 8-12). 220 

 (L-M) Right: Normalized and 100% PC controlled fX titration from 100 nM to 5 µM with 

buffer steps of HEPES (**) and HEPES(+) (*). The shaded ribbon shows the standard 

deviation of microrings (n = 8-12).  Left: FX binding curve with fX per leaflet values 

calculated from equilibrated steps in the titration using the first calcium buffer step as a 

zero point. The plotted binding fit is generated with the average values from the fit for each 

microring (n = 8-12). 221 

VI.3. Values for Factor X Binding to 50% PS Nanodiscs. (A) The inverse dissociation constant 

relative to wtfX is plotted to mirror activity data. Values above 1 have a higher affinity 



xxvi 

 

than wtfX while values less than 1 have a lower affinity. (B) Maximum binding per leaflet 

of fX and fX mutants relative to fX. Note: Error bars represent standard error in calculating 

ratios of these values28 (n = 12) and values denoted with # were unable to be calculated due 

to no observed binding. 222 

VI.4. Factor X Dissociation Constants with Various Lipid Environments. Dissociation constants 

plotted with different y-axes to observe lipid synergy between PS and PE for (A) wtfX and 

(B) fX mutants. Note: n = 8-12 and values denoted with # were unable to be calculated due 

to no observed binding. 223 

VI.5. Maximum Factor X Binding per Leaflet on Various Lipid Environments. Maximum binding 

per leaflet for (A) wtfX and (B) fX mutants with the same y-axes for comparison to wtfX. 

Note: n = 8-12 and values denoted with # were unable to be calculated due to no observed 

binding. 224 

VII.1. Phosphatidylserine Analog Structures. Headgroup structures for phospholipid analogs to 

test stereochemical and chemical selectivity of PS binding domains. Note: * = synthetic 

lipids provided by the Morrissey lab; ** = synthetic lipid synthesized by the Morrissey lab 

that is proposed for the continuation of this work. 241 

VII.2. Sensor Chip Layout. The flow path for loading and assays is shown by the light blue box 

and arrows. Hand-spotting was used to generate the array of 50% GS (orange), 50% PA 

(green), 50% PG (yellow), 50% PM (brown), 50% PDS (blue), 50% PhS (purple), PLS (red), 

and 100% PC (black) while white represents unfunctionalized microrings. 242 

VII.3. SEC of PS Analog Nanodiscs. Elution profile of Nanodiscs made with either 100% PC or 

50% PS analog with 50% PC as a balance. 243 

VII.4. BSA Blocking of Nanodisc Array. Blocking of the sensor surface after Nanodisc spotting. 

The assay starts in HEPES(-) (*) before blocking with 2% BSA in HEPES(-). Afterwards, 

the surface is rinsed with alternating HEPES(-) and HEPES (**). The shaded ribbon shows 

the standard deviation of microrings (n = 8-16). 244 

VII.5. Prothrombin Titration. (A) 100% PC controlled prothrombin titration from 2 nM to 2 µM 

with buffer steps of HEPES (**) and HEPES(+) (*). The shaded ribbon shows the standard 

deviation of microrings (n = 8-16). 245 
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VII.6. Prothrombin Dissociation Constants. Plotted values are from the binding curve in Figure 

VII.5. The binding curve is fit for every microring functionalized with a given Nanodisc, 

then plotted as an average. Error is the standard deviation between the microrings. 246 
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18A   18 Amino Acid Long Peptide for Stabilizing Hydrophobic Molecules 

14A   14 Amino Acid Long Peptide for Stabilizing Hydrophobic Molecules 

22A   22 Amino Acid Long Peptide for Stabilizing Hydrophobic Molecules 

37pA   Two 18A Peptides Linked with a Proline 
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Aβ   Amyloid β-Peptide 

ABC   ATP Binding Cassette 
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AFM   Atomic Force Microscopy 

AmtB   E. coli Ammonium Transporter 

aPC   Activated Protein C 

apoA-I   Apolipoprotein A-I 

apoA-II  Apolipoprotein A-II 

apoHDL-Gln  Apolipoprotein with a N-terminal Glutamine, Now Known as apo A-I 
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Arg28   Human Factor X Arginine 28 
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E29D   Human Factor X Glutamate 29 Mutated to Aspartate 

E32A   Human Factor X Glutamate 32 Mutated to Alanine 

E32D   Human Factor X Glutamate 32 Mutated to Aspartate 

EDTA   Ethylenediaminetetraacetic Acid 

EDC   Ethyl-3-(3-dimethylaminopropyl))carbodiimide 

EFC   Extended FC Binding Domain 

EGF   Epidermal Growth Factor 

ENTH   Epsin N-terminal Homology Lipid Binding Domain 

ELISA   Enzyme-Linked Immunosorbent Assays 

ELK   18 Amino Acid Long Peptide for Stabilizing Hydrophobic Molecules  

Composed of Mostly Glutamate, Leucine, and Lysine 

EPR or ESR  Electron Paramagnetic Resonance or Electron Spin Resonance  

FRET   Fluorescence Resonance Energy Transfer 

FTIR   Fluorescence Transform Infrared 

fIX   Factor IX 

fIXa   Activated Factor IX 

fVa   Activated Factor V 

fVII   Factor VII 

fVIIa   Activated Factor VII 

fVIIIa   Activated Factor VIII 

fX   Factor X 

fX-GLA  Factor X GLA domain 

fXa   Activated Factor X 

FYVE   Zinc Finger Lipid Binding Domain  

GFP   Green Fluorescent Protein 

GLA   Lipid Binding Domain Rich in γ-Carboxyglutamate 

Gla   γ-Carboxyglutamate 

Gla14   Human Factor X γ-Carboxyglutamate 14 

Gla19   Human Factor X γ-Carboxyglutamate 19 

Gla29   Human Factor X γ-Carboxyglutamate 29 

Gla32   Human Factor X γ-Carboxyglutamate 32 

GPCR   G-Protein Coupled Receptor 

GM   Ganglioside 

GST   Glutathione S-Transferase 
1H-1H NOESY Nuclear Overhauser Effect Spectroscopy, Through-Space Correlation 
1H-1H TOCSY  Total Correlated Spectroscopy, Through-Bond Correlation 

HDL   High-Density Lipoprotein 

HEPES  4-(2-hydroxyethyl)-1-piperazinetheanesulfonic Acid 

HPC4   Calcium Dependent Antibody Invented Against Human Protein C  

IPTG   Isopropyl β-D-1-thiogalacopyranoside 

ITC   Isothermal Titration Calorimetry 

Ka   Association Constant 

K9Q   Human Factor X Lysine 9 Mutated to Glutamine 

K10Q   Human Factor X Lysine 10 Mutated to Glutamine 

Kd   Dissociation Constant 

koff   Kinetic Off Rate Constant 
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kon   Kinetic On Rate Constant 

LiMA   Liposome Microarray-Based Assay 

LC   Liquid Chromatography 

LCAT   Lectin:Cholesterol Acyltransferase 

Lys10   Human Factor X Lysine 10 

Lys165  Tissue Factor Lysine 165 

Lys166  Tissue Factor Lysine 166 

MALDI-TOF  Matrix Laser Desorption Ionization Time-of-Flight Mass Spectrometry 

MAPK   Mitogen Activated Protein Kinase Pathway 

MBP   Maltose-Binding Protein 

MD   Molecular Dynamics 

MES   2-(N-morpholino)ethanesulfonic Acid 

MPA   3-Mercaptopropionic Acid 

MRI   Magnetic Resonance Imaging 

MS   Mass Spectrometry 

MS/MS  Tandem Mass Spectrometry 

MSP   Membrane Scaffold Protein 

MSP1D1  Membrane Scaffold Protein Variant Generating 9.5 nm Diameter Nanodiscs 

MSP1D1 D73C Membrane Scaffold Protein Variant Generating 9.5 nm Diameter Nanodiscs  

With Aspartate 73 Mutated to Cysteine 

MSP1E3D1  Membrane Scaffold Protein Variant Generating 13 nm Diameter Nanodiscs 

Ni-NTA  Nickel Charged Nitrilotriacetic Acid Resin 

NMR   Nuclear Magnetic Resonance Spectroscopy 

Npu   Nostoc Punctiforme 

NSP   18A Linked with Proline to 4F 

NSPr   Reverse NSP   

PA   Phosphatidic Acid 

PBS   Phosphate Buffered Saline 

PC   Phosphatidylcholine 

PDC-1009  Bovine Seminal Plasma Protein 

PDMS   Polydimethylsiloxane 

PE   Phosphatidylethanolamine 

PG   Phosphatidylglycerol 

PH   Pleckstrin Homology Lipid Binding Domain 

PI(3)P   Phosphatidylinositol 3-monophosphate 

PI(3,4)P2  Phosphatidylinositol 3,4-bisphosphate 

PI(4,5)P3  Phosphatidylinositol 4,5-bisphosphate 

PI(3,4,5)P3  Phosphatidylinositol 3,4,5-triphosphate 

PKC   Protein Kinase C 

PLB   Phospholamban 

PLC   Phospholipase C 

PLM   Phospholemman 

PMMA  Poly(methylmethacrylate) Copolymers 

PS   Phosphatidylserine 

PT   Prothrombin 

PX   Human Phox Homology Lipid Binding Domain 
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R15Q   Human Factor X Arginine 15 Mutated to Glutamine 

R28Q   Human Factor X Arginine 28 Mutated to Glutamine 

RGS4   Regulator G-Protein Signaling 4 

S. cervisiae  Saccharomyces cerevisiae 

SAMDI-TOF  Self-Assembled Monolayers for Matrix Laser Desorption Ionization Time- 

of-Flight Mass Spectrometry 

SANS   Small-Angle Neutron Scattering 

SAXS   Small-Angle X-Ray Scattering 

SDB   Standard Disc Buffer 

SDS   Sodium Dodecyl Sulfate 

SDS-PAGE  Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

SEC   Size Exclusion Chromatography 

SELDI-TOF  Surface Enhanced Laser Desorption Ionization Time-of-Flight Mass 

Spectrometry 

SERCA  Sarco(endo)plasmic Reticulum Ca2+-ATPase 

SLS   Static Light Scattering 

SM(PEG)6  succinimydyl-[(N-maleimidopropionamido)-hexaethyleneglycol]ester 

SMA   Styrene-Maleic Acid Copolymers 

SMA-ED  Styrene-Maleic Acid-Ethylenediamine Copolymers 

SMA-MA  Styrene-Maleic Acid-Methylamide Copolymers 

SMA-QA  Styrene-Maleimide Quaternary Amine Copolymers 

SMAd-A  Styrene-Maleimide Ethyleneamine Copolymers 

SMI   Styrene-Maleimide Tertiary Amine Copolymers 

SPR   Surface Plasmon Resonance 

SPRi   Surface Plasmon Resonance Imaging 

ssDNA   Single-stranded Deoxyribonucleic Acids 

ssNMR  Solid State Nuclear Magnetic Resonance  

T   Thrombin 

TAAR13c  Trace-Amine Associated Receptor 13c 

TAL   Thin Agarose Layers 

TAMRA  5-Carboxamido-(6-Azidohexanyl) Tetramethylrhodamine 

TBS   Tris Buffered Saline 

TEM   Transmission Electron Microscopy 

TF   Tissue Factor 

TIRF   Total Internal Reflection Fourier-Transform 

TIRFM  Total Internal Reflection Fluorescence Microscopy 

Tris   Tris(hydroxymethyl)aminomethane 

TSPO   Translocator Protein 

UA   UniBlue A 

UV   Ultraviolet 

wtfX   Wildtype Human Factor X 

zSMA   Styrene-Maleic Acid Anhydride Random Copolymer 
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ABSTRACT 

Biological membranes are essential for all life. Membranes govern compartmentalization 

between cells and provide frameworks for processes such as cell growth and signaling. The 

interactions that occur at the membrane interface are driven by charge state interactions between 

lipid headgroups and/or membrane proteins at the surface and binding domains on soluble proteins. 

Sometimes these interactions are also regulated by second messengers such as calcium ions. 

Understanding the processes that occur at the membrane surface is pertinent for designing 

therapeutics that may be needed for intervention in the physiological process. One physiological 

process that depends on membrane surface interactions is the blood coagulation cascade. 

The extrinsic pathway of blood coagulation relies on the membrane interface for initiation, 

propagation, and amplification. Upon tissue damage, phosphatidylserine (PS) and an integral 

membrane protein, tissue factor (TF), are exposed to the extracellular matrix. Together, PS and TF 

are essential for recruitment of blood coagulation factors for complex formation and proteolytic 

activation that initiates the cascade and continue downstream to form a blood clot. The principal 

interactions driving these membrane associations are from GLA domains which are regions rich 

in γ-carboxyglutamate that chelate calcium ions to the surface to bind with PS. 

This doctoral dissertation presents the development and optimization of a high throughput 

technique for characterization of molecular interactions at the membrane interface using Nanodiscs 

which are high-density lipoprotein mimetics formed with membrane scaffold protein (MSP) and 

lipids. These Nanodiscs are arrayed on silicon photonic microring resonators for refractive index-

based detection of molecular interactions at the membrane surface.  

Nanodiscs were arrayed on silicon photonic microring resonators using physisorption between 

the lipid headgroups and silicon oxide coated surface. These arrays were generated using 

molecular printing or by pipette spotting under a microscope to produce 7 or 9 lipid environment 

arrays. These Nanodiscs were used to observe GLA domain enhanced binding affinity for 

environments with increasing PS or phosphatidic acid (PA). Of particular interest was the 
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increased binding affinity displayed by activated factor VII and activated protein C for PA over 

PS. These physisorption arrays also quantitated quantitate PS synergy with 

phosphatidylethanolamine (PE) for all GLA domain-containing blood coagulation factors. The 

most prominent synergistic behaviors were observed with factor X (fX) and prothrombin while 

the least synergy was seen with factor IX (fIX).  

This physisorption technique is label-free and easy to use; however, the reliance on charge 

interactions limits the lipid environment and makes incorporation of membrane proteins difficult. 

Additionally, there is little to no control over the Nanodisc orientation on the surface. To overcome 

these challenges, DNA-tagged Nanodiscs were developed and optimized. Using DNA-tags, 

Nanodiscs are tethered above the surface which allows for more control over Nanodisc array 

loading with different lipid environments. Observation of Nanodisc loading overtime with DNA-

tags provides quantitation of loading that was used for surface loading correction to calculate 

protein binding per leaflet. Using this technique, TF was incorporated into 7 different lipid 

environments of PC, PS, PA, and PE to observe differences in lipid binding preference of fIX and 

fX with and without TF. The multiplexity was then pushed to 26 for characterization the binding 

of fX-GLA domain mutants in 10 different lipid environments with 2-3 biological replicates. 

Through these studies, DNA-tagged Nanodiscs have demonstrated potential as a high throughput 

technology on silicon photonic microring resonators. 

 

Keywords: microring resonators, blood coagulation, membrane characterization, lipid-protein 

interactions, membrane proteins, Nanodiscs 
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CHAPTER I 

 

Introduction  

 

 

Abstract 

Biological membranes are responsible for compartmentalizing and supporting physiological 

processes. Analyzing the chemical interactions occurring at these interfaces is critical to 

understanding the driving forces for biological functions.  Here, the first two sections provide 

background to biological membrane components and mimetics. These mimetics are used in each 

of the subsequent techniques discussed in the third section. Section four introduces blood 

coagulation as a model physiological process that utilizes membranes as a scaffold for initiation, 

propagation, and amplification. The final section is an overview of the work laid out in the 

following chapters. 

1. Biological Membranes 

Membranes and membrane proteins are essential to physiological processes such as cellular 

growth, metabolism, and homeostasis1; thus, there is a need to thoroughly understand 

physiological mechanisms and protein structure to improve development of therapeutics.2 The 

main challenge in this field is stability of countless lipid and protein components.3,4 The complex 

membrane environment encompasses over ten thousand different lipids5 that are involved in 

formation of the nanodomains that have local enrichment of specific species6,7 and protein 

interactions with lipid binding domains.8–13 

Lipid binding domains belong in the top 15 most modular domains and are often connected to 

signal transduction and/or membrane trafficking.14 The interactions between lipid binding domains 
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and lipids are mediated by charge or surface topography and may be associated with second 

messengers such as Ca2+.15 Binding domains containing essential histidine residues can be 

modulated with pH such as FYVE zinc finger (named after four cysteine-rich proteins),16 

pleckstrin homology (PH),17 and epsin N-terminal homology (ENTH)18 domains. 

Phosphatidylserine (PS) is a common, targeted phospholipid that is enriched on the 

cytoplasmic side of the plasma membrane. One example of PS recognition is seen with apoptotic 

cells which expose PS to the extracellular domain to signal cell death.19 One of the first PS binding 

domain studied was the C2 domain of protein kinase C (PKC).20 The domain was discovered to be 

calcium dependent21 and its X-ray crystal structure has been solved.22 A few other example X-ray 

crystal structures are available for the C2 domain of synaptotagmin I,23 PH domain of 

phospholipase C specific for phosphatidylinositol 3,4,5-triphosphate (PI(3,4,5,)P3),24 and human 

phox homology (PX) domain of p47phox for interactions with phosphatidylinositol 3,4-

bisphosphate (PI(3,4)P2) and phosphatidic acid (PA).25 Computational models have also been used 

to understand lipid-protein interactions.26–28 

2. Membrane Mimetics 

Soluble membrane mimetics are essential for characterizing lipid-protein and membrane 

protein-protein interactions. The most common membrane mimetics (Figure I.1) are micelles, 

amphipols, bicelles, supported lipid bilayer, liposomes, and high-density lipoprotein (HDL)-like 

particles, also known as nanodiscs.29,30  

Micelles utilize detergent to extract membrane proteins from their native environment (Figure 

I.1A). This is one of the most common ways to solubilize membrane proteins for downstream 

characterization or later processing into a different membrane mimetic. One downfall to micelles 

is that detergent has been shown to result in loss of protein function in some applications.31,32 

Amphipols are another class of surfactants used for membrane protein solubilization (Figure 

I.1B).33 These surfactants are made of hydrophilic carbon backbones with hydrophobic chains to 

generate amphipathic polymers for membrane protein stabilization.34 Even though amphipols are 

able to conserve protein function better than detergents, the mimetic does not correct for adoption 

of curvature which is common problem with surfactants that can result in the non-native protein 

folding. 
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Bilayer membrane mimetics overcome the issue of curvature by associating lipids in a more 

native-like environment around the membrane protein. Bicelles are generated by utilizing short 

chain phospholipids or detergents to stabilize lipids into a bilayer (Figure I.1C).35,36 The size of 

these mimetics is easily controlled by adjusting the ratio of lipids to the short chain reagent; 

however, the choice of lipids and detergents is limited for ideal particle formation without 

disrupting the bilayer.37  An alternative bilayer mimetic is supported lipid bilayers (Figure 

I.1D).38,39 This surface based bilayer can be easily formed on substrates such as glass, silicon 

dioxide, gold, or nitrocellulose29 for use with surface-sensitive characterization techniques.40 

These supported bilayers can display rigid behavior that can be overcome by tethering above the 

surface through surface functionalization and membrane additives.41 However, this modification 

does not mitigate defects in bilayer formation.    

Liposomes are soluble spherical bilayers42 (Figure I.1E) that form by mechanical or chemical 

means such as sonication43 or detergent removal.44 This makes liposomes easy to assemble for 

various applications either in solution or by incorporation of a capture reagent for surface 

tethering.45,46 Limitations to liposomes are compartmentalization due to access to only the outer 

portion of the bilayer, need for downstream purification for size specificity, and particle 

aggregation. Recent work using bolalipids, a lipid found in cell membranes of archaea bacteria, 

have been shown form liposomes that are more resistant to aggregation due to temperature 

fluctuations.47  

Nanodiscs are a diverse bilayer system developed as copycat HDLs to be disc-like bilayers 

stabilized by various reagents (Figure I.1F). More detailed discussion about nanodiscs can be 

found in Chapter 2. Briefly, HDLs are crucial to physiological processes for cholesterol 

transport48,49 and have been linked to coronary heart disease.50 There are numerous reviews 

covering the topic of HDLs in physiology.51–53 For generating mimics, stabilizing reagents have 

been designed similar to apolipoprotein A-I (apoA-I) which is a the main structural component in 

physiological HDLs.  

The first examples were peptides designed to characterize apoA-I.54–56 Studies were performed 

by adjusting the peptide sequence to determine the alpha helical structure of apoA-I provides the 

necessary amphipathic environment to stabilize the hydrophobic lipids.57,58 This discovery has 

since led to the development of numerous peptides to further understand HDLs and to utilize their 
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properties. A few examples of these peptides are 18A,54 37pA,56,59 4F,60 5A,61 NSP,62,63 ELK,64 

multivalent-branched species,65 and 22A.66,67 Extensive work this area has resulted in the 

optimization for use as therapeutics for anti-inflammatory,68–70 diabetes,71 obesity,72 amyloid beta 

aggregation,73 chemotherapy,74–76 and cancer vaccines.77,78 A shortcoming of peptide nanodiscs is 

the lack of control over the number of peptides which can be a problem when adding functional 

groups for tagging or surface tethering. 

Another stabilizing reagent was developed by the Sligar lab called membrane scaffold protein 

(MSP).79 These nanodiscs have been shown to form with exactly two MSPs as the stabilizing 

belt.80 Variants of MSPs have been designed to modify the diameter of the nanodisc.81,82 There are 

many reviews covering the wide breadth of MSP nanodiscs applications to illustrate lipid-protein 

and membrane protein-protein interactions.83–87 Circularization of MSP has been a recent 

development in the field to generate larger nanodiscs with enhanced thermal stability.88 Two 

current methods involve use of split inteins89 or sortase A.90,91 An additional method for larger, 

circularized nanodiscs utilized DNA-origami barrels as corrals.92 One drawback to protein and 

circularized nanodiscs is the need for detergent to stabilize reagents prior to stable bilayer 

formation of the nanodisc. 

Polymer nanodiscs have displayed the advantage of forming discs without the need for prior 

detergent stabilization of lipids or membrane proteins.93–96  The original polymer that was used to 

form these nanodiscs was a styrene-maleic acid copolymer (SMA).97 These nanodiscs displayed 

pH and divalent cation instabilities98–100 that led to experimentation with modifications to the SMA 

units101–105 or use of other copolymer blends.106,107 Disadvantages to using polymer nanodiscs are 

the need for harsh temperature fluctuations for formation and the lack of control over the number 

of polymers incorporated which can be a problem when adding functional groups for 

characterization or surface tethering. 

Each of the membrane mimetics have their advantages and disadvantages. The important 

feature to consider in this field is reagent availability and protein stability. If the protein is stable 

and active, the micelles may be appropriate; however, a screening of the mimetics to preserve 

protein structure and function may be needed. 
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3. Lipid-Protein and Membrane Protein-Protein Characterization Techniques 

There are many reviews of characterization techniques for lipid-protein and membrane protein-

protein interactions in vitro,108–111 in vivo,112 and using molecular dynamics simulations.113 Due to 

the focus of this dissertation, in vitro techniques will be briefly discussed separated into two 

classes—in solution or surface arrays.  

3.1. In Solution 

Liposome Sedimentation 

Liposome sedimentation is performed through incubation of liposomes with proteins of interest 

before centrifugation at high speeds (> 20,000 xg). Due to the large size of liposomes, the 

membranes and any associated proteins are sedimented into the pellet while unbound species stay 

in the supernatant. Interactions are typically determined by sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE) followed by Coomassie staining. Liposomes containing 

phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) have been used to identify residues of interest 

for membrane binding with adaptor protein 180 and clathrin assembly lymphoid myeloid leukemia 

protein N-terminal domains that are similar to ENTH domains.114 Another study compared the 

binding of an extended FC (EFC) lipid binding domain with phosphatidylethanolamine (PE), 

PIP(4,5)P2, and brain lipids to determine the specificity for PIP(4,5)P2.115  

Use of Coomassie staining for quantification greatly limits the sensitivity of liposome 

sedimentation, so groups have modified the protocol to incorporate labels for improvement. 

Regulator G-protein signaling 4 (RGS4) was modified as a glutathione s-transferase (GST) fusion 

construct to observe binding with PI(3,4,5)P3  using immunoblotting.116 Other modifications used 

are maltose-binding protein (MBP) fusion117 and radiolabeling with 35S-methionine and cysteine118 

or iondination.119 To eliminate the need for SDS-PAGE analysis, crosslinking with lipids using 

UV activation or click chemistry can be combined with mass spectrometry for protein 

identification.120,121  

Isothermal Titration Calorimetry 

Isothermal titration calorimetry (ITC) measures heat generated or absorbed during formation 

of complexes in a label-free environment.122 The enthalpy of lipid-protein binding can be measured 
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by filling the sample cell with lipid vesicles and injecting protein or peptide to measure the heat 

given off by the injection.123 Binding constants can be also be calculated by doing the inverse of 

filling the sample cell with the protein or peptide and injecting lipid vesicles. Proteins can be 

screened for lipid specificity using ITC. For example, bovine seminal plasma protein (PDC-1009), 

preferentially binds phosphatidylcholine (PC) over phosphatidylglycerol (PG) or PE by calculating 

binding affinity in addition to enthalpy.124 ITC can also be used to screen the concentration of 

secondary ions required for stable binding.125 

Electron Spin Resonance 

Electron spin resonance (ESR) can utilize spin labels near the end of fatty acid acyl chains of 

lipids to determine lipid-protein interactions.126 The most common spin label utilizes a 14N-nitroxyl 

group that becomes restricted in movement upon interaction with the protein of interest. This 

technique can be used to determine stoichiometry and selectivity of proteins for a specific lipid 

species.127 An ADT-ATP carrier protein was determined to have 50 lipid binding sites along its 

transmembrane dimer domain and show selectivity for anionic phospholipids such as 

cardiolipin.128 

Fluorescence Methods 

Fluorescence utilizing methods rely on the sensitivity of the chosen fluorophore. One method, 

fluorescence resonance energy transfer (FRET) also relies on the close proximity of donor and 

acceptor species. FRET utilizes the transfer of energy from the donor molecule to increase the 

signal of the acceptor for detection. Depending on the molecules and length of linker regions, the 

proximity may need to be between 1-100 Å. For example, the pairing of phospholipase C (PLC) 

labelled with fluorescein and rhodamine-labelled PE is limited to a maximum distance of 80 Å. 

This pairing was been used to determine that PLC lipid binding domain preferentially binds 

PI(4,5)P2.129 FRET can be used to determine ionic strength effects on interactions130 or to look at 

lipid cooperativity to enhance interactions.125 A similar strategy has been used with polymer 

nanodiscs to characterize the polymer to lipid distance by labelling the polymer belt with biotin 

for binding an avidin labelled donor to interact with an acceptor modified lipid. Differences in 

signal were noted based on changing the length of the avidin donor linkage.131 In contrast to using 

labelled lipids, MSP has been modified with 5-carboxamido-(6-azidohexanyl) 
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tetramethylrhodamine (TAMRA) to observe interactions with UniBlue A (UA) labeled talin head 

domain.132 This allowed for screening of interaction proximity without adding any bias from 

potentially interfering fluorophore modified lipids. 

Unlike FRET, fluorescence polarization (or fluorescence anisotropy) relies on a single 

fluorophore to observe emission intensities parallel and perpendicular to an excitation plane. The 

intensity of the fluorescence changes based on the molecular weight of the tumbling species; thus, 

lipid-protein and membrane protein-protein interactions can be observed. Titration of nanodiscs 

with various lipid concentrations have been used to identify interactions with labelled FYVE and 

PX domains to prefer phosphatidylinositol 3-monophosphate (PI(3)P) and PI(3,4)P2, 

respectively.133 Alternatively, the fluorophore can label lipids,134 nanodisc belt,135 or not be present 

at all to rely on intrinsic tryptophan fluorescence.136  

Nuclear Magnetic Resonance 

Nuclear magnetic resonance (NMR) spectroscopy is used to observe changes in a resonance 

frequency to identify lipid-protein and membrane protein-protein interactions. A recent review has 

been published outlining solution NMR used with various membrane reconstitution methods.137 

Resonances of liposomes observed using wide line 2H NMR were shifted when incubated with 

sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA) and SERCA with phospholamban (PLB).138 

By switching the observed resonance for 13P NMR, broad peaks observed with SERCA and PG 

indicate lipid specific binding. Alternatively, two-dimensional (2D) NMR techniques such as 1H-

1H TOCSY and NOESY can be used to identify resonances that are spatially close.139 NMR has 

also been shown as a promising technique with protein140 and polymer141 nanodiscs. 

Fourier Transform Infrared 

Fourier transform infrared (FTIR) spectroscopy can be used to observe differences in infrared 

intensity and wavenumber between various samples. Incubation of liposomes with mutants of 

protein can be used to identify the residues that are involved in lipid binding.142 Peptides have been 

used to mimic the hydrophobic core of membrane proteins to observe binding changes based on 

liquid or gel phase.143 The gel phase state showed more dependence on lipid chain length. 
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Circular Dichroism 

Protein secondary structures can be characterized using circular dichroism (CD) based on 

differential absorption of left and right circularly polarized light. Peptides of phospholemman 

(PLM) were compared in their phosphorylated and not phosphorylated states for affinity with 

lipids using CD.144 The not phosphorylated form was observed to be less likely to form an α-helical 

structure in the presence of lipids which results in less ordered structure when near the membrane. 

Additionally, a mitogen activated protein kinase (MAPK) pathway recruit scaffold protein Ste5 

has been shown to stabilize in an α-helical structure in the presence of SDS micelles.139 

Mass Spectrometry 

Mass spectrometry is a newly evolving field for studying lipid-protein and membrane protein-

protein interactions. Nano-electrospray mass spectrometry has been performed in detergent 

micelles to observe oligomeric structure of ATP binding cassette (ABC) transporters as long as 

the detergent concentration was above the critical micelle concentration (CMC).145 More recent 

work has involved MSP nanodiscs due to their stable and uniform structures.146–148 Recent studies 

have looked at lipid recruiting of membrane proteins to identify substrates or key lipids for 

structure. Collision induced unfolding (CIU) has been used to screen substrates for translocator 

protein (TSPO) for enhanced stability of the protein.149 In tandem, chloroform extractions can be 

performed for tandem mass spectrometry (MS/MS) for copurifying lipid identification. In another 

recent study, membrane lipid distribution biases were identified when incorporating a membrane 

protein of interest.150 E. coli ammonium transporter AmtB was shown to enhance the lipid 

exchange between nanodiscs to enrich for PG and PC. Collision induced dissociation (CID) was 

also used to identify lipids that had a higher energy of dissociation from AmtB. 

3.2. Surface Array 

Generating Surface Arrays 

Surface arrays can be formed using surface substrates such as glass, silicon dioxide, gold, or 

nitrocellulose.29 Modifications to these supports can generate more consistent and stable arrays. 

One of the earliest surface modifications was alkylation of glass.151 The alkylation provides 

hydrophobic support for monolayers of lipids to be stabilized via a pseudo-bilayer with the surface. 
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Using a similar scheme, free standing arrays can utilize alkylated gold platforms adjacent a silicon 

dioxide well to form free standing bilayers over the well.152 Unmodified gold, photoresist, or 

aluminum oxide can be used as barrier for increasing multiplexity in an array.153 This can be 

coupled with etched glass to reduce background and enhance detection.154 Various methods have 

also been optimized for control of lipid array formation such as high-volume, low-pressure 

(HVLP) gun polyelectrolyte deposition on top of gold.155 Tethered lipid arrays can also be formed 

using biotinylated species for support on materials such as polydimethylsiloxane (PDMS).156 

Lipid arrays can be used as a detection or pull-down method for lipid-protein interactions.46,157 

Two of the most common methods of detection with lipid arrays are immunoblotting with epitope 

tags158 and fluorescence imaging.159 Commercially available multiplexed lipid arrays have been 

used for screening interactions with phosphatidylinositol phosphates such as PLC. One array, PIP 

StripsTM, can be used to screen all eight different phosphate modifications of phosphatidylinositol 

in addition to seven other phospholipids and a blank for reference.130 Using PIP ArrayTM, 

interactions can be observed against multiple concentrations of all eight phosphate modified 

phosphatidylinositols at the same time.160 There is also a commercially available array for 

screening of interactions for sphingolipids utilizing SphingoStripsTM.  

A simple variation to lipid arrays is the liposome microarray-based assay (LiMA).161 Here, 

liposomes are spatially spotted on thin agarose layers (TAL) using a microfluidic PDMS channels 

to prevent cross-contamination. Binding intensity is normalized by comparing the fluorescence of 

labelled lipids incorporated into the liposomes and green fluorescent protein (GFP) labelled 

proteins of interest. Though this technique is easily multiplexed, alternative methods have been 

utilized to generate liposome arrays above the surface using biotin-streptavidin162 or epitope tag163 

functionalization. 

Protein arrays can also be generated on solid supports to determine interactions with liposomes 

or other proteins.164 The microarray can be printed using a quill-pin printer onto a γ-

aminopropylsilane modified glass surface.159 This technique has been used for monitoring 

interactions with G-protein coupled receptors (GPCR) and lipids. Currently, the full proteome 

microarray is available for yeast, S. cervisiae. This array is generated by either using aldehyde 

treated chips for N-terminal attachment of the proteins of interest or nickel coated slides for 

histidine tag (His-tag) binding.165,166  
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Label-based Methods 

Labels can be incorporated as fluorophores or fusion tags for various detection methods. Total 

internal reflection fluorescence microscopy (TIRFM) requires fluorescence labeling of either the 

surface substrate or the analyte of interest. The penetration depth of the laser determines the 

sensitivity of the measurement. Lipid arrays doped with fluorescein modified PE have been 

utilized to calculate binding constants for toxin fragments.167 Conversely, unmodified lipid arrays 

can be used to monitor lipid fusion with fluorescently tagged viral particles based on transfer to 

the array.168 Methods have been developed similar to enzyme-linked immunosorbent assays 

(ELISA) by utilizing either lipid or protein arrays as the analyte capture system. The captured 

species can then be recognized by primary antibody recognition either to a fusion or affinity tag or 

intrinsic properties followed by secondary antibody imaging by fluorescence.169 Other recognition 

methods utilize primary antibody-enzyme conjugates for colorimetric,170,171 chemiluminescence 

detection,172 or functionalized quantum dots.173 

Atomic Force Microscopy 

Surface analysis using atomic force microscopy (AFM) has been used to observe changes on 

the surface of the array. Lipid monolayers exposed to bovine serum albumin, melitin, and wild 

type or mutant α-synuclein to observe disruptions in the membrane with using tapping mode.174 

Other studies using AFM involve functionalization of the cantilever with full length or truncated 

lipid binding proteins. Interactions have been observed with PS and gangliosides (GM) using either 

C2 domain175 or cholera toxin176 cantilever modification, respectively. 

Mass Spectrometry 

Affinity matrices have been used with a multitude of mass spectrometry techniques to identify 

interacting species. Matrix laser desorption ionization time-of-flight (MALDI-TOF) mass 

spectrometry was used to identify cholera toxin absorption to lipid matrices containing GM.177 In 

this technique, the cholera toxin was incubated with the lipids before being dried down and applied 

to a metal plate for laser desorption. Surface enhanced laser desorption ionization time-of-flight 

(SELDI-TOF) is different in sample preparation due to the proteins actively interacting with the 

surface substrate prior to laser irradiation. Using this method, wildtype and mutant α-synuclein 

binding was characterized to a mixture of PC and PS before liquid chromatography (LC) MS/MS 
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was then used to identify oligomeric states.174 Protein arrays generated with His-tag 

immobilization were recently used for self-assembled monolayers for MALDI-TOF (SAMDI-

TOF) to observe binding of rhodopsin to transducin.178  

Surface Plasmon Resonance 

Surface plasmon resonance (SPR) uses light deflection through plasmsons from thin layers of 

certain metals, typically gold to measure changes proportional to the refractive index at the surface. 

Depending on the SPR sensor, the angle, wavelength, or intensity of the light can be detected with 

variations based on refractive index changes on the surface.179,180 SPR has been adapted to measure 

lipid-protein and membrane protein-protein interactions using many different surface 

functionalization techniques.181 Silicate modified gold surface has been used for deposition of 

lipids for binding interactions between PI(4,5)P2 and PI(4,5)P2 binding protein155 as well as GM 

and cholera toxin.182 The interaction between GM and cholera toxin have been the standard assay 

for development of other SPR techniques utilizing nanodisc immobilization by His-tag affinity163 

and amplification with anti-cholera toxin biotin conjugates for enhanced sensitivity.183 Another 

immobilization technique covalently bound nanodiscs to the surface using PE and 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) chemistry to monitor KRas lipid association.184 These 

methods utilized SPR by monitoring the change in angle over time are limited in multiplexity due 

to the need for separate flow channels for each interaction. In comparison, surface plasmon 

resonance imaging (SPRi) measures the intensity or percent reflectivity of light at a fixed angle 

over an arrays separated by photoresist.185 Cholera toxin interactions have been observed using 3-

mercaptopropionic acid (MPA) stabilized arrays of various lipid environments,186 etched glass 

arrays for enhanced spatial control and sensitivity,154,187 and PDMS guided flow channels with 

various concentrations of cholera toxin.156 

Silicon Photonic Microring Resonators 

Silicon photonic microring resonators are refractive index-based sensors similar to SPR.188–190 

The Bailey lab has pioneered silicon photonic microring resonators as a detection method for 

proteins191–195 and nucleic acids196–198 as biomarkers as well as separations coupled with liquid 

chromatography199–201 and capillary electrophoresis.202 Silicon photonic microring resonators 

utilize refractive index-based sensing of 128 individually addressable rings with a diameter of 30 
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µm (Figure I.2A). Light travels down a linear waveguide adjacent to the rings through total 

internal reflection. When the resonant condition is met, light couples into the ring cavity (Figure 

I.2B). The resonant condition is governed by the equation: 

 
𝜆𝑟 =  

2𝜋𝑟𝑛𝑒𝑓𝑓

𝑚
 

(I.1) 

where λr is the resonant wavelength, 2πr is the circumference of the microring, neff is the effective 

refractive index, and m is a nonzero integer representing the number of optical wavelengths around 

the perimeter of the ring.188,189 The change in resonant wavelength is monitored as a dip in 

transmission overtime as refractive index changes at the sensor surface (Figure I.2C-D). 

Nanodiscs have been interfaced to silicon photonic microring resonators utilizing flow cells to 

direct functionalization to the surface via electrostatic physisorption between the lipid headgroups 

and the silicon oxide surface.203 This shows the potential for characterization of lipid-protein 

interactions using this technique but does not utilize the full multiplexing capability of the sensor 

surface. 

4. Blood Coagulation 

4.1. Extrinsic Pathway Background 

The blood coagulation cascade relies on lipid-protein and membrane protein-protein 

interactions for initiation, propagation, and amplification.204–207 There are two pathways that make 

up the blood coagulation cascade, the intrinsic and extrinsic pathway, which are connected through 

the common pathway. The extrinsic pathway is triggered by tissue damage by exposing PS and 

tissue factor (TF) which acts as the initiator for subsequent clotting events (Figure I.3A). TF is 

commonly expressed in perivascular and epithelial cells,208 but events such as inflammation and 

thrombosis can induce production in other cell types.209 Blood-borne TF has been found in 

plasma210 with an encryption and decryption mechanism for activation.211 

TF recruits activated factor VII (fVIIa) for proteolytic cleavage of inactive, zymogen factor 

VII (fVII) bound to neighboring TF.212,213 The TF-fVIIa complex is known as the extrinsic tenase 

complex that is responsible for proteolytic activation of factors IX (fIX) and X (fX) (Figure 

I.3B).214 Activated fIX (fIXa) forms a protease complex with activated factor VIII (fVIIIa) to 

generate more activated factor X (fXa). The amplification of fXa feeds into the common pathway 
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to generate the prothrombinase complex with fXa and activated factor V (fVa) to cleave 

prothrombin (PT) to thrombin. Thrombin is responsible for amplification through positive 

feedback into the extrinsic pathway by activation of factor V and factor VIII, downstream 

processing to generate fibrin for blood clot formation, and anti-coagulation through activation of 

the protein C pathway.206  

Pro-coagulation factors (fVII, fIX, fX, and PT) and anti-coagulation factors (protein C, protein 

S, and protein Z) contain N-terminal regions rich in γ-carboxyglutamate (GLA domain) that use 

Ca2+ to interact with PS headgroups.204 The GLA domains are typically 47 amino acids in length 

with 9 to 12 glutamates, three of which are conserved among all seven factors. Adjacent to the 

GLA domain, clotting factors have two domains homologous to epidermal growth factor (EGF) 

and trypsin-like serine protease domain for cleavage of arginine containing substrates.215 The GLA 

domain on the clotting factors is responsible for membrane association for physiological function. 

Crystal structures are available for the GLA domains of PT,216 fX,217 and fIX.218 

4.2. Blood Coagulation Characterization  

Characterization of the interactions at the lipid-protein and membrane protein-protein interface 

for the blood coagulation cascade is critical for physiological understanding. The following is a 

brief overview of activity assays specific for blood coagulation and studies that have been done to 

characterize TF and GLA domains. 

Activity Assays 

Measurements for activity can be tailored for the physiological system of interest and work 

well alongside biochemical methods mentioned earlier. The two most common techniques for 

blood coagulation cascade interactions characterization are clotting and colorimetric assays. 

Clotting assays are more reliable and reproducible for longer clot times, so optimization may be 

needed. Typical readouts for clotting assays use either electromechanical recognition for fibrin 

strands wrapping around a steel ball or turbidity detection by light scattering.219 Colorimetric 

assays utilize substrates designed to mimic physiological substrates for proteolytic cleavage of p-

nitroanilide which absorbs light at 405 nm.220,221 The combination of activity assays and 

biochemical methods can be used to fully understand the physiological interactions of the extrinsic 

pathway. 
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Tissue Factor Characterization 

Characterization of the membrane interface with TF has been critical to understanding 

formation of the extrinsic tenase complex. Soluble TF, TF that has had the transmembrane portion 

removed, was compared to a membrane bound version using a colorimetric substrate for fXa as an 

indirect detection method of the TF-fVIIa complex formation.222 The activities and binding were 

determined to be the indistinguishable when an epitope tag is incorporated. TF has also been 

modified with chimeras for displacement above the membrane.223 This study showed similar 

activity colorimetrically with decreasing binding with increasing distance from the membrane as 

expected. Clot time was also observed to increase with increasing membrane proximity; thus, 

showing that the membrane interaction with fVIIa is crucial for complex formation with TF.  

The membrane-TF interface has been probed to characterize lipid interactions by using 

liposome and nanodiscs with varying PS content to show rate of activity was shown to increase 

with increasing PS.224 To understand potential membrane-TF interactions, single amino acid 

mutants of TF were generated with mutations near the membrane interface.225 Activity assays with 

fIX, fX, and fVIIa specific substrates were performed to identify interesting residues in the serine 

loop (residues 160-163) and the exocite (Lys165 and Lys166); however, increase in PS and/or PE 

content of the membrane overcame any loss in activity. Further investigation into Lys165 by SPR 

showed similar on rate to wild type but a slower off rate. Therefore, showing interest into continued 

characterization of the membrane-TF interface.  

GLA Domain Characterization 

GLA domain characterization is essential to uncovering interactions in the formation of the 

extrinsic tenase complex and many other interactions downstream in the cascade. PS clustering 

has been observed in the presence of calcium ions using solid state NMR which can be used to 

explain part of the GLA domain PS binding interaction.226 Using SPR, nanodiscs were 

immobilized on the surface using His-tag affinity to a Ni-NTA functionalized chip. 224 Higher 

affinity for fX was observed with increasing PS content. By continuing to probe these interactions 

by doping other phospholipids into the environment, the “Anything But Choline” hypothesis was 

born.227 This hypothesis states that a single PS binding site works cooperatively with phosphate 

groups from lipids other than PC. In a native membrane environment, the cooperativity is likely 
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seen between PS and PE due to the 12% and 25% physiological abundance respectively.8 PA has 

been shown to enhance the binding of fVIIa and aPC.228 This difference in GLA domain interaction 

could be potentially due to the unhindered access to the phosphate or negative curvature.229 

Recently, molecular dynamics simulations have been used to predict specific lipid chemical group 

association with the GLA domain of factor X.226 

5. Thesis Overview 

To better understand nanodiscs, Chapter 2 is a review about high-density lipoprotein mimetic 

technology. It is meant to provide unbiased overviews of each stabilization reagent used for 

nanodisc formation since most reviews focus on one type. Chapter 3 begins to push the multiplex 

technology of silicon photonic microring resonators with nanodiscs by comparing seven different 

environments of PS, PA, and PC binding with blood coagulation clotting factors containing a GLA 

domain.230 This provides a proof of concept to show the multiplexed capability with nanodiscs and 

match the trends observed with increasing PS content with GLA domain-containing proteins and 

preferred PA specific binding with fVIIa and activated protein C (aPC). Chapter 4 focuses on 

continuing to leverage the multiplexing capability of silicon photonic microring resonators with 

nanodiscs by calculating PS-PE synergistic binding for all seven GLA domain-containing clotting 

factors.231  

Chapter 5 is a continued optimization of the nanodisc interface on the microring resonators by 

modifying the nanodisc preparation to incorporate DNA tags. This optimization allows for the 

nanodiscs to be tethered above the surface for monitoring of nanodisc loading over time to correct 

for loading differences, prevent loading bias based on the local nanodisc environment, and 

characterize TF mutants in various lipid environments. Chapters 6 utilizes this new technology to 

characterize GLA domain binding of fX mutants for amino acid requirement for membrane 

binding. Chapter 7 is a summary of the work laid out in this thesis and outlines future directions 

using DNA tethered nanodisc arrays on silicon photonic microring resonators.  
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FIGURES 

 

Figure I.1. Schematic of Membrane Mimetics with Advantages and Disadvantages. 
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Figure I.2. Silicon Photonic Microring Resonators. (A) Silicon on insulator chip with array of 

32 clusters of 4 microrings with 30 µm diameter arranged on 4 x 6 mm chips. (B) Adjacent linear 

waveguide utilizes total internal reflection to carry light from the laser source centered at 1550 nm 

to the detector. (C) When the resonance condition is met, light is coupled into the microring and 

the dip in transmittance is measured. (D) The change in the transmittance over time is proportional 

to the refractive index change at the microring surface. 
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Figure I.3. Extrinsic Blood Coagulation Cascade. (A) The extrinsic pathway initiation and 

propagation to a blood clot. (B) The extrinsic tenase complex binding to either fX or fIX.  

Abbreviations: tissue factor (TF); factor VII (fVII); activated factor VII (fVIIa); factor IX (IX); 

activated factor IX (fIXa); factor X (fX); activated factor X (Xa); activated factor V (fVa); 

activated factor VIII (fVIIIa); prothrombin (PT); thrombin (T). 
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CHAPTER II 

 

A “Buyer’s Guide” to High-Density Lipoprotein Mimetics: Pros, Cons, and How to Choose 

the Best Membrane Mimetic for Your Biochemical Application  

 

 

Abstract 

High-density lipoproteins generate disc-like bilayers or spheres with apolipoprotein 

stabilization of lipids and other hydrophobic molecules for lipid transport. This physiological 

stability sparked engineering of mimetics to study lipid-protein and membrane protein-protein 

interactions. The mimetics have been termed “nanodiscs.” These nanodiscs can be stabilized by 

peptides, proteins, DNA, or polymers that are designed to mimic the amphipathic chemical 

environment of apolipoproteins. Current work with these nanodiscs is biased due to the application 

“need” or available resources; however, these nanodiscs can be used interchangeably in most 

cases. Each mimetic needs optimization and each have advantages whether it be for size or 

resistance to conditions. Researchers who are new or have only used a subset of these nanodisc 

types may not fully understand the wide breadth or the origins of the field of nanodiscs. In this 

review, we discuss the origins of high-density lipoproteins and nanodiscs. We highlight the 

advantages and disadvantages of each type that should be considered for choosing the nanodisc to 

best fit applications for groups that are new to this field or who have been using one type of 

nanodisc exclusively. 
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1. Introduction 

Biological membranes play a crucial role in processes such as cell signaling and membrane 

trafficking events.  Due to this, approximately 60% of current pharmaceuticals target membrane 

proteins1 with a wide range of efficacy due to lack of structural and functional information for 

majority of membrane proteins. The challenge to studying membrane proteins is due to the 

complex membrane environment. There are many informative reviews that outline membrane 

components,2,3 membrane nanodomains,4,5 lipid binding domains,6–11 and computational 

modeling12–14 to understand the complex environment. Accurately mimicking the membrane 

environment is required for stable protein incorporation and function with the necessary membrane 

components. Therefore, the field of membrane mimetics has been of large interest.15,16 

Membrane proteins can be solubilized from their native membrane environments using 

surfactants. Detergents are one type that generates micelles for membrane protein stabilization. 

This is one of the easiest and most accessible reagents to use for extraction from the native 

membrane; however, there have been studies showing interactions with detergent can result in 

protein function loss.17,18 Similar reagents have been developed to model detergent behavior that 

are termed amphipols.19 These species utilize hydrophilic carbon backbones with hydrophobic 

chains for protein stabilization.20 Alternatively, peptergents21,22 have been designed to model 

peptide and detergent behavior while lipopeptides23–25 exploit peptide and lipid motifs for 

membrane protein stabilization. Salipros undergo a similar stabilization of solubilizing membrane 

proteins from their native environment using saposin A as a stabilizing agent but exhibit pH effects 

on lipid preference.26 These models are all easy to use, but do not represent the native membrane 

bilayer which can lead to adopting non-native structures. 

To mimic the native membrane bilayer, bicelles, liposomes, and supported bilayers were 

developed. Bicelles utilize short chain molecules similar to lipids or detergents to stabilize lipids 

with or without an incorporated membrane protein into a disc-like shape.27,28 The downfall is the 

limited species of lipids and detergents that can be used to form these bilayers.29 Liposomes are 

lipid vesicles generated by mechanical or chemical means such as sonication or detergent removal 

in the presence of excess lipid.30,31 Limitations arise from the lack of size control and tendency to 

aggregate.32 Recent work has utilized bolalipids, which resemble a dimer of lipids connected by 

an extended alkyl tail group.33 This class of lipids was discovered in archaea, thermoacidophiles; 
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thus, there is promise to generation of bolasomes that are more resistant to pH and temperature 

aggregation. Supported bilayers form stable surface coatings of lipids on surfaces such as glass, 

gold, or silicon.15,34,35 The surface interaction can lead to a rigid, restrained surface that can be 

overcome by tethering36; however, defects can still be present in the surface.34,37 

Another membrane bilayer mimetic has been designed after high-density lipoproteins (HDLs) 

by mimicking characteristics of apolipoprotein A-I (apoA-I) in the form of a stabilizing reagent. 

The stabilizing reagent can be peptides38, proteins39–45, DNA46, or polymers47–52 which act as a belt 

around lipid tails to stabilize a disc-shaped bilayer (Figure II.1). These have been termed 

“nanodiscs” and can range in size from 4 nm to 70 nm in diameter (Table II.1). 

Most HDL mimetic reviews focus on advantages of one technique and disadvantages of others. 

The aim of this review is to tell the unbiased story on the development of HDL mimetics as a stable 

bilayer technique for characterizing membrane proteins. The lack of bias will give context to 

groups that are new to this technology to make an informed decision for the best mimetic for their 

application and/or educate groups who work with a select few of the mimics. The Bailey lab has 

worked closely with the Sligar and Ramamoorthy groups on protein and peptide/polymer 

nanodiscs respectively, while the Morrissey lab has worked with the Arleth group on circularized 

nanodiscs in addition to the Sligar group. This gives us the ability to show the true advantages and 

disadvantages to each technique. We have worked to tell a neutral story for incoming researchers 

to make the best decision on the ideal technique their application. In this review, we start by 

explaining HDL presence in physiology before exploring nanodiscs stabilized with peptides, 

proteins, DNA, or polymers.  

2. High-Density Lipoproteins 

There are many reviews covering the topic of high-density lipoproteins (HDLs).53–57 Here, we 

will give a brief overview of HDL characterization to lead into the development of HDL mimetics.  

HDLs are comprised of lipids, other partially hydrophobic molecules, and stabilizing proteins 

called apolipoproteins. There are two subclasses of apolipoproteins: those that move from 

lipoprotein to another (A-I, A-II, A-IV, C-I, C-II, C-III, and E) and those that remain on the same 

lipoprotein from biosynthesis to catabolism (B-100 and B-48).53 Studies have shown there are 

connections between HDL levels and coronary heart disease.58 Low levels of HDLs lead to a higher 
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likelihood of coronary heart disease due to their in cholesterol transport.54,55,58  Recently, the 

cholesterol transport interactions have been identified between HDLs and lecithin:cholesterol 

acyltransferase (LCAT) using crosslinking and hydrogen-deuterium exchange mass 

spectrometry59 

Early work on HDLs focused on understanding the peptide sequence60 which ultimately led to 

the identification of multiple different apolipoproteins on a single HDL.61,62 Through rigorous 

purification and characterization, the two apolipoproteins were named after their N-terminal 

residue—apoHDL-Gln (now known as apoA-I) and apoHDL-Thr (now known as apoA-II).63,64 

The percentage of α-helical structure for the apolipoproteins were determined to be 40-50% for 

apoA-I and 90% for apoA-II with the former occurring at naturally higher abundance in 

physiology. The α-helical secondary structure of  apoA-I was found to be the source of lipid 

binding65 with amphipathic character contributing to structural stability in solution.66,67  

Multiple structures for HDLs exist that resemble a disc or sphere-like structure. The disc model 

was hypothesized when apoA-I was observed to have lateral packing via NMR.68 This led to a belt 

model to describe apoA-I stabilization of lipids from crystal structures69 and polarized attenuated 

total internal reflection Fourier-transform (TIRF).70 The discs can then undergo remodeling54 to 

sphere structures whose stability is explained by the trefoil model.71 The spherical structure of 

HDLs are not the focus of this review, but this structure has been leveraged for precision 

medicine.57 The disc structure has been inspiration for nanodiscs by modeling peptides, proteins, 

DNA, and polymers to have a similar amphipathic character to apoA-I.  

3. Peptide Nanodiscs 

Peptide nanodiscs have been mostly used for antioxidative and anti-inflammatory properties 

in vivo38 and have shown promise in generating treatments for numerous diseases.72 The 

development of the peptide nanodisc field surfaced through truncated apoA-I sequences that were 

originally used to understand HDL properties in physiology.73–75 

To confirm α-helical structure is important for apoA-I association with lipids, peptides were 

designed with various charged amphipathic sequences.73 The peptide with ideal lipid binding 

characteristics became known as 18A (18 amino acids long) or 2F (for having 2 phenylalanines) 

(Table II.2). A hybrid chain of 18A, known as 37pA, was tested to look at peptide chain length74 
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and showed the same lipid affinity and LCAT activation as 18A.75  Further comparisons of 18A 

and 37pA were done by modifying the proline linker by deletion, double glycine replacement,76 or 

alanine replacement.77,78 The linker changes showed the more flexible sequence created more 

adaptable sizes of HDLs,76 but a proline linker displayed better in vivo HDL association.78 The 

downfall to the sequence of 18A and 37pA was the preferred peptide-peptide interactions over 

peptide-lipid which can generate aggregates instead of discs.79  

The 18A peptide itself has been modified in a few different ways. One group used a truncated 

version called 14A for NMR structure analysis of disc formation.80 Another group screened a panel 

of peptides that varied in hydrophobic phenylalanine residue content.81 The peptide with four 

phenylalanines, 4F, showed the most stable lipid interactions, second highest solubility in water, 

and most effective in clarifying lipid vesicles along with mimicking apoA-I activity in vivo. These 

lipid interactions are from orthogonal peptide orientation compared to lipid tail groups observed 

with NMR.82 Additional research has been performed using 4F to retard amyloid β-peptide (Aβ) 

40 aggregation83 and treat diseases such as cardiovascular disease84,85 along with obesity and 

diabetes.86 

Another mutation test of the original peptides was been to mutate various residues across both 

helices of to 37pA to alanine.87 The mutant with 5 alanines, also known as 5A, experiences less of 

a hydrophobic moment than 37pA. This allows for easier solubility in water which ultimately 

resulted in better synthetic vesicle and comparable natural vesicle solubility to 37pA. The lipid 

composition used to form HDLs with 5A was screened to show that lipid composition effects 

which cholesterol efflux pathway is targeted.88  

A combination of 18A and 4F with a proline linker was developed as a nanodisc scaffold 

peptide (NSP).89 The NSP showed better thermal stability and comparable solubilization of natural 

vesicles to 4F. To improve the solubility of NSP in water, the sequence was reverse to make 

NSPr.90 The reversal of the sequence generated a peptide that acted more like an amphipol than a 

HDL since no additional lipids are needed to be added when incorporating membrane proteins.  

A recent study leveraged the instability of 18A peptide nanodiscs overtime76,91 to form 

supported lipid bilayers.92 A membrane protein of interest, either bacterial magnesium transporter 

(CorA) or blood coagulation tissue factor, were stabilized in nanodiscs with 18A. The nanodiscs 
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were deposited onto silicon oxide, mica, and gold surfaces using electrostatic interaction between 

lipids and the surface followed by extraneous washing to remove the peptides to allow formation 

of supported lipid bilayers with incorporated membrane proteins. The surface was characterized 

using surface sensitive techniques such as atomic force microscopy and utilized to observe of 

binding of tissue factor and one of its binding partners, activated factor VII.92  

A few unique peptides have been designed separately from those previously discussed. One of 

type called ELKs are comprised of mostly glutamate, leucine, and lysine with varying amounts of 

alanine.93 Similar amino acid sequences were used to create peptides with various charge states to 

understand charge effects on cholesterol efflux. The ELKs showed lesser or similar cholesterol 

efflux to apoA-I and evidence that the peptide belt may be at a 140° angle to bilayer plane.93  

Another peptide was designed to generate multivalent branched helices at 21 and 16 amino acids 

long with N-terminal cysteines.94  The monomer species was shown to generate HDLs better using 

less peptide than 4F, while the multivalent species were shown to promote more cholesterol efflux 

and HDL remodeling.  

The peptide that has shown the greatest interest for developing nanodisc therapeutics has been 

22A. This peptide was modeled after apoA-I.95,96 The nanodiscs formed with 22A have been 

shown to withstand several freeze thaw cycles.97 This stability makes them a promising candidate 

for therapeutics. Recent studies have shown the incorporation of lipid modified reagents to perform 

certain physiological functions. One study delivered antigen-lipid conjugates using an 

incorporated modified cholesterol for targeted delivery.98 This antigen was successful at 

generating an immune response and eliminating melanoma tumors in >85% of mice. This was then 

used as a combination therapy to show the use in precision medicine.99 Similar work has been 

performed to incorporate chemotherapy drug-lipid conjugates. The design can be programmed to 

release in the acidic environment of the tumor to eliminate ~80% of colon carcinoma in mice.100 

Additional chemotherapy delivery has been performed for glioblastoma101 and colon 

adenocarcinoma102 in mice.  

Peptide nanodiscs have the application advantage due to their current use in vivo for various 

therapeutics and ease of assembly that does not always require detergent. The size of peptide 

nanodiscs is easily adjusted for applications by modifying the peptide to lipid ratio during 

formation but this ease of adjustment can come at the cost of time screening ratios. These nanodiscs 
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also have a variable stability based on pH and salt that can be problematic for some assays but can 

also be leveraged for use such as therapeutic release. Other disadvantages are the need for synthetic 

routes to create the peptides and the potential need for temperature fluctuations for solubility. 

Inability to control the number of peptides used to form the nanodisc can also pose a problem when 

incorporating functionalization for applications such as fluorophore tagging or surface tethering.  

4. Protein Nanodiscs 

Proteins have also been designed after apoA-I for generating HDL mimics named membrane 

scaffold proteins (MSP).103 The main modification to the apoA-I sequence was the elimination of 

the globular N-terminal domain. Unlike the peptides, the size variation of nanodiscs using MSP is 

achieved by changing the number of α-helices instead of adjusting the ratio of peptides to lipids.104–

106 There are numerous articles that  compare the sequences for developed MSPs.41,106,107 

Extensive characterization has been performed on nanodiscs with MSP (also called Nanodiscs) 

to confirm that two MSPs are incorporated into every nanodisc and show the ease of control over 

the lipid and protein stoichiometric environment.108–111 The stability and homogeneity of MSP 

nanodiscs has been shown using native mass spectrometry.112 Initial studies looking at membrane 

protein incorporation determined the oligomeric control over bacteriorhodopsin113,114 and fully 

functional G-protein coupled receptor incorporation.115 

Many traditional biochemical assays have been performed on MSP nanodiscs using techniques 

such as activity assays,116–118 resonance raman,119 and solution NMR120–122 or solid state NMR 

(ssNMR).123–125 Each of these studies utilizes the stoichiometric control of lipid and protein 

incorporation into the nanodiscs. One key example focusing on the specific lipid environment is 

shown using phosphatidylinositol pulldowns.126  This study compared binding domains bound to 

nanodiscs with various phosphate modified phosphatidylinositol nanodiscs. In addition to these 

traditional assays, unique mass spectrometry dissociation methods are being developed to identify 

lipids that tightly bind to specific membrane proteins.127–129  

Surface functionalization with MSP nanodiscs has been achieved with and without 

modifications to the assembled nanodisc. The electrostatic interactions between lipid headgroups 

and a silicon oxide surface have been utilized to observe lipid specific binding over time with 

silicon photonic microring resonators.130,131 Other studies have utilized a histidine tag (his-tag) on 
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MSP to generate nanodisc arrays for self-assembled monolayers for matrix maser desorption 

ionization time-of-flight mass spectrometry (SAMDI-TOF)127 and surface plasmon resonance 

(SPR).118,132–137 These arrays have been used to observe binding over time and, in some cases, as 

a support system for cell lysate pull downs.134 A similar capture design has utilized antibodies 

specific for an incorporated membrane protein.138 One particular study incorporated trace-amine-

associated receptor 13c (TAAR13c) to use as a bioelectric response for cadaverine which is an 

odor associated with food spoilage.139 Additionally, incorporation of modified lipids can be 

utilized for surface specific interactions.140 

Chemical modifications to the nanodisc have also been used to generate functionalized 

surfaces. Nanodiscs can be easily covalently bound by free amines from phosphatidylethanolamine 

using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) chemistry for SPR.141 Another 

example utilized ,3’-dithiobis(sulfosuccinimydlpropionate) (DTSSP) to covalently attach lysine 

residues on MSP to a gold cantilever for cholera toxin detection with gangliosides.142 These 

techniques utilize the native state of the nanodisc for surface modification without a change to the 

nanodisc assembly itself; however, other studies have selectively modified MSP for controlled 

incorporation of functional groups to the nanodisc. 

The ease of assembly with the strict two MSPs per nanodisc provides control over functional 

group addition. One example labeled the N-terminus of MSP to observe fluorescence polarization 

with KRas4b.143 This study determined that KRas4b shows a lipid headgroup specific preference 

when it was originally thought to have a charge lipid preference. Another method for controlled 

labeling utilizes a single cysteine mutant of MSP. This species has been used for labeling with a 

fluorescent dye for nanodisc tracking with and without incorporated MRI contrast agent in vivo.144 

This system was used to determine direct targeting of cell membranes and show that MRI contrast 

agent incorporation into nanodiscs gives increased sensitivity and ability to perform cell tracking 

studies. Additionally, the cysteine mutant can be labeled for fluorescence resonance energy 

transfer (FRET).145 Using this technique, the anionic lipid requirement for membrane binding and 

calculated distance to hypothesis conformational change in the binding domain of talin was 

determined.  

MSP nanodiscs offer the advantage of high controllability over lipid and protein stoichiometric 

incorporation with exactly two MSP molecules for functionalization. Another key characteristic 
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of using MSP is the ease of expression in E. coli. However, MSP nanodiscs do need detergent to 

form properly and the ratio of MSP to lipids may need to be optimized for monodisperse formation. 

5. Circularized Nanodiscs 

The main goal for nanodisc circularization was to generate more homogenous and larger 

membrane bilayers for structural studies.45 Nanodiscs using peptides and MSP had been observed 

to be no larger than 20 nm in diameter,89,106 which is problematic when studying membrane 

interactions with large protein complexes or viruses. This spun a new type of nanodiscs generated 

with circularized stabilizing reagents made of modified MSPs and DNA.  

One modification of MSP was made to utilize the split-intein-based method.146 In particular, 

the study utilized fusion of Nostoc punctiforme (Npu) DnaE split-intein divided into two pieces at 

the termini for MSP (Figure II.2A).147 Upon protein expression, the intein fragments combine to 

be functional for splicing MSP together. The end result was a circularized MSP generated in vivo 

that formed nanodiscs that had increased thermal stability. The downside to this reaction is the low 

yield, about ¼, of circularized MSP per culture compared to normal MSP and the formation of 

dimer side products. 

Another modification of MSP was generated to utilize sortase A148 as a method for 

circularization (Figure II.2B). The original study reported a Cu2+ chip, Ni-NTA, and in solution 

method to scale the circularization method.149 Extensive characterization was performed to show 

kinks between helices when the nanodisc was under-lipidated. Nanodiscs were assembled to be up 

to 50 nm in diameter to observe interactions with poliovirus that showed the formation of a pore 

in the bilayer followed by excretion of the poliovirus RNA. A troubleshooting guide is available 

for this process150 and has been to study bacteriorhodopsin compared with a not circularized MSP 

of the same size.151 The yield using the sortase A method with these MSP constructs is comparable 

to the split-intein method.152 To improve the yield of circularized MSP, modifications to the 

sequence were made to enhance solubility by adding a solubility enhancing tag152 or modifying 

the MSP sequence.153 The mutations allowed for a similar yield to regular MSP. 

DNA-corralled nanodiscs is the term used to describe DNA-origami barrel stabilized 

nanodiscs.46 The mechanism for stabilization uses a triple cysteine mutant of MSP, called NW11, 

that has been conjugated with 21 bp DNA (Figure II.2C). Nanodiscs are formed with conjugated 
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NW11 before being mixed with a large DNA-origami barrel that has been designed to have 

complementary DNA strands inside. This directs the MSP to the inside edge of the DNA barrel 

and aggregates multiple smaller nanodiscs to form larger ones upon dialysis. Interactions with a 

70 nm in diameter nanodisc were observed with poliovirus to show bending of the NW11 nanodisc 

away from the DNA-origami barrel.46 

Circularized nanodiscs using either circularized MSP or DNA-corrals can form larger 

nanodiscs with improved stability and proteolytic resistance. The disadvantages to using these 

stabilization reagents is that detergent is still needed to form and the ratios of stabilizing reagent 

to lipid may need optimization. Also, circularized MSP suffers from variable yield during the 

circularization reaction. There is also no direct interaction between the DNA-corral and lipids 

which can be useful to not affect the lipid environment, but also a drawback for stabilizing the 

bilayer when looking at interactions that may result in curvature. 

6. Polymer Nanodiscs 

To mimic a similar structure to apoA-I, hydrophobic structure properties of polymers were 

utilized to eliminate the need for detergents when solubilizing membrane proteins.154,155 Polymer 

nanodiscs began with the use of styrene maleic acid (SMA) copolymers and have evolved into a 

field with limitless possibilities (Table II.3). 

One of the main draws to using SMA to assemble nanodiscs was the ability to use circular 

dichroism (CD) for biochemical characterization.156 The negligible CD absorbance by SMA makes 

this a promising lipid  bilayer stabilization reagent. Further characterization using 1H ssNMR 

showed close proximity of styrene to the lipid acyl chains as the mechanism for stabilization of 

the nanodisc.157 The outer edge lipids displayed the most interactions with SMA, while the central 

lipids were unaffected. SMA nanodiscs have been shown to incorporate membrane proteins from 

their native environment. The incorporated proteins can be analyzed using techniques such as 

lipidomics to identify associating lipids158 or used for antigens in flow cytometry.159 

The mechanism for the formation of nanodiscs with SMA is predicted to be styrene 

intercalation into the membrane to generate an initial surface interaction.160,161 The styrene is then 

able to insert further to destabilize the membrane. The resulting circularization of SMA polymers 

around the lipids stabilizes the hydrophobic interactions and results in a “cookie cutter” like action 
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of the membrane. A recent study has been performed on E. coli membranes to observe the effects 

of SMA concentration, temperature, incubation time, and salt dependence on this mechanism.162 

SMA was comparted to sodium dodecyl cholate (SDS) due to its pH and salt dependences.  

The size of these polymer nanodiscs can be adjusted similarly to peptide nanodiscs due to the 

dependence on the ratio of lipid to polymer. The initial SMA copolymer suffered from aggregation 

below pH 6.6.163 This was able to be tuned by adjusting the ratio of styrene to maleic acid and 

molecular weight.164–167 The result showed that lower styrene content was more stable at lower pH 

values while molecular weight contributed to little to no change.  Another simple modification to 

the SMA copolymer was the addition of cysteamine to maleic acid for conjugation of functional 

groups.168 Avidin functionalization to the polymer has been used to show changes in FRET with 

variable length biotinylated donors to acceptor-lipid conjugates. 

Optimization of the copolymer structure has been an attractive direction to overcome the SMA 

pH and divalent cation instability.163,164,169 Most of the modifications were performed on the maleic 

acid component due to its charge state changes with pH contributing to aggregation and its intrinsic 

metal chelating behavior with divalent cations (Table II.3). Maleic acid modification to maleimide 

with an ethyleneamine (SMAd-A) made the copolymer stable below pH 6 and tolerant to divalent 

cations.170 Comparatively, the open-ring structure with the addition of ethylenediamine (SMA-

ED) directly to the maleic acid presented stability below pH 5 and above pH 7; however, divalent 

cations destabilized the accessible carboxylic acid at basic pH.170  

Using the characterization from these species, the copolymer structure was modified based on 

SMAd-A with modification to the amine to with methyl groups to form a quaternary ammonium 

(SMA-QA).171 The resulting copolymer was tolerant in the pH range from 2-10 and of divalent 

cations at 100x the concentration of SMA. The basic pI of SMA-QA has been utilized to 

reconstitute a net positively charged membrane protein due to the repulsion from the polymer belt 

preventing aggregation between the polymer and protein.172 Similarly, a variant of SMA-ED with 

an alcohol in place of the amine (SMA-EA) has been shown to reconstitute a net negatively 

charged membrane protein.172 Another modification close to the open-ring structure of SMA-ED 

utilized a methylamide addition (SMA-MA) which showed a slightly increased tolerance of 

divalent cations at near physiological concentrations.173 
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Using a similar copolymer made of a styrene maleimide with a tertiary amine (SMI), 

researchers found the same trends in divalent cation stability, but preference for pH below 7.8.174 

Due to physiological conditions staying around pH 7.4, SMI is a good candidate for native 

membranes. The drawback for SMI is the small size of nanodiscs that are formed, 5-10 nm, and 

potential for acting more like an amphipol than a nanodisc polymer. New work into zwitterionic 

SMA copolymers (zSMA) have modified the maleic acid to resemble the head group of PC that 

has enabled an increased pH stability range and a range of nanodisc sizes.175 

Polymers without styrene have also been developed for nanodisc formation to eliminate 

background in UV and fluorescence spectra and the direct lipid interactions with styrene. The 

design utilized poly(methyl methacrylate) copolymers (PMMAs, Table II.3).176 Optimization 

screened the moderate hydrophobicity fraction needed to dissolute lipid vesicles to be between 0.4 

and 0.6 with a molecular weight ranging between 3 to 9 kg per mole. A similar design has been 

utilized by continuing to utilize the maleic acid for formation of diisobutylene-maleic acid 

(DIBMA) copolymers. DIBMA was shown to be unaffected by a calcium dependent activity 

assay177 and intercalate less into the lipid bilayer.178 Recent studies have also shown that 

physiological concentrations of divalent cations improve the efficiency of membrane protein 

extraction with DIBMA.179  

A few studies have further investigated the extraction differences between SMA of various 

styrene to maleic acid ratios and DIBMA from native membranes. One study found that both 

polymers were able to extract rhomboid proteases.180 One particular protease, Vibrio cholerea 

rhomboid protease (VcROM), is prone to self-processing during purification; however, use of 

DIBMA for extraction minimized this self-processing. Lipid preferences have been observed 

between SMA, SMA-QA, and DIBMA for E. coli and mammalian Jurkat cells.181 This can be 

useful in solubilizing a specific membrane protein of interest if there are known lipids needed for 

activity or stabilization. 

Polymer nanodiscs have the true advantage of being able to natively extract lipids and proteins 

from their environment without the use of detergent. Depending on the polymer in use, pH and 

salt conditions can destabilize the bilayer, but this could potentially be leveraged in the same way 

that it has for peptide nanodiscs. The polymerization synthesis process can result in polydisperse 

species that results in the need for optimization of the polymer to lipid ratio for a specific 
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application. There is also the potential need for temperature fluctuations for lipid solubility and an 

inability to control the number of polymers forming the disc like the peptide nanodiscs.  

7. What is the Best Nanodisc? 

When weighing the choices of what nanodisc stabilization agent to choose, the availability and 

application are the main deciding factors. Availability is the easiest way to try something new but 

can also be a double-edged sword. If both sides are not completely informed on the application or 

the technique, then there are potential variables that can go unnoticed and end in wasting time and 

resources.  

Each apoA-I mimetic has their advantages and disadvantages in making nanodiscs (Table 

II.4). Key application features can be used to determine which nanodisc is best (Figure II.3). For 

example, if a protein is prone to self-processing when it encounters detergent, then polymer should 

be used to extract it directly from the native membrane into a nanodisc. The size of the membrane 

needed to study a particular membrane protein can easily narrow down the stabilization agent of 

choice. This field is continuously growing to minimize the disadvantages and utilize the 

advantages. The most important thing is realizing that each reagent does have its advantages and 

disadvantages and that there are many cases when more than one can be used to achieve at the 

same result.   

In addition to key application features, available characterization techniques for the intended 

outcome may need to be considered. Since 2015, each nanodisc type has been used for numerous 

biochemical studies to obtain structural and functional information (Table II.5).  

Peptide nanodiscs have been used for many techniques except cryogenic electron microscopy 

(Cryo-EM) and x-ray crystallography. This could be potentially due to the chemical stability due 

to the temperature change or the conditions needed for crystallization resulting in breakdown of 

the nanodisc. Use of peptide nanodiscs for mass spectrometry has been performed with NSPr, 

which acts more like an amphipol. This amphipol-like character may also be useful for Cryo-EM 

or x-ray crystallography. No recent studies have been performed using peptide nanodiscs utilizing 

ultracentrifugation due to this technique being used for testing of peptide-lipid interactions when 

screening peptides for nanodisc formation and purifying nanodiscs away from free peptides. Other 
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techniques that have not utilized peptide nanodiscs are electron spin resonance spectroscopy 

(EPR), FRET, and electrochemical detection.  

MSP nanodiscs have the widest breadth of utilized techniques of the HDL mimetics. These 

nanodiscs have been utilized in all the common techniques in Table 5, some of which have 

dedicated reviews such as ultracentrifugation,182 NMR,183,184 Cryo-EM,185 mass spectrometry,186 

and molecular dynamics simulations.187 

Circularized nanodiscs stabilized with protein and DNA are very new techniques, so not many 

studies have been performed with them. Circularized protein nanodiscs have similar properties 

with increased thermal and proteolytic stability compared to MSP nanodiscs; therefore, common 

characterization techniques should be easily translated to circularized MSP including in vivo 

techniques. DNA-corralled nanodiscs have the potential to be easily translated as well, but the 

bending of the lipid bilayer away from the DNA may need to be taken into considering depending 

on the strength of the interactions being characterized. 

Polymer nanodiscs have undergone extensive structural characterization techniques during 

polymer modification optimization. Techniques such as isothermal titration calorimetry (ITC), 

fluorescence polarization, electrochemical detection, and SPR could be within reach of polymer 

nanodiscs if the chosen polymer is tolerant of the temperature, pH, and salt conditions necessary. 

No studies have tested the polymer nanodiscs in vivo to know of any potential  

In conclusion, there are many metrics to consider when choosing the ideal HDL mimetic for 

an application. All nanodiscs are stable bilayers that can be utilized as an empty mimetic to look 

at lipid-protein interactions or to incorporate a membrane protein of interest for analysis. The 

characterization technique and reaction conditions are key to considering which mimetic or 

mimetics can be ideal for a given application.  
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FIGURES 

 

Figure II.1. Diagram of Nanodisc Types. Nanodiscs are stable disc shaped bilayers stabilized by 

reagents modeled after the amphipathic structure of apoA-I. The thickness of the bilayer is dictated 

by the lipid tail groups, with an average of about 5 nm. The diameter of the nanodisc is determined 

by the stabilizing reagent such as peptides (green), protein (purple), DNA (red/orange), or polymer 

(blue). 
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Figure II.2. Schematics for Generating Circularized Nanodiscs. A. The split-intein method for 

circularization of MSP utilizes in vivo processing. The intein is expressed in split on either end of 

the MSP. When successfully expressed, the intein is assembled and localized for the circularization 

reaction. Due to the reaction cleavage of the affinity tags, the Ni-NTA purification separates the 

intein from the MSP before secondary anion exchange purification.  B. The sortase method for 

circularization of MSP occurs in vitro after cleavage of one of the purification tags. The 

purification steps need to be repeated to clean-up the reaction. C. DNA-corralled nanodiscs are 

another method for generating circularized nanodiscs. This method starts similar with making MSP 

nanodiscs, but utilizes complementary DNA and annealing procedures for incorporation into DNA 

barrels, referred to here as corrals. 
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Figure II.3. Nanodisc Decision Tree. This decision tree proposes key membrane and membrane 

protein characteristics that should be taken into consideration when determining the best 

stabilizing agent for an application. The stabilizing agents are represented in green (peptides), 

purple (protein), orange/purple (circularized protein), red/orange (DNA), and blue (polymer).  
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TABLES 

Table II.1. List of Stabilizing Agents for Generating Nanodiscs 
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Table II.2. List of Peptide Sequences for Assembling Nanodiscs 
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Table II.3. List of Copolymers for Assembling Nanodiscs 

 

m and n denote monomers in the copolymer blends   
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Table II.4. Advantages and Disadvantages of Stabilizing Agents 

 

  



62 

 

Table II.5. Summary of Biochemical Techniques Utilized with Nanodiscs 
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CHAPTER III 

 

Multiplexed Silicon Photonic Sensor Arrays Enable Facile Characterization of Coagulation 

Protein Binding to Nanodiscs with Variable Lipid Content 

 

 

Abstract 

Interactions of soluble proteins with the cell membrane are critical within the blood coagulation 

cascade. Of particular interest are the interactions of -carboxyglutamic acid–rich (GLA) domain–

containing clotting proteins with lipids. Variability among conventional analytical methods 

presents challenges for comparing clotting protein–lipid interactions. Most previous studies have 

investigated only a single clotting protein and lipid composition and have yielded widely different 

binding constants. Herein, we demonstrate that a combination of lipid bilayer Nanodiscs and a 

multiplexed silicon photonic analysis technology enables high-throughput probing of many 

protein–lipid interactions among blood-clotting proteins. This approach allowed direct comparison 

of the binding constants of prothrombin, factor X, activated factor VII, and activated protein C to 

seven different binary lipid compositions. In a single experiment, the binding constants of one 

protein interacting with all lipid compositions were simultaneously determined. A simple surface 

regeneration then facilitated similar binding measurements for three other coagulation proteins. 

As expected, our results indicated that all proteins exhibit tighter binding (lower Kd) as the 

proportion of anionic lipid increases. Interestingly, at high proportions of phosphatidylserine, the 

Kd values of all four proteins began to converge. We also found that although koff values for all four 

proteins followed trends similar to those observed for the Kd values, the variation among the 

proteins was much lower, indicating that much of the variation came from the kinetic binding (kon) 
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of the proteins. These findings indicate that the combination of silicon photonic microring 

resonator arrays and Nanodiscs enables rapid interrogation. 

1. Introduction 

The study of complex, multifactorial biomolecular binding interactions using direct physical 

methods, such as surface plasmon resonance, can be a time consuming and complicated process 

that often requires large quantities of expensive reagents. This holds especially true for monitoring 

interactions at the cell membrane surface, which plays a critical role in the regulation of important 

biological processes such as cell-signaling and blood coagulation, the latter of which involves 

protein-protein and protein-lipid interactions and is of particular relevance to this study. 

Protein-membrane interactions governing processes such as blood coagulation are difficult to 

study due to their multimodal nature, but also because of the complicated environment of the cell 

membrane. The many varieties of lipids, including phospholipids, sphingolipids, and glycolipids, 

as well as small molecules such as sterols and polyketides1 can influence direct binding of proteins 

to the cell membrane or membrane proteins. Therefore, the use of a model membrane system is an 

attractive approach to probing the biophysics of interactions in a more well-defined and simplified 

environment. Among several different model lipid bilayer systems,2–4 Nanodiscs offer many 

advantages for probing biomolecular interactions at membrane surfaces. Nanodiscs are discoidal 

lipid bilayers approximately 10 nm in diameter, held together by 2 membrane scaffold proteins 

(MSPs).3 Their small size and ease of assembly give a high degree of control over lipid 

composition.5–7 Previous work has also shown that MSP offers a handle-like structure to which 

tags can be attached,8 thereby not interfering with the lipid bilayer. Unlike liposomes, the small 

size of Nanodiscs allows for a wider range of lipid compositions to be probed without 

complications from aggregation.9 The unique versatility of Nanodiscs has been proven through a 

variety of studies, including determination of membrane protein orientation,10 dimer vs. monomer 

activity of rhodopsin,6 and solid state NMR experiments.11 A recent review describes the versatility 

and stability of Nanodiscs across an array of biochemical and biophysical characterization 

applications.12 

Silicon photonic microring resonators have emerged as a promising, array-based detection 

technology that has been applied to a number of bioanalytical applications, including the 
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quantitation of protein13–16 and nucleic acid17,18 biomarkers. Notably, the technology has also been 

applied to the determination of kinetic and thermodynamic binding constants.19–21 Microring 

resonators are chip-integrated waveguide structures that support optical resonances, and the 

wavelength of these resonances is sensitive to the local refractive index environment.22 Previous 

proof-of-concept experiments demonstrated that binding interactions between solution phase 

proteins and Nanodiscs immobilized onto a microring array could be probed; however, the nature 

of these interactions was extremely simple.23 

For this study we combined the versatility of Nanodiscs with highly-multiplexible silicon 

photonic microring resonators to study protein-lipid interactions involved in the blood coagulation 

cascade. Many of the key regulatory processes of both thrombosis and hemostasis are initiated 

through the successive action of a series of serine proteases that ultimately leads to the formation 

of a blood clot. Most of these enzymatic cleavage events occur at the membrane surface and are 

strongly influenced by the underlying lipid composition.9,24,25 Of particular interest are the 7 GLA 

domain-containing coagulation proteins, which include prothrombin (PT), factor VII (fVII), factor 

X (fX), and activated protein C (aPC). These proteins reversibly bind membrane surfaces through 

their GLA domains, each rich in post translationally-modified γ-carboxyglutamate (GLA) residues 

and containing 7-9 divalent metal binding sites.26–30 Ca2+ is absolutely required for proper folding 

and binding of the GLA domain to membrane surfaces.27 Furthermore, it is well established that 

GLA domains bind anionic phosphatidylserine (PS) lipids but, despite structural similarities, the 

GLA domains of coagulation proteins have affinities for PS spanning three orders of 

magnitude.31,32 Both aPC and fVIIa bind poorly to PS-containing membranes; however, these 

proteins have been shown to bind the lipid phosphatidic acid (PA) with much higher affinity.33 

This higher affinity also affects enzyme activity, with aPC and fVIIa having greater activity when 

interacting with membranes containing specific mixtures of PA and PS compared to membranes 

with PS alone.33 It has also been demonstrated that other lipids, including 

phosphatidylethanolamine, phosphatidylglycerol, and phosphatidylinositol are able to effectively 

reduce the concentration of PS required to achieve maximal activity. This “Anything But Choline” 

(ABC) hypothesis postulates that any lipids not containing the bulky choline headgroup found on 

PC will synergize with PS and dramatically reduce the PS content required for maximal enzymatic 

activity.24 
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Past studies of coagulation protein-lipid binding using techniques like surface plasmon 

resonance (SPR)9,24,33 have yielded important insights into the mechanisms of interaction; 

however, the relatively low throughput nature of the most common configuration of this 

technology (Biacore) presents practical limitations in terms of the number of both proteins and 

lipid compositions that can be evaluated in a reasonable amount of time. Additionally, in order to 

assess numerous conditions using SPR, multiple experimental runs – each consisting of the 

adsorption of lipids, experimentation, and regeneration of the surface – are required, increasing 

experimental variability and reagents used. 

Herein, we demonstrate the utility of Nanodiscs and silicon photonic microring resonator 

technologies as a platform for the facile and thorough interrogation of protein-membrane 

interactions through the investigation of 28 different clotting protein-lipid interactions—4 clotting 

proteins, each at 7 different binary lipid combinations. Both the absolute values and relative trends 

of equilibrium binding constants were determined. We also find that the coagulation proteins 

investigated—fX, PT, fVIIa, and aPC—not only exhibit varying binding affinities for PS and PA, 

but also require differing proportions of these lipids to achieve maximal membrane binding. In 

addition to determining the dissociation equilibrium constant, Kd, we report the off-rate constants 

(koff) for each of the 28 interactions probed. These studies demonstrate the powerful biochemical 

analysis combination of the silicon photonic microring detector platform coupled with Nanodiscs 

to rapidly interrogate binding interactions at model cell membrane interfaces. 

2. Materials and Methods 

Chemicals and reagents 

Phosphatidylcholine (PC; 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), 

phosphatidylserine (PS; 1-palmitoyl-2-oleoyl-sn-glycero-2-phosphoserine), and phosphatidic acid 

(PA; 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidic acid) were purchased from Avanti Polar 

lipids (Alabaster, AL). MSP1D1 was expressed in E. coli and purified as described previously.3 

fX, PT, and aPC were purchased from Enzyme Research Laboratories (South Bend, IN). A non-

clinical, recombinant human fVIIa produced in mammalian milk was generously provided by 

rEVO Biologics (Framingham, MA). Amberlite XAD-2 hydrophobic beads and all other 

chemicals were purchased from Sigma Aldrich (St. Louis, MO) and used as received, unless 
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otherwise noted. Buffers were prepared with 18.2 MΩ deionized water and sterile filtered prior to 

use. 

Solution preparation 

Nanodisc solutions were prepared in a TBS buffer (20 mM Tris-HCl, 100 mM NaCl, and 

0.01% (w/v) NaN3, pH 7.4). Clotting protein solutions were made in TBS buffer with 2.5 mM 

CaCl2 added. All clotting protein solutions were prepared in a HEPES buffer (10 mM HEPES, 

150 mM NaCl, 50 μM EDTA, 2.5 mM CaCl2, 0.1% (w/v) PEG 8000). Solutions of fVIIa and aPC 

also contained 0.2% (w/v) BSA, pH 7.4. The HEPES rinse buffer (HEPES(-)) for surface 

regeneration was made without CaCl2. 

Nanodisc preparation and purification 

Nanodisc preparation and purification has been described in detail previously.3–5 Briefly, lipids 

solubilized in chloroform were measured into test tubes and dried under nitrogen. For Nanodiscs 

containing mixtures of POPS and POPC, or POPA and POPC, the lipids were mixed at appropriate 

ratios prior to drying. After drying, lipids were placed in a lyophilizer, under vacuum for 60-90 

mins. Once completely dry, lipids were dissolved in TBS buffer with 100 mM deoxycholate to 

give a final ratio of 2:1 dexoycholate:phospholipids. Dissolved lipids were then combined with 

MSP1D1 in TBS to give a final ratio of 70:1 phospholipid:MSP. The solution of MSP and lipids 

was actively mixed at room temperature for approximately 1 hr. Half the volume of the MSP/lipid 

solution of Amberlite XAD-2 hydrophobic beads was added and then left to mix at room 

temperature for approximately 1.5 hr. Bio-beads were then removed by filtering through a 0.22 

μm syringe filter. Nanodiscs were then purified using size exclusion chromatography. For studies 

of regeneration stability, Nanodiscs were made in an identical fashion but using the larger 

MSP1E3D1 construct. 

Silicon photonic microring resonators 

The Maverick M1 optical scanning instrumentation and microring resonator sensor chips were 

purchased from Genalyte, Inc. (San Diego, CA). The operation of the instrumentation has been 

previously described.22 The sensor chips were each 4 mm X 6 mm sensor chips and contained 128, 

30 μm diameter active sensor microrings grouped into sets of four, plus four temperature control 
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microrings and two dedicated to detecting leaks from the microfluidic gasket positioned atop the 

sensor chip during microring detection experiments. 

Sensor chip array functionalization 

Prior to use, sensor chips were cleaned with a freshly made piranha solution (3:1 H2SO4:30% 

HOOH) for 30 sec then rinsed with water and dried with N2 (Caution! Piranha solution must be 

handled with extreme care and will react explosively with organics). The Bioforce Nano eNablerTM 

was then used to spot Nanodisc solutions onto individual clusters of 4 microrings. A spotting map 

showing the arrangement of the Nanodisc solutions on the sensor substrate is shown in Figure 

III.1. Nanodisc solutions containing unique lipid compositions and ranging in concentration from 

0.5 to 10 μM. Nanodiscs containing greater percentages of negative charge were spotted at higher 

concentrations since their physisorption was less efficient due to electrostatic repulsion,23 as the 

bare silicon microring surface also bears a negative charge. After spotting, chips were stored in a 

humidity chamber at 4°C for at least 4 hours before use. For array studies, Nanodiscs were spotted 

in buffer lacking Ca2+; however, titrations were also performed using 50% PS and 50% PA 

Nanodiscs spotted in the presence of 2.5 mM Ca2+. For unknown reasons, prothrombin was found 

to exhibit slightly higher Kd values for Nanodiscs spotted with Ca2+ (Table III.1), though similar 

differences in equilibrium dissociation constant were observed for PS- and PA-containing 

Nanodiscs. 

Protein binding titrations 

Laser cut Mylar gaskets that directed fluid flow across the chip were aligned onto the 

functionalized sensor chips, assembled into a Teflon cartridge, and loaded into the sensor scanner 

instrument. A 2% BSA in TBS buffer was first flowed across the chip surface at 10 μL/min to 

prevent nonspecific binding of proteins. For the PT and fX titrations in the Kd determination 

titrations, the proteins were flowed across the chip in increasing concentrations at 10 μL/min and 

the response allowed to equilibrate before the next solution injection. The same was done for fVIIa 

and aPC, but at a 5 μL/min flow rate. Following the series of increasing concentrations, all of the 

proteins were released from the surface by flowing HEPES(-) buffer solution. The titration was 

then repeated with the next protein. For the PT and fX titrations used to determine koff rates, a given 

concentration of protein was flowed across the chip for 5 minutes at 10 µL/minute followed by a 
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10-minute rinse with HEPES buffer to observe dissociation, and then a 5 minute rinse in HEPES(-

) to regenerate the surface. The next concentration of protein was then introduced, and the process 

repeated throughout the concentration series. All protein solutions were made in HEPES buffer. 

This protocol was subsequently repeated for the other three proteins. The same procedure was used 

for fVIIa and aPC koff titrations, except with a flow rate of 5 μL/min and each rinse step was 15 

min.  

Data Analysis 

Data analysis was performed using software provided by Genalyte, Inc. as well as custom 

scripts written in Origin 9.1. Sensor traces were corrected for temperature fluctuations and any 

residual non-specific binding by subtraction of response of 100% POPC Nanodiscs. Data fits for 

determining Kd were performed in Prism and fitting for koff in Origin 9.1.  

3. Results 

In previous work,23 a 4-channel microfluidic chamber was used to direct solutions of four 

Nanodiscs, each having different lipid composition, across different regions of a microring 

resonator substrate to create a 4-component sensing array. That method demonstrated that unique 

binding to each of the four distinct types of Nanodiscs could be monitored without cross reactivity, 

but fluidic immobilization did not facilitate higher throughput studies. In this study we used a 

microarrayer to create higher density arrays and use these arrays to probe biophysical interactions 

between blood coagulation proteins and Nanodiscs of variable lipid composition. Using 

physisorption as an immobilization method, seven different compositions of Nanodiscs were 

deposited onto clusters of four microrings using a Bioforce Nano eNablerTM. The lipid 

compositions investigated included 100% PC, as well as binary combinations of PC and PS (10, 

30, 50, and 70% PS, with the balance being PC) or PC and PA (30 and 50% PA, with the balance 

being PC). It is important to note that anionic lipid percentages higher than those naturally 

occurring are required because of the discrete size of Nanodiscs, which limit the spatial area over 

which lipids can be recruited into clusters by divalent cations and/or GLA domains. Because the 

Nanodiscs naturally physisorb to the silicon oxide surface, neither the surface nor the Nanodiscs 

were modified for attachment. 
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Arrays of these Nanodiscs with seven different lipid compositions were used to determine both 

the equilibrium dissociation constant, Kd, and kinetic dissociation rate, koff, for interactions with 

four different proteins involved in the blood coagulation pathway: PT, fX, fVIIa, and aPC. Figure 

III.2A shows a representative Kd determination titration for PT. PT was flowed across the 

Nanodisc array at increasing concentrations and the shift in microring resonance wavelength 

monitored in real time. At each step, the binding response was allowed to equilibrate before 

introducing the next concentration. As PT does not specifically bind to PC lipids, the small 

response measured from the 100% PC Nanodisc-functionalized rings was subtracted to correct for 

non-specific protein adsorption. The real time resonance shift data, replotted as a function of PT 

concentration, is presented in Figure III.2B. Since all of the coagulation proteins studied bind in 

a Ca2+-dependent manner, the Nanodisc array could be completely regenerated by simply flowing 

a Ca2+-free buffer, followed by interrogation of subsequent coagulation protein/lipid interactions. 

In this way, identical titrations for fX, fVIIa, and aPC were performed and can be found in Figure 

III.3-6. To verify the ability to regenerate nanodiscs arrays for subsequent titrations and also to 

investigate the role of Ca2+ in the spotting buffer, an additional set of PT titrations was performed, 

as described under “Experimental procedures.” The determined Kd values are shown in Table 

III.2. The regeneration studies verified consistent Kd values across multiple surface regenerations; 

however, the determined values from these measurements are slightly different from those 

measured for the multiplexed array. This discrepancy is attributed to completely different lots of 

reagents. The studies of Ca2+-containing spotting buffers did reveal that PT had higher Kd values 

to nanodiscs spotted with Ca2+. The reason for this difference is unknown and will be the subject 

of future studies. 

To determine Kd values for each coagulation protein at each lipid composition, the 

concentration-dependent shifts in resonance wavelength were fit according to a single-site binding 

model using the following equation: 

 𝛥𝑝𝑚 =  𝐵𝑚𝑎𝑥 (
[𝑝𝑟𝑜𝑡𝑒𝑖𝑛]

𝐾𝑑 + [𝑝𝑟𝑜𝑡𝑒𝑖𝑛]
) (III.1) 

where Bmax is the maximum shift the protein is approaching and Kd is the equilibrium dissociation 

constant. Figure III.7 shows Kd values determined for the binding of PT, fX, fVIIa, and aPC to 

the different Nanodisc compositions. These values are also tabulated in Table III.2.  Overall, 



93 

 

binding increased (Kd decreased) as the %PS composition of the Nanodisc increased. At 10% PS, 

fX exhibited the lowest Kd, followed by PT, aPC, and fVIIa; these relative binding affinities are 

consistent with those observed previously.24 At 30% PS, PT and fX (Figure III.7A-B, red bars) 

bound to the membrane surface with Kd values approximately an order of magnitude smaller than 

fVIIa or aPC (Figure III.7C-D, red bars); however, when the PS content was increased to 70%, 

all four proteins bound with similar Kd values of 140 – 440 nM (Table III.2). To investigate how 

the PS content affected the Kd, we evaluated the percentage change in Kd as a function of %PS. 

For both PT and fX, the largest percent change in Kd occurred between 10 – 30% PS (84% 

decrease). Conversely, fVIIa and aPC binding to Nanodiscs increased most significantly when the 

PS content was increased from 30% to 50% (80% and 75% decrease, respectively). fVIIa and aPC 

were previously demonstrated to be PA-binding proteins.24 To confirm, we next evaluated the 

binding of PT, fX, fVIIa, and aPC to 30 and 50% PA-containing Nanodiscs (Figure III.7, green 

bars); as expected, fVIIa and aPC bound more tightly to PA than PS Nanodiscs exhibiting Kd 

values for binding to 50% PA Nanodiscs of 125 nM for fVIIa and 90 nM for aPC, compared to 

600 and 1200 nM, respectively, to 50% PS. 

In addition to determining equilibrium binding constants, the real-time analysis capabilities 

also permit interrogation of binding kinetics. Interactions between anionic lipids and the GLA 

domain are multivalent, making extraction of binding rate (kon) difficult; however, an apparent 

unbinding rate (koff) can be determined through a kinetic titration. To achieve this, a given 

concentration of a coagulation protein was flowed across the surface, and after reaching steady 

stage, a Ca2+-containing buffer is flowed to watch the dissociation of the protein from the 

immobilized Nanodiscs. An entire representative titration for PT binding to variable lipid content 

Nanodiscs is shown in Figure III.8-9. For clarity, the overlaid binding and unbinding curves for 

PT interacting with 50% PS-containing Nanodiscs is shown in Figure III.10. The real-time 

dissociation was fit for each titration according to: 

 𝛥𝑝𝑚 = 𝐴 + 𝐴𝑒−𝑘𝑜𝑓𝑓(𝑡−𝑡0) (III.2) 

where Δpm is the resonance shift as a function of time, A is a constant, t is time, and koff is the 

dissociation off rate. This process was repeated for the other coagulation proteins again using a 

multiplexed Nanodisc composition array to simultaneously allow determination of multiple koff 
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values for a particular coagulation protein. Full titrations for fX, fVIIa, and aPC, as well as overlaid 

binding and unbinding curves for each are presented in Figures III.11-16. 

The resulting koff values for each coagulation protein and lipid composition are shown 

graphically in Figure III.17 and numerically in Table III.3. Like Kd, the overall trend showed a 

decrease in koff as %PS increased, but the overall changes were much smaller (Figure III.17, red 

bars). As the %PS was increased from 10-70%, fVIIa saw the largest decrease (55%) and aPC saw 

the lowest (10%). PT and fX decreased 45 and 52% respectively. The koff values of each protein 

were much closer than was seen for Kd values. At 50% PS the range of koff values was 0.66—0.87 

min-1 (Table III.3). Another interesting difference was that aPC had the lowest koff at 10% PS 

while PT had the highest (0.64 and 1.36 min-1, respectively). When analyzing the koff values for 

PA containing Nanodiscs there was a decrease in koff as %PA increased. Both fVIIa and aPC had 

the lower koff values when comparing PA to PS containing Nanodiscs with koff values of 50% PA 

Nanodiscs of 0.344 and 0.293 min-1 compared to 0.51 and 0.67 min-1 for 50% PS respectively 

(Table III.3). 

4. Discussion 

PT, fX, fVIIa, and aPC bind to the membrane surface through their GLA domains.24,25 Each of 

the proteins’ GLA domains are homologous and have multiple, specific binding sites for PS head 

groups; however, PS is not the only lipid that can affect clotting protein binding and activation. 

Other lipids have been shown to synergize with PS to reduce the amount of PS lipids needed for 

full activation of fVIIa and fX.24 One such lipid is PA and its effects on fVIIa and aPC binding are 

especially clear from the presented microring resonator array results. Both of these coagulation 

proteins bind with lower Kd to PA lipid-presenting Nanodiscs, compared to those with equivalent 

amounts of PS. They also show tighter binding as the amount of PA is increased. 

Examining Kd values reveals several interesting trends in protein binding as a function of lipid 

composition. As expected from previous studies,9,33 the Kd had an inverse relationship with PS and 

PA concentration. That is, coagulation protein binding was generally tighter (smaller Kd) with 

greater amounts of anionic lipid in the Nanodiscs. The fact that all of the proteins bound more 

tightly as PS content increased is consistent with the literature.9  
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A considerable advantage to using microring resonator technology is the direct comparison of 

different proteins binding to the same Nanodisc-modified sensor array. This unprecedented 

continuity across multiple experiments allows for a more confident analysis of results. Though our 

results largely support those found previously, the ability to directly compare across proteins 

allows for a deeper interpretation. One such insight comes from the finding that at high %PS, 

binding affinities for the coagulation proteins tested converge, with fVIIa and aPC binding 

significantly better than at high percent PS. Interestingly, PS has been shown to undergo calcium-

induced clustering in vitro,11 and thus the presence of PS-rich nanodomains within the lipid bilayer 

may act to recruit fVIIa and aPC to PA-deficient membrane surfaces under certain conditions. 

PT, fX, fVIIa, and aPC bind to the membrane surface through their GLA domains.24,25 Each of 

the proteins’ GLA domains are homologous and have multiple, specific binding sites for PS head 

groups, but PS is not the only lipid that can affect clotting protein binding and activation. Other 

lipids have been shown to synergize with PS to reduce the amount of PS lipids needed for full 

activation of fVIIa and fX.24 One such lipid is PA and its effects on fVIIa and aPC binding are 

especially clear from the presented microring resonator array results. Both of these coagulation 

proteins bind with lower Kds to PA lipid-presenting Nanodiscs, compared to those with equivalent 

amounts of PS. They also show tighter binding as the amount of PA is increased.  

It is worth pointing out that the increased binding affinity does not strictly lead to a larger 

magnitude of observed resonance shift due to variable amount of specific Nanodisc loaded onto 

the surface. As we showed previously,23 the charge of lipids within Nanodiscs plays a large role 

in determining the relative amount of physisorption, with Nanodiscs with higher percentages of 

negatively charged lipids (PS and PA) having reduced loading due to electrostatic repulsion with 

the natively negatively charges SiOx surface of the microring . This accounts for a reduced 

magnitude of resonance shift. However, Kd values mathematically-determined from fitting of the 

data to the single-site binding model do reflect the expected trends as a function of lipid 

composition. In general, Kd values obtained using the silicon photonic microring resonator 

platform are lower than those generally obtained using SPR;33 however, the trends as a function 

of lipid composition are identical. Furthermore, the internal consistency of these simultaneously 

performed measurements provides further confidence in the resulting trends. 
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Importantly, by using the Nanodisc-functionalized microring sensor array, a single experiment 

yielded internally consistent Kd values for six distinct interactions per coagulation protein. This is 

in contrast to lower throughput methods that would require many more measurements across 

multiple sensor substrates and multiple days of experimentation to obtain this amount of binding 

interaction data, a laborious process that introduces experimental uncertainties and is prone to run-

to-run variation. 

Similar to Kd values, koff values also show trends related to the anionic lipid content in 

Nanodiscs. Specifically, the rate of unbinding is lower as the amount of PS or PA is increased, 

which is consistent with the measured lower Kd values (tighter binding). For fVIIa and aPC the koff 

values are also proportionally lower for PA-containing discs, compared to equivalent amounts of 

PC. Notably, the variation within koff alone is not enough to fully explain differences in Kd, 

suggesting that there must also be corresponding differences in the kinetic rate of binding, kon (Kd 

=kon/ koff) for different protein-lipid combinations. However, as mentioned earlier, direct 

measurement of kon is difficult due to the multivalent nature of the GLA domain interaction (6-8 

lipids bound/GLA domain24), and likely need for lipid rearrangement during binding of GLA 

domains (leading to complicated binding kinetics). However, the coupled Kd and koff values 

obtained using this technology platform provide confidence in inferring variations in kon. 

5. Conclusion 

The interactions of clotting proteins with cell membrane lipids are critical to the blood 

coagulation cascade as well as many other biological processes. Previous work studying protein-

lipid interactions has been relatively low throughput, so only a limited number of proteins or lipid 

compositions are examined. This paper introduces a multiplexed technique where interactions with 

many different lipid compositions can be monitored simultaneously in real time. Because 

Nanodiscs were spotted and allowed to physisorb to the surface of the chip, no tags were required 

to monitor binding. Here, the binding constants of four coagulation proteins (PT, fX, fVIIa, and 

aPC) binding to Nanodiscs of six different lipid compositions were determined. While absolute Kd 

values were lower than those reported by SPR, qualitative trends in terms of binding as a function 

of anionic lipid content was consistent.  The benefits of utilizing both Nanodiscs and microring 

resonator technologies for probing protein-membrane interactions are numerous. Unlike 
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liposomes, the local (nanoscale) lipid composition of Nanodiscs can be precisely controlled due to 

their small size, making them an ideal substrate on which to study these interactions. The 

simultaneous interrogation of numerous binding interactions from a single measurement using the 

photonic microring resonators increases intra-assay precision and eliminates experimental 

variability. Additionally, due to its multiplexed nature, utilization of microring resonators 

decreases the consumption of precious reagents and reduces instrument time compared to 

traditional techniques such as Biacore. Finally, the ability to evaluate the binding of numerous 

proteins to the same lipid surface eliminates inherent differences in substrate (i.e., Nanodisc) 

loading and the associated run-to-run variability. 

In the future, this technique can be applied to further examine the effect of different lipids on 

the binding of clotting proteins to membranes, as well as ternary and quaternary lipid mixtures. 

Previous work has shown that combinations of lipids with PS have led to synergistic binding and 

activation for fVIIa and aPC.9,33 Similar binding studies of other clotting proteins containing GLA 

domains could be obtained in a high throughput manner using the silicon photonic microring 

resonator platform in combination with multiplex Nanodiscs. 
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FIGURES 

 

Figure III.1. Sensor Chip Layout. The layout of the sensor chip used to run the protein titrations. 

The bright pink rings are the temperature control rings, yellow rings are the leak sensors, red rings 

are spotted with 10% PS Nanodiscs, blue rings are spotted with 30% PS Nanodiscs, green rings 

are spotted with 50% PS rings, orange rings are spotted with 70% PS Nanodiscs, light pink rings 

are spotted with 30% PA Nanodiscs, purple rings are spotted with 50% PA Nanodiscs, and black 

rings are spotted with 100% PC Nanodiscs. 

 



99 

 

 

Figure III.2. Prothrombin Titration. (A) Real time shifts in resonance wavelength during PT Kd 

titration at different Nanodisc compositions. The dashed lines indicate the addition of a new 

concentration of protein of interest, the *marks the transition to HEPES buffer, and ** marks the 

transition to HEPES(-). Minimal binding to the 100% PC microrings were subtracted from the 

other responses to account for non-specific binding. The different concentrations of PT (ranging 

from 50-2000 nM) flowed across the sensor array ad different times is indicated. (B) Plots of 

relative wavelength shift as a function of PT concentration. In each panel, error bars represent the 

standard deviation from at least n = 8 microrings in a single detection experiment. 
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Figure III.3. Concentration-dependent prothrombin (PT) binding as a function of lipid 

proportions. The PT binding response during a typical titration, flowed at 10 μL/min. PT 

concentrations at each step are indicated, as are Nanodisc compositions. At each step, the binding 

is allowed to reach steady state. 
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Figure III.4. Kd determination for factor X (fX). To determine the Kd of factor X (fX) binding to 

Nanodiscs of various lipid composition, a single chip was spotted with the Nanodiscs with lipids 

10% PS, 30% PS, 50% PS, 70% PS, 30% PA, 50%PA, and as a control 100% PC (the balance of 

PS and PA lipid Nanodiscs was made up of PC lipids). In (A) and (B) the dashed lines indicate the 

addition of a new concentration of protein of interest, the *marks the transition to HEPES buffer, 

and ** marks the transition to HEPES(-). (A) The fX binding response during a typical titration, 

flowed at 10 μL/min. At each step, the binding is allowed to reach steady state. (B) The fX titration 

controlled for the 100% PC control rings. (C) Plot of the max pm shift of fX binding at each of the 

concentration steps. The plots of fX-Nanodisc binding were fit according to Equation III.1. (D) 

The Kd values determined for fX binding to each type of Nanodiscs. Kd of fX binding to PS-

containing Nanodiscs are shown in red and PA-containing Nanodiscs in green. 
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Figure III.5. Kd determination for factor VIIa (fVIIa). To determine the Kd of factor VIIa (fVIIa) 

binding to Nanodiscs of various lipid composition, a single chip was spotted with the Nanodiscs 

with lipids 10% PS, 30% PS, 50% PS, 70% PS, 30% PA, 50%PA, and as a control 100% PC (the 

balance of PS and PA lipid Nanodiscs was made up of PC lipids). In (A) and (B) the dashed lines 

indicate the addition of a new concentration of protein of interest, the *marks the transition to 

HEPES buffer, and ** marks the transition to HEPES(-). (A) The fVIIa binding response during a 

typical titration, flowed at 5 μL/min. At each step, the binding is allowed to reach steady state. (B) 

The fVIIa titration controlled for the 100% PC control rings. (C) Plot of the max pm shift of fVIIa 

binding at each of the concentration steps. The plots of fVIIa-Nanodisc binding were fit according 

to Equation III.1. (D) The Kd values determined for fVIIa binding to each type of Nanodiscs. Kd 

of fVIIa binding to PS-containing Nanodiscs are shown in red and PA-containing Nanodiscs in 

green. 
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Figure III.6. Kd determination for activated protein C (aPC). To determine the Kd of activated 

protein C (aPC) binding to Nanodiscs of various lipid composition, a single chip was spotted with 

the Nanodiscs with lipids 10% PS, 30% PS, 50% PS, 70% PS, 30% PA, 50%PA, and as a control 

100% PC (the balance of PS and PA lipid Nanodiscs was made up of PC lipids). In (A) and (B) 

the dashed lines indicate the addition of a new concentration of protein of interest, the *marks the 

transition to HEPES buffer, and ** marks the transition to HEPES(-). (A) The aPC binding 

response during a typical titration, flowed at 5 μL/min. At each step, the binding is allowed to 

reach steady state. (B) The aPC titration controlled for the 100% PC control rings. (C) Plot of the 

max pm shift of aPC binding at each of the concentration steps. The plots of aPC-Nanodisc binding 

were fit according to Equation III.1. (D) The Kd values determined for aPC binding to each type 

of Nanodiscs. Kd of aPC binding to PS-containing Nanodiscs are shown in red and PA-containing 

Nanodiscs in green. 
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Figure III.7. Kd values in nM of (A) PT (B) fX (C) fVIIa (D) aPC binding to variable lipid content 

Nanodiscs, as indicated. Each was determined by plotting relative shift of binding vs. 

concentration of protein and fitting to Equation III.1. Error bars represent the standard deviation 

from at least n = 8 microrings in a single detection experiment. 
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Figure III.8. Association and dissociation responses for PT as a function of lipid proportions. 

(A) PT binding and falloff titration, flowed at 10 μL/min. Each dashed line indicated when PT was 

flowed across the surface. Each binding step was run for 5 min and after, the HEPES buffer was 

flowed across the chip surface for 10 min and was then followed by a 5 min HEPES(-) rinse to 

remove any excess protein bound. The grey line represents PT binding to 100% PC Nanodisc, 

orange is PT binding to 70% PS Nanodiscs, green is PT binding to 50% PS Nanodiscs, blue is PT 

binding to 30% PS Nanodiscs, red is PT binding to 10% PS Nanodiscs, pink is PT binding to 30% 

PA Nanodiscs, and violet is PT binding to 50% PA Nanodiscs. (B) PT binding and falloff titration 

controlled for non-specific binding by subtraction of 100% PC Nanodisc binding curves. 
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Figure III.9. koff determination for PT. After collecting the results from the binding and falloff 

titrations, the binding and falloff curves for each type of Nanodisc were stacked. The falloff curves 

were then globally fit using Equation III.2, the red curves are the fits (except for PT-10% PS 

binding where the fit is shown in blue) (A) PT-10% PS Nanodisc  binding and falloff (B) PT-30% 

PS Nanodisc binding and falloff (C) PT-50% PS Nanodisc binding and falloff (D) PT-70% PS 

Nanodisc binding and falloff (E) PT-30% PA Nanodisc binding and falloff (F) PT-50% PA 

Nanodisc binding and falloff. 
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Figure III.10. Real-time resonance shifts measured during the binding and unbinding of PT to 

Nanodiscs with a lipid composition of 50% PS 50% PC. After achieving a stable baseline in buffer, 

PT was introduced at varying conditions at t = 0. After 5 min, the solution was changed to HEPES 

buffer (*) and dissociation was observed. The red traces are fits to the dissociation phase obtained 

by globally fitting all concentrations using Equation III.2. 
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Figure III.11 Association and dissociation responses for fX as a function of lipid proportions. 

(A) fX binding and falloff titration, flowed at 10 μL/min. Each dashed line indicated when fX was 

flowed across the surface. Each binding step was run for 5 min and after, the HEPES buffer was 

flowed across the chip surface for 10 min and was then followed by a 5 min HEPES(-) rinse to 

remove any excess protein bound. The grey line represents fX binding to 100% PC Nanodisc, 

orange is fX binding to 70% PS Nanodiscs, green is fX binding to 50% PS Nanodiscs, blue is fX 

binding to 30% PS Nanodiscs, red is fX binding to 10% PS Nanodiscs, pink is fX binding to 30% 

PA Nanodiscs, and violet is fX binding to 50% PA Nanodiscs. (B) fX binding and falloff titration 

controlled for non-specific binding by subtraction of 100% PC Nanodisc binding curves. 
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Figure III.12. koff determination for fX. After collecting the results from the binding and falloff 

titrations, the binding and falloff curves for each type of Nanodisc were stacked. The falloff curves 

were then globally fit using Equation III.2, the red curves are the fits (except for fX-10% PS 

binding where the fit is shown in blue) (A) fX-10% PS Nanodisc binding and falloff (B) fX-30% 

PS Nanodisc binding and falloff (C) fX-50% PS Nanodisc binding and falloff (D) fX-70% PS 

Nanodisc binding and falloff (E) fX-30% PA Nanodisc binding and falloff (F) fX-50% PA 

Nanodisc binding and falloff. 
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Figure III.13. Association and dissociation responses for fVIIa as a function of lipid 

proportions. (A) fVIIa binding and falloff titration, flowed at 5 μL/min. Each dashed line 

indicated when fVIIa was flowed across the surface. Each binding step was run for 5 min and after, 

the HEPES buffer was flowed across the chip surface for 15 min and was then followed by a 5 

min HEPES(-) rinse to remove any excess protein bound. The grey line represents fVIIa binding 

to 100% PC Nanodisc, orange is fVIIa binding to 70% PS Nanodiscs, green is fVIIa binding to 

50% PS Nanodiscs, blue is fVIIa binding to 30% PS Nanodiscs, red is fVIIa binding to 10% PS 

Nanodiscs, pink is fVIIa binding to 30% PA Nanodiscs, and violet is fVIIa binding to 50% PA 

Nanodiscs. (B) fVIIa binding and falloff titration controlled for nonspecific binding by subtraction 

of 100% PC Nanodisc binding curves. 
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Figure III.14. koff determination for fVIIa. After collecting the results from the binding and falloff 

titrations, the binding and falloff curves for each type of Nanodisc were stacked. The falloff curves 

were then globally fit using Equation III.2, the red curves are the fits (except for fVIIa-10% PS 

binding where the fit is shown in blue) (A) fVIIa-10% PS Nanodisc binding and falloff (B) fVIIa-

30% PS Nanodisc binding and falloff (C) fVIIa-50% PS Nanodisc binding and falloff (D) fVIIa-

70% PS Nanodisc binding and falloff (E) fVIIa-30% PA Nanodisc binding and falloff (F) fVIIa-

50% PA Nanodisc binding and falloff. 
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Figure III.15. Association and dissociation responses for aPC as a function of lipid 

proportions. (A) aPC binding and falloff titration, flowed at 5 μL/min. Each dashed line indicated 

when aPC was flowed across the surface. After a 5 min binding step, the HEPES buffer was flowed 

across the chip surface for 15 min and was then followed by a 5 min HEPES(-) rinse to remove 

any excess protein bound. The grey line represents aPC binding to 100% PC Nanodisc, orange is 

aPC binding to 70% PS Nanodiscs, green is aPC binding to 50% PS Nanodiscs, blue is aPC binding 

to 30% PS Nanodiscs, red is aPC binding to 10% PS Nanodiscs, pink is aPC binding to 30% PA 

Nanodiscs, and violet is aPC binding to 50% PA Nanodiscs. (B) aPC binding and falloff titration 

controlled for non-specific binding by subtraction of 100% PC Nanodisc binding curves. 
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Figure III.16. koff determination for aPC. After collecting the results from the binding and falloff 

titrations, the binding and falloff curves for each type of Nanodisc were stacked. The falloff curves 

were then globally fit using Equation III.2, the red curves are the fits (except for aPC-10% PS 

binding where the fit is shown in blue) (A) aPC-10% PS Nanodisc binding and falloff (B) aPC-

30% PS Nanodisc binding and falloff (C) aPC-50% PS Nanodisc binding and falloff (D) aPC-70% 

PS Nanodisc binding and falloff (E) aPC-30% PA Nanodisc binding and falloff (F) aPC-50% PA 

Nanodisc binding and falloff. 

 

  



114 

 

 

Figure III.17. The koff values in min-1 of (A) PT (B) fX (C) fVIIa (D) aPC binding to variable lipid 

content Nanodiscs, as indicated. The koff each protein-Nanodiscs was determined by stacking the 

association and dissociation curves of different protein concentrations to a single lipid composition 

and fitting protein dissociation curves to Equation III.2. Error bars represent the standard 

deviation from at least n = 8 microrings in a single detection experiment.  
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TABLES 

Table III.1. Kd values for 50% PS and 50% PA Nanodiscs* under different conditions. 

 

Error represents standard deviation from at least n = 12 microrings in a single detection 

experiment. 

 

*Nanodiscs were made with the MSP1E3D1 construct, which yields Nanodiscs that are roughly 

twice as large as the MSP1D1 Nanodiscs used in the full array-based measurements. 

Measurements were also performed using completely different lots of all reagents, which may 

account for variance with values in Table III.2. Interestingly, the ratio of Kd values from Table 

III.2 (with MSP1D1 Nanodiscs) and Table III.1 for identical disc composition and without Ca2+ 

in the spotting buffer is nearly identical (3.27 for 50% PS and 3.22 for 50% PA), which suggests 

a systematic offset. 
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Table III.2. Kd values (in nM) of PT, fX, fVIIa, and aPC. 

 

Error represents standard deviation from at least n = 8 microrings in a single detection experiment. 
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Table III.3. koff values of PT, fX, fVIIa, and aPC. 

 

 
Error represents standard deviation from at least n = 8 microrings in a single detection experiment. 
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CHAPTER IV 

 

Phosphatidylethanolamine-Phosphatidylserine Binding Synergy of Seven Coagulation 

Factors Revealed Using Nanodisc Arrays on Silicon Photonic Sensors 

 

 

Abstract 

Blood coagulation is regulated through protein-protein and protein-lipid interactions that occur 

at the sub-endothelium following vascular damage. Soluble clotting proteins bind to membrane 

components in a phosphatidylserine (PS) dependent manner to assemble multi-protein complexes 

that regulate clot formation; however, PS is of limited abundance physiologically. In this 

manuscript, we investigate synergy between PS and phosphatidylethanolamine (PE)—a lipid of 

much higher abundance naturally. Using a label-free, silicon photonic technology, we constructed 

arrays of Nanodiscs having variable lipid composition and probed the binding interactions of seven 

different clotting factors with GLA domains that have never been studied in tandem experiments 

before. The factors studied were prothrombin, activated factor VII, factor IX, factor X, activated 

protein C, protein S, and protein Z. Equilibrium dissociation constants (Kd) for each coagulation 

factor binding to Nanodiscs with unique compositions of PE and PS were determined. While all 

factors showed greater binding affinities in the presence of PS and PE, the most dramatic 

improvements in binding were observed when PS quantities were lowest. This demonstrates that 

synergy is effective in promoting coagulation factor binding under physiological lipid 

compositions, as opposed to the artificially high PS content probed in most in vitro activity studies. 
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1. Introduction 

The phospholipid content of the cell membrane is a key regulator of the blood coagulation 

cascade.1,2 Exposure of tissue factor and the negatively charged lipid, phosphatidylserine (PS), via 

cell membrane damage is one of the initiating factors of the cascade.3,4 The majority of steps in 

the clotting cascade occur at the membrane surface and involve multiple PS lipid-binding 

proteins.4 The most common PS-binding domain found in both pro- and anti-coagulant factors is 

the γ-carboxyglutamic acid-rich GLA domain located at the N-terminus of these proteins 

[Procoagulants: factor VII (fVII); factor IX (fIX); factor X (fX); and prothrombin (PT). 

Anticoagulants: activated protein C (aPC); protein S (PrS); and protein Z (PrZ).] The GLA domain 

reversibly binds to PS lipids in a calcium dependent manner.4 While the structures of the GLA 

domains are highly conserved, they display membrane binding affinities that vary by more than 

two orders of magnitude,2,4 which suggests differences in the lipid binding preferences of each. 

Even though PS lipids are necessary for optimal activity of many clotting factors, they only 

constitute ~12% of the phospholipid content of the cell membrane,5 which is much lower than 

what is required for optimal procoagulant activity of activated fVII (fVIIa) in vitro (~30% PS in 

liposomes).1 Previous studies have shown that lipid composition influences the binding and 

activity of GLA domain-containing clotting proteins. For example, even though GLA domains of 

clotting proteins are structurally and compositionally homologous, aPC and fVIIa bind 

phosphatidic acid (PA) lipids much more tightly than PS lipid.2 Maximal rates of activation of fX 

by fVIIa bound to tissue factor,6–8 of activation of prothrombin by fXa bound to factor Va,9, and 

of inactivation of factor Va by aPC10, have been reported to require much less PS when membranes 

also contain phosphatidylethanolamine (PE). This phenomenon has been termed PE-PS synergy. 

The “Anything But Choline” (ABC) hypothesis explains PE-PS synergy by stating that almost any 

phospholipid, other than those with choline head groups, can work cooperatively with PS lipids to 

greatly reduce the amount of PS required for binding and activation of clotting proteins.8 PE 

comprises ~25% of the phospholipid content of the plasma membrane and is normally sequestered, 

along with PS, in the inner leaflet of the bilayer.5 Cell membrane damage exposes both PE and PS 

to support of blood coagulation reactions, showing physiological relevance for PE-PS synergy. 
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Since most of the previous work on PE-PS synergy focused on enzyme activity assays using 

membrane-bound enzyme, cofactors, and substrates, it is not clear which of the proteins within 

these multi-protein complexes actually exhibited enhanced membrane binding in the presence of 

PE. This is especially important since some of the proteins in these complexes (e.g., factors Va 

and VIIIa), bind to PS in membrane surfaces via discoidin-type C2 domains, not GLA domains.4 

In fact, to date, the only GLA domain-containing protein whose binding to membrane surfaces has 

been directly shown to be enhanced by PE is fX, raising the question of how generally PE-PS 

synergy promotes the binding of GLA domain-containing proteins.  

The aim of this study was to comprehensively and quantitatively evaluate the degree to which 

PE-PS lipid synergy enhances membrane binding of all seven GLA domain-containing proteins of 

the clotting cascade in tandem experiments. As a model membrane system, Nanodiscs were 

constructed to present well-defined, variable lipid compositions. Nanodiscs are small lipid bilayer 

discs held together by two membrane scaffold proteins (MSPs) that offer a high degree of control 

over lipid composition.11,12 Nanodiscs have proven to be a useful tool in the study of membrane-

lipid interactions of the blood coagulation cascade.1,2,8 Various Nanodisc were spatially arrayed 

onto a label-free and highly multiplexable silicon photonic detection platform to allow in series 

determination of binding constants (Figure IV.1). Recently, we demonstrated the ability to utilize 

this combination of Nanodiscs and microring resonator sensors for high-throughput interrogation 

of protein binding to model membrane surfaces,13,14 including coagulation factors, PT, fX, fVIIa, 

and aPC. This work demonstrated that binding interactions can be rapidly probed simultaneously 

with reduced time and reagent consumption compared to conventional methods. Herein, we further 

extend this technology to probe the binding interactions of all seven GLA domain-containing 

coagulation factors to Nanodiscs presenting defined ratios of PS and PE. These experiments were 

performed in series on a single array of Nanodiscs to eliminate environmental changes day-to-day 

that can result in variation in array formation. Thus, providing an optimal surface for direct 

comparison of binding improvements due to lipid composition. 

More specifically, we determined Kd values for fVIIa, fIX, fX, PT, aPC, PrS, and PrZ binding 

to Nanodiscs at eight distinct lipid compositions. We directly compared Kd values of binding to 

Nanodiscs of 10, 25, 40 and 50% PS to Nanodiscs containing 10% PS/40% PE, 25% PS/25% PE, 

and 40% PS/10% PE, or 50% PE. The balance in all Nanodiscs was made up with non-interacting 
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phosphatidylcholine (PC) lipids. Utilizing silicon photonic microring resonators as our sensing 

platform, we have shown that sequential titrations can be performed on a Nanodisc array surface.14 

Thus, experiments with each clotting factor were performed sequentially on the same Nanodisc 

array surface to eliminate day-to-day variation observed with other experimental setups. 

We found that PE had a significant effect on Kd, driving much tighter binding of all factors to 

the model membrane surface. Using these calculated Kd values, we quantitated the fold-change in 

binding due to the addition of PE to PS. Interestingly, the magnitude of binding improvement was 

greatest at the lowest PS contents, consistent with physiological lipid abundances. This synergistic 

improvement in binding was more striking for the clotting proteins that showed poorest binding to 

PS alone which have not been shown to observe this synergy—fVIIa, PrZ, and aPC. These proteins 

yield very high (or unmeasurable) Kd values (poor binding) at near physiological PS content and 

therefore PE-PS synergy appears essential for regulation of coagulation. This work offers a 

comprehensive and quantitative view of the synergistic influence of PE on binding of clotting 

cascade proteins across all seven GLA domain-containing clotting proteins and is a high-

throughput complement to activity-based studies of their pro- and anticoagulant activities 

modulated by protein-lipid interactions. 

2. Materials and Methods 

Chemicals and reagents 

Lipids presenting phosphocholine (POPC; 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine), phosphoserine (POPS; 1-palmitoyl-2-oleoyl-sn-glycero-2-phosphoserine), and 

phosphoethanolamine (DOPE; 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine) head groups 

were purchased from Avanti Polar Lipids (Alabaster, AL). MSP1E3D1 was expressed in E. coli 

and purified as described previously.12 Human fVIIa, fX, PT, aPC, and PrZ were purchased from 

Enzyme Research Laboratories Inc. (South Bend, IN). Human fIX and PrS were purchased from 

Haematologic Technologies (Essex Junction, VT). Amberlite XAD-2 hydro-phobic beads and all 

other chemicals were purchased from Sigma Aldrich (St. Louis, MO) and used as received unless 

otherwise noted. Buffers were prepared with 18.2 MΩ water and sterile filtered prior to use. 

Solution preparation  
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Nanodisc solutions were prepared in a TBS buffer (20 mM Tris-HCl, 100 mM NaCl, and 

0.01% (w/v) NaN3; pH 7.4). PT, fIX, and fX solutions were prepared in a HEPES buffer (10 mM 

HEPES, 150 mM NaCl, 50 μM EDTA, 2.5 mM CaCl2, 0.1% (w/v) PEG 8000; pH 7.4). Solutions 

of fVIIa, aPC, PrS, and PrZ were prepared in HEPES buffer with 0.2% (w/v) BSA. The HEPES 

rinse buffer (HEPES(-)) for surface regeneration was made without CaCl2. 

Nanodisc preparation and purification 

Nanodisc preparation and purification has been described in detail previously.11,12,15 Briefly, 

lipids solubilized in chloroform were measured into test tubes and dried under nitrogen. For 

Nanodiscs containing mixtures of POPS, DOPE, and/or POPC, the lipids were mixed at defined 

ratios prior to drying. After drying, lipids were placed in a desiccator, under vacuum overnight. 

Once completely dry, lipids were dissolved in TBS buffer with 100 mM deoxycholate to give a 

final molar ratio of 2:1 dexoycholate:phospholipids. Dissolved lipids were then combined with 

MSP1E3D1 in TBS to give a final molar ratio of 135:1 phospholipid:MSP. The solution of MSP 

and lipids was actively mixed at 4˚C for approximately 1 hr. Amberlite XAD-2 hydrophobic beads 

were then added to the MSP/lipid solution with the amount of bead solution being half the total of 

the MSP/lipid solution volume. This combined solution was then mixed for approximately 1.5 

hour at 4˚C. Amberlite XAD-2 hydrophobic beads were then removed by filtering through a 0.22 

μm syringe filter. Nanodiscs were then purified using size exclusion chromatography using a 

Superdex 200 column (GE). 

 

Silicon photonic microring resonators 

The Maverick M1 optical scanning instrumentation and microring resonator sensor chips were 

purchased from Genalyte, Inc. (San Diego, CA). The operation of the instrument has been 

previously described.16–20 The sensor chips were each 4 mm x 6 mm and contained 128, 30-μm 

diameter active sensor microrings arranged in clusters of four, plus four temperature control 

microrings and two dedicated to detecting leaks from the microfluidic gasket positioned atop the 

sensor chip during microring detection experiments. 

Sensor chip array functionalization 
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Prior to use, sensor chips were placed in a vial of acetone for 2 min with gentle agitation. 

Sensor chips were then transferred to a vial of isopropanol for 2 min. After the sensor chips had 

been dried with N2, between 0.1 and 0.2 L of each type of Nanodisc were spotted at 0.5 μM. A 

spotting map showing the arrangement of the Nanodisc solutions on the sensor substrate is shown 

in Figure 4.1. After spotting, chips were stored in a humidity chamber at 4°C for at least 1 hour 

before use. 

Protein binding titrations  

Laser-cut Mylar gaskets to direct fluid flow across the chip were aligned onto the 

functionalized sensor chips, assembled into a Teflon cartridge, and loaded into the sensor scanner 

instrument. A 2% solution of BSA in HEPES(-) buffer was first flowed across the chip surface at 

10 μL/min to prevent the non-specific binding of proteins. For Kd determination titrations, the 

proteins were flowed across the chip in increasing concentrations at 10 μL/min and the response 

allowed to approach steady state before the next solution injection. Following each titration, all of 

the coagulation factors were released from the surface by flowing HEPES(-) buffer solution. The 

titration was then performed for the next protein.  

Data analysis  

Data analysis was performed using custom R scripts in RStudio. Sensor traces were corrected 

for temperature fluctuations and any residual non-specific binding by subtraction of response of 

100% PC Nanodiscs. The maximum shift for each protein concentration was calculated by 

subtracting the relative shift (Δpm) at the equilibration point for HEPES buffer (at 10 minutes) 

from the relative shift (Δpm) at equilibration for each protein concentration (the curve plateau). 

This maximum shift is plotted versus the protein concentration for fitting to the single-site ligand 

binding equation in order to determine Kd values: 

 Δpm = 𝐵𝑚𝑎𝑥 (
𝑋

𝐾𝑑+𝑋
)     (IV.1) 

where X is the concentration of protein, Bmax is the maximum binding shift, and Kd is the 

equilibrium dissociation constant. Fold-changes were calculated as ratios of Kd values without PE 

to those with PE, at each identical PS content. Standard errors in the ratios were determined based 

on Fieller’s Theorem with independent values.21 
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3. Results and Discussion 

Sensor array layout 

PS lipids are necessary for binding of GLA domain-containing clotting proteins to membranes, 

yet PS constitutes only ~12% of the phospholipid content of the plasma membrane.5 Due to the 

fact that PE is one of the most abundant phospholipids in the membrane (~25%), it has the potential 

to play a significant supporting role to PS lipids in clotting protein binding and activation, 

especially for those proteins with low PS binding affinity. In order to assess the influence of PE 

lipids on binding, the equilibrium dissociation constants, Kd values, of fVIIa, fIX, fX, PT, aPC, 

PrS, and PrZ, were determined for eight different lipid compositions using the  same Nanodisc 

microarray to prevent experiment to experiment variation. The lipid compositions included four 

binary mixtures of PS and PC (10, 25, 40, and 50% PS with the balance PC), one binary mixture 

of PE and PC (50% PE and 50% PC), three ternary mixtures of PS, PE, and PC (10%/40%/50%, 

25%/25%/50%, and 40%/10%/50% PS/PE/PC, respectively), and 100% PC as an off-target 

control. Figure IV.1B shows the layout of the spotted Nanodisc array sensor chip. 

Effect of lipid composition on Kd values for membrane binding of all 7 Gla-domain containing 

clotting proteins  

Binding titrations for each protein were sequentially performed to determine the Kd values 

across each of the eight different lipid compositions. As an example, the binding titration of fVIIa, 

monitored in real time via a shift in the resonant wavelength of the microring sensors on the 

Nanodisc-arrayed sensor chip is presented in Figure IV.2A. The concentration of fVIIa was 

increased in a stepwise fashion from 50 to 4000 nM. The titration shows preferential binding of 

fVIIa to PS-containing bilayers when PE lipids were also present in the Nanodiscs. At the end of 

the titration, HEPES(-) was flowed across the surface to regenerate a clean Nanodisc array for the 

next protein titration in the sequence. The 100% PC lipid Nanodiscs were used as a control due to 

the lack of specific binding of GLA domains to PC-Nanodiscs. For data analysis, the minimal 

binding of fVIIa to the PC-Nanodisc functionalized rings was subtracted to correct for any 

nonspecific binding. The maximum shift at each step of the titration versus concentration were 

then fit with a single-site binding model (Figure IV.2B). The titration experiments that were used 

in Kd determination for the other six clotting factors are shown in Figures IV.3-8. 
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 The dissociation constant, Kd, for a binding event is defined as the concentration at which half 

of the binding sights in an interaction are occupied. Therefore, the lower Kd value for an 

interaction, the less analyte is needed to occupy these sites and the higher affinity the analyte has 

for the binding interaction. Here, Kd is measured directly using single-site ligand binding equation, 

but this value can also be calculated from the on- and off-rates (kon and koff) for a binding and 

dissociation event. Using this method, the ratio of the koff/kon is used to determine Kd. The rate 

constant definition still shows increased binding affinity with decreasing Kd since this would 

mathematically translate to a slower off-rate or a faster on-rate which correlate to a favored binding 

state. Conversely, an increase in Kd between interactions show that the binding even is less 

favorable due to the adjusted conditions. Thus, observing interactions between different lipid 

environments and proteins, a low Kd can be used to determine the lipids that the protein has a 

higher affinity for binding.  Figure IV.9 shows a comparison of the Kd values obtained for each 

clotting protein interacting with all tested lipid environments. Note that the x-axis in the figure 

indicates the percentage of PS in each Nanodisc. The blue lines indicate trends in Kd for Nanodiscs 

containing PE and red lines are for Nanodiscs without PE. Table IV.1 contains the numerical 

values for Kd values at each Nanodisc composition. For all seven clotting proteins, the Kd values 

for binding to Nanodiscs containing PE and PS are lower (stronger binding) compared to those 

with PS but without PE—even at identical total amounts of PS—which is indicative of PE-PS 

synergy. 

 

Quantifying the effect of lipid synergy membrane binding 

The significance of PE lipids’ influence on the binding of the clotting factors to the lipid bilayer 

can be most clearly seen in the cases of fVIIa and aPC, both of which bind relatively poorly to 

PS/PC bilayers. aPC and fVIIa have an even greater binding affinity towards PA lipids,2 but PA 

lipids only constitute 1-2% of the plasma membrane.22 Figure IV.9D and E show the Kd values 

for fVIIa and aPC respectively. aPC binding to Nanodiscs with 10% PS/90% PC was 

unmeasurably weak (Figure IV.6B), but upon addition of 40% PE lipids, binding was clearly 

observed. In fact, the addition of PE resulted in stronger fVIIa binding than for the 25% PS/75% 

PC Nanodiscs. Kd values obtained for fVIIa binding to any ratio of PS to PE lipids were lower than 
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that for 50% PS Nanodiscs. PrS (Figure IV.9F) showed extremely tight PS lipid binding affinity 

for all PS content, with the most dramatic synergy observed at low PS content (10% PS with 40% 

PE). Taken together, it is clear that PS is required for the binding of clotting factors to membrane 

surfaces; however, the addition of PE, which is in much higher natural abundance compared with 

PS and PA, can dramatically increase the binding affinities through synergistic effects. Further 

measurements that examine higher order lipid mixtures using this high-density sensor array 

technology could give additional insights into more complex synergistic binding interactions that 

help regulate coagulation in vitro.  

Overall, the data collected from the binding titrations of the seven GLA domain-containing 

clotting proteins demonstrated that inclusion of PE lipids reduced the concentration of PS lipids 

needed for the strongest binding affinities. This work complements previous studies6–10 that 

examined the synergistic effect of PE lipids to support activity of clotting proteins. The correlation 

of Kd values with the activity suggests that PE synergizes with PS to improve the binding and 

potentially enhance the activity of all GLA domain-containing clotting proteins under conditions 

of low PS content. While PE affected the binding of all the proteins within this study, the 

magnitude of PE-PS synergy varied. To more clearly show these differences, Figure IV.10 shows 

the relative enhancement of binding affinity via the inclusion of PE for each given PS 

concentration. This also nicely highlights that the synergy is most effective at low PS 

compositions, which is important as these are the most physiologically relevant lipid compositions 

in the array. 

4. Conclusion 

Here, we utilized a high-throughput approach to rapidly screen the binding of all seven GLA 

domain-containing coagulation factors (fVIIa, fIX, fX, PT, aPC, PrS, and PrZ) interacting with 

Nanodiscs with nine different combinations of PS, PE, and PC lipids. This comprehensive study 

affirms previous observations of PE-PS synergy for some of these proteins from activity-based 

assays, but also reveals new protein-lipid synergies. Importantly, this platform allows for internally 

controlled measurements since the same sensor array can be regenerated and the measurements 

are performed under identical conditions in a single day. Furthermore, different magnitudes of 

synergy were observed for different clotting proteins which have never been compared before. The 
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enhancements in binding affinity were more pronounced at lower PS contents, which are most 

similar to true in vivo lipid compositions. This is in contrast to most in vitro experiments that use 

extremely high amounts of PS in both binding and activity assays. These observations of PE-PS 

synergy with all GLA domain-containing blood coagulation factors have been performed on model 

membrane mimetics in vitro; thus, the application shows the ability to characterize biological 

interactions but is not able to accurately depict what is occurring in the endothelium. However, 

this quantitative look at lipid synergy with PS and PE provides biological understanding to the 

lipid binding affinity of the GLA domain and different the binding affinity differences between 

GLA domain-containing proteins. In the future, more complex, multi-component mixtures can be 

explored to reveal more nuanced binding synergies. Furthermore, other PS-binding proteins such 

as Matrix GLA protein, Growth-Arrest-specific protein 6, factor VII and factor VIII could be 

investigated to see if these non-clotting factor proteins exhibit similar PE-PS binding synergies. 
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FIGURES 

 

Figure IV.1. Nanodisc array setup. (A) Schematic of Nanodisc physisorption to a microring 

resonator. The MSP (purple) stabilizes the lipids (PC: yellow; PS: red; and PE: blue) to form the 

Nanodisc bilayer mimetic. Note: the schematic is not to scale. The microring resonator is 30 µm 

in diameter while the Nanodiscs are about 13 nm in diameter and 5 nm in thickness.   (B) Spotting 

layout of the sensor chip for protein titrations. The flow path for experiments is shown in light 

blue. 
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Figure IV.2. Titration and binding curves for factor VIIa. (A) Binding titration of activated 

factor VII (fVIIa) to Nanodiscs of the eight different lipid compositions 10% PS (red), 25% PS 

(blue), 40% PS (green), 50% PS (purple), 10% PS/40% PE (orange),  25% PS/25% PE (yellow), 

40% PS/10% PS (brown), and 50% PE (pink), with  the lipid balance of PC lipids. In all cases, 

background binding to 100% PC Nanodiscs was subtracted to correct for non-specific interactions. 

Dashed lines indicate time points where a new concentration of fVIIa was added (ranging from 50 

to 4000 nM). The * marks the transition to HEPES buffer, and ** marks the transition to HEPES(-

) to initiate surface regeneration. (B) Relative resonance wavelength shift as a function of fVIIa 

concentration for each Nanodisc type. Equation IV.1 was used for fitting. Error bars represent 

standard deviation of at least n = 4 microrings. 
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Figure IV.3. Prothrombin (PT) binding titration and Kd determination. For Kd determination, 

PT was flowed across a sensor chip, (Figure IV.1). The concentrations of PT used were 2 nM, 5 

nM, 10 nM, 25 nM, 50 nM, 100 nM, 300 nM, 500 nM, 1000 nM, and 2000 nM. (A) The PT binding 

response during a titration, flowed at 10 μL/min. Subtraction of binding to 100% PC Nanodiscs 

was used to correct for nonspecific binding. Each trace depicts the average binding response to a 

different Nanodisc: 10% PS (red), 10% PS 40% PE (orange), 25% PS (blue), 25% PS 25% PE 

(yellow), 40% PS (green), 40% PS 10% PS (brown), 50% PE (pink), and 50% PS (purple) all made 

with PC as the balance. The dashed lines indicate the addition of a new concentration of PT, the 

*marks the transition to HEPES buffer, and ** marks the transition to HEPES(-). (B) The maximal 

shift of PT binding vs PT concentration fit to Equation IV.1 for each type of Nanodisc used.  
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Figure IV.4. Factor X (fX) binding titration and Kd determination. For Kd determination, fX 

was flowed across a sensor chip, (Figure IV.1). The concentrations of fX used were 2 nM, 5 nM, 

10 nM, 25 nM, 50 nM, 100 nM, 300 nM, 500 nM, 1000 nM, and 2000 nM. (A) The fX binding 

response during a titration, flowed at 10 μL/min. Subtraction of binding to 100% PC Nanodiscs 

was used to correct for nonspecific binding. Each trace depicts the average binding response to a 

different Nanodisc: 10% PS (red), 10% PS 40% PE (orange), 25% PS (blue), 25% PS 25% PE 

(yellow), 40% PS (green), 40% PS 10% PS (brown), 50% PE (pink), and 50% PS (purple) all made 

with PC as the balance. The dashed lines indicate the addition of a new concentration of fX, the 

*marks the transition to HEPES buffer, and ** marks the transition to HEPES(-). (B) The maximal 

shift of fX binding vs fX concentration fit to Equation IV.1 for each type of Nanodisc used.  
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Figure IV.5. Factor IX (fIX) binding titration and Kd determination. For Kd determination, 

fIX was flowed across a sensor chip, (Figure IV.1). The concentrations of fIX used were 10 nM, 

25 nM, 50 nM, 100 nM, 300 nM, 500 nM, 1000 nM, and 2000 nM. (A) The fIX binding response 

during a titration, flowed at 10 μL/min. Subtraction of binding to 100% PC Nanodiscs was used 

to correct for nonspecific binding. Each trace depicts the average binding response to a different 

Nanodisc: 10% PS (red), 10% PS 40% PE (orange), 25% PS (blue), 25% PS 25% PE (yellow), 

40% PS (green), 40% PS 10% PS (brown), 50% PE (pink), and 50% PS (purple) all made with PC 

as the balance. The dashed lines indicate the addition of a new concentration of fIX, the *marks 

the transition to HEPES buffer, and ** marks the transition to HEPES(-). (B) The maximal shift 

of fIX binding vs fIX concentration fit to Equation IV.1 for each type of Nanodisc used.  

  



137 

 

 

Figure IV.6. Activated protein C (aPC) binding titration and Kd determination. For Kd 

determination, aPC was flowed across a sensor chip, (Figure IV.1). The concentrations of aPC 

used were 10nM, 50 nM, 100 nM, 500 nM, 1000 nM, 2000 nM, and 4000 nM. (A) The aPC binding 

response during a titration, flowed at 10 μL/min. Subtraction of binding to 100% PC Nanodiscs 

was used to correct for nonspecific binding. Each trace depicts the average binding response to a 

different Nanodisc: 10% PS (red), 10% PS 40% PE (orange), 25% PS (blue), 25% PS 25% PE 

(yellow), 40% PS (green), 40% PS 10% PS (brown), 50% PE (pink), and 50% PS (purple) all made 

with PC as the balance. The dashed lines indicate the addition of a new concentration of aPC, the 

*marks the transition to HEPES buffer, and ** marks the transition to HEPES(-). (B) The maximal 

shift of aPC binding vs aPC concentration fit to Equation IV.1 for each type of Nanodisc used.  
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Figure IV.7. Protein S (PrS) binding titration and Kd determination. For Kd determination, PrS 

was flowed across a sensor chip, (Figure IV.1). The concentrations of PrS used were 10 nM, 25 

nM, 50 nM, 100 nM, 300 nM, 500 nM, 1000 nM, 2000 nM, and 4000 nM. (A) The PrS binding 

response during a titration, flowed at 10 μL/min. Subtraction of binding to 100% PC Nanodiscs 

was used to correct for nonspecific binding. Each trace depicts the average binding response to a 

different Nanodisc: 10% PS (red), 10% PS 40% PE (orange), 25% PS (blue), 25% PS 25% PE 

(yellow), 40% PS (green), 40% PS 10% PS (brown), 50% PE (pink), and 50% PS (purple) all made 

with PC as the balance. The dashed lines indicate the addition of a new concentration of PrS, the 

*marks the transition to HEPES buffer, and ** marks the transition to HEPES(-). (B) The maximal 

shift of PrS binding vs PrS concentration fit to Equation IV.1 for each type of Nanodisc used.  
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Figure IV.8. Protein Z (PrZ) binding titration and Kd determination. For Kd determination, 

PrZ was flowed across a sensor chip, (Figure IV.1). The concentrations of PrZ used were 10 nM, 

25 nM, 50 nM, 100 nM, 300 nM, 500 nM, 1000 nM, 2000 nM, and 4000 nM. (A) The PrZ binding 

response during a titration, flowed at 10 μL/min. Subtraction of binding to 100% PC Nanodiscs 

was used to correct for nonspecific binding. Each trace depicts the average binding response to a 

different Nanodisc: 10% PS (red), 10% PS 40% PE (orange), 25% PS (blue), 25% PS 25% PE 

(yellow), 40% PS (green), 40% PS 10% PS (brown), 50% PE (pink), and 50% PS (purple) all made 

with PC as the balance. The dashed lines indicate the addition of a new concentration of PrZ, the 

*marks the transition to HEPES buffer, and ** marks the transition to HEPES(-). (B) The maximal 

shift of PrZ binding vs PrZ concentration fit to Equation IV.1 for each type of Nanodisc used. 
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Figure IV.9. Comparison of Kd values from binding. (A) PT, (B) fX, (C) fIX, (D) fVIIa, (E) 

aPC, (F) PrS, and (G) PrZ to Nanodiscs with (blue) and without (red) PE lipids. Kd values are 

plotted as a function of percent PS where the PS + PE lipid composition is equal to 50% for the 

PE lipid containing Nanodiscs. Each was determined by plotting relative shift of binding vs. 

concentration of protein and fitting to Equation IV.1. Error bars represent the standard deviation 

from at least n = 4 microrings. Kd values for 50% PE/50% PC are not shown in the graphs due to 

the large error from the poor binding to this lipid environment by each clotting factor. # aPC 

binding to 10% PS without PE was too weak to calculate Kd. 
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Figure IV.10. Affinity increase (Kd decrease) due to PE-PS synergy. These values were 

calculated by taking the ratio of Kd values without PE to those with PE. The dashed line represents 

no change in Kd with the addition of PE. Error bars represent standard error in calculating the ratio 

of these two values.21 # Fold-change unable to be calculated since aPC binding to 10% PS without 

PE was too weak to measure. 
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TABLES 

Table IV.1. Kd values in nM of PT, fX, fIX, fVIIa, aPC, PrZ, and PrS.  

 

Error represents standard deviation from at least n = 4 microrings in a single detection experiment. 

NA values were unable to be calculated. 
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CHAPTER V 

 

DNA-Tethered Nanodisc Arrays for Quantitative Characterization of Blood Coagulation 

Factor Lipid-Protein and Membrane Protein-Protein Interactions on Silicon Photonic 

Microring Resonators 

 

 

Abstract 

Initiation, propagation, and amplification of the blood coagulation cascade is reliant on lipid-

protein interactions. These interactions are governed by soluble blood coagulation factors 

containing regions rich in γ-carboxyglutamate termed GLA domains. We have previously 

characterized GLA domain interactions with Nanodiscs on silicon photonic microring resonators 

by generating electrostatic Nanodisc arrays. This technique provides a simple, label-free method 

for comparison between environments in a single experiment but lacks control over Nanodisc 

orientation on the sensor surface.  This lack of orientation control shows differences in surface 

functionalization when the Nanodisc environment varies in charge. To control the loading of 

Nanodiscs, we have covalently labeled MSP with DNA tags for assembly of labeled Nanodiscs. 

This DNA tethered Nanodisc anchoring to the surface provides unhindered access to incorporated 

membrane proteins; thus, allowing for characterization of up to 30 different membrane protein 

environments in a single experiment. DNA-tagged Nanodiscs loading on the sensor surface is 

observable for quantitation of lipid environment coverage to calculate protein binding per leaflet. 

Herein, we compare binding of the GLA domain-containing blood coagulation factor prothrombin 

to Nanodiscs arrayed on silicon photonic microring resonators using DNA-tagging and 

physisorption to show the optimization to lipid environment array generation that DNA-tagging 

provides. The lipid binding differences between GLA domains of prothrombin and factor X (fX) 
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are then compared to the discoidin C2 domain of factor Va through calculation of dissociation 

constants and protein binding per Nanodisc leaflet. To demonstrate the environment variation 

potential using DNA-tagged Nanodiscs, wildtype tissue factor (TF) binding was characterized with 

fX and factor IX (fIX) in various lipid environments. Here, we observed that lipids play a key role 

in selective association between fX and fIX to the membrane for interactions with TF without 

fVIIa.  

1. Introduction 

Membranes play essential roles in cellular processes such as cell signaling, trafficking, and 

compartmentalization. Even though membrane proteins make up 23% of the proteome,1 over 60% 

of drugs are designed to target these proteins.2 Therefore, characterization of the membrane 

environment and membrane proteins is crucial to understanding physiological processes and 

designing therapeutics. Interactions between proteins and lipids rely on electrostatic attraction and 

binding domains with almost exclusively involving acidic phospholipids as targets.3,4 The driving 

forces are due to either high chemical or stereo-specificity, physical properties like charge or 

membrane curvature, or second messengers such as calcium ions. This complex environment of 

lipid-protein and membrane protein-protein interactions shows the need for a highly multiplexable 

technique to efficiently screen variables such as membrane environment and protein mutations for 

adequate characterization. 

There are many characterization techniques for membrane protein interactions,5 but not all of 

these techniques accurately portray the physiological membrane environment. Use of a bilayer 

membrane mimic is necessary to accurately portray physiological interactions at the membrane 

interface in vitro. One option for a bilayer environment is to use a supported bilayer which are 

easily assembled for surface-sensitive technique characterization.6,7 The disadvantage to this 

technique is the surface restrained nature of the bilayer. This has been overcome by utilizing 

surface tethering,8 but the bilayer surface is still susceptible to defects. Another option is bicelles 

which are lipid aggregates stabilized by short chain phospholipids or detergents.9,10 The main 

limitations to bicelle use for studies is the limited list of lipids and detergents that can be used to 

form the bilayer.11 Liposomes overcome these surface defects and limited reagent use by forming 

spherical bilayer vesicles by mechanical and chemical means.12,13 However, strategic filtration 
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methods need to be employed to ensure an even distribution of liposome size, and they are prone 

to aggregation overtime.  

High-density lipoprotein (HDL) mimetics overcome these limitations by utilizing a stabilizing 

agent such as peptides, polymers, DNA, or proteins to for disc-like bilayers termed “nanodiscs.”  

These stabilizing agents are designed to be chemically similar to apolipoprotein A-I (apoA-I) 

which is found in biology for cholesterol transport.14–16 Peptide nanodiscs were originally designed 

to characterize apoA-I HDL formation.17–19 Their continued optimization has led to the 

development of treatments for various diseases such as coronary heart 20,21 and cancer.22–26  The 

major limitation to peptide nanodiscs is the inability to control the number of peptides in disc 

formation which prevents control over functional groups for other applications. Polymer nanodiscs 

utilize amphipathic copolymers for HDL formation without the need for detergent.27–31 The use of 

polymer to form nanodiscs does not eliminate the control over functional groups problem with 

peptide nanodiscs. Protein Nanodiscs utilize a membrane scaffold protein (MSP)32 and have been 

extensively characterized to show that each disc contains two MSPs surrounding the lipids.33–35 

This feature makes Nanodiscs an ideal candidate for studying lipid-protein and membrane protein-

protein interactions using a multitude of techniques.36–39 A few noteworthy characterization 

techniques are activity assays,40,41 NMR,42–47 mass spectrometry,48–51 fluorescence resonance 

energy transfer (FRET),34,52–54 fluorescence polarization,55 single Nanodisc array,56 and surface 

plasmon resonance (SPR).57–63 

Nanodiscs have been used to study numerous biological systems, including the extrinsic 

pathway of the blood coagulation cascade. In the extrinsic pathway, tissue damage exposes 

phosphatidylserine (PS) and tissue factor (TF), an integral membrane protein, to the inner blood 

vessel.64 These are key elements for the recruitment and activation of blood coagulation factors 

starting with activated factor VII (fVIIa) to ultimately lead to a blood clot.65 The TF-fVIIa complex 

activates factor X (fX to fXa) and factor IX (fIX to fIXa). Amplification of fXa production occurs 

through the fIXa-fVIIIa (activated factor VIII) complex. The influx of fXa is used to generate the 

prothrombinase complex formed with fXa and activated factor V (fVa) for activation of 

prothrombin (PT) to thrombin.66 Thrombin acts to promote blood clot formation and coagulation 

cascade negative feedback.65 The majority of these complex formations are occurring at the 

membrane interface driven by γ-carboxyglutamate-rich (GLA) domains that selectively bind to PS 
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headgroups using Ca2+ as a second messenger67 or with discoidin C2 domains that bind PS using 

tryptophan.68,69 Nanodiscs have been used to probe the calcium influence on the GLA domains 

using solid-state NMR,70 calculate activities of clotting factors using colormetric assays,71,72 and 

calculate dissociation constants using SPR.73 These binding characterizations have only been 

performed for GLA domain association to PS and for fVIIa to TF.74–76 Interactions with TF and 

fX or fIX have been studied only using activity assays.77,78 

In this space, the Bailey lab has collaborated to expand the multiplexity of the screened 

interactions by utilizing Nanodiscs on silicon photonic microring resonators. This allows for 

reliance on electrostatic interactions between lipid headgroups and the silicon oxide surface to 

generate label-free arrays.79 Physisorbed Nanodisc arrays on silicon photonic microring resonators 

increases the multiplexity up to 9 different lipid environments to be observed in a single 

experiment.80,81 Though physisorption is an easy array generating technique, electrostatic 

interactions are not stable over time and do not provide control over Nanodisc orientation which 

will be more problematic with various charged lipids and incorporation membrane proteins.  

Herein, we have expanded the Nanodisc utility on silicon photonic microring resonators by 

tethering Nanodiscs to the surface using DNA. The conjugation of DNA to MSP is done prior to 

Nanodisc formation and does not negatively affect assembly. DNA arrays are beneficial for their 

stability overtime and quantitation of Nanodisc loading. This technique eliminates lipid charge and 

incorporated protein electrostatic obstacles by tethering the Nanodiscs above the surface for 

monitoring of lipid-protein or membrane protein-protein interactions. To show the benefits of this 

technique, we have compared the loading differences of various lipid composition Nanodiscs using 

physisorption to the control with DNA-tagged Nanodiscs. To show that the technique is not biasing 

the normalization, different loading amounts of the same Nanodisc environment with various DNA 

tags are loaded. These arrays can be used to characterize different binding domains present such 

as the GLA domain of PT or fX and the discoidin C2 domain of Va from the blood coagulation 

cascade. Finally, an array of DNA-tagged Nanodiscs with various lipid environments with and 

without TF were used to characterize fX and fIX binding. 

2. Materials and Methods 

Chemicals and reagents  
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Phosphatidylcholine (PC; 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphochiline), 

phosphatidylserine (PS; 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine), phosphatidic acid 

(PA; 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate), phosphatidylethanolamine (PE; 1,2-

dipalmitoleoyl-sn-glycero-3-phosphoethanolamine), phosphatidylinositol-3,4,5-triphosphate 

(PI(3,4,5)P3; 1,2-dioleoyl-sn-glycero-3-phospho-(1’-myo-inositol-3’,4’,5’-triphosphate), and total 

ganglioside extract (GM) were purchases from Avanti Polar Lipids (Alabaster, AL, USA). 

Chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA) unless otherwise indicated. 

HisPur Ni-NTA (nitrilotriacetic acid) Resin, succinimidyl-[(N-maleimidopropionamido)-

hexaethyleneglycol]ester (SM(PEG)6), AminoLinkTM Plus Immobilization Kit, Pierce BCA 

protein assay kit, and StartingBlockTM (PBS) Blocking Buffer were purchased from ThermoFisher 

Scientific (Waltham, MA, USA). DryCoat Assay Stabilizer was purchased from Virusys 

Corporation (Taneytown, MD, USA). Syringe filters (0.22 μm pore size) and Amberlite® XAD®-

2 beads were purchased from MilliporeSigma (Burlington, MA, USA). Custom DNA 

oligonucleotides were synthesized by Integrated DNA Technologies (IDT, San Jose, CA, USA) 

(See Table V.1 for sequences). MSP1D1 D73C (aspartic acid 73 mutated to cysteine) sequence 

was synthesized and cloned into pET-28a(+) vector by GenScript (Piscataway, NJ, USA). 

Prothrombin and factor X were purchased from Enzyme Research Laboratories (South Bend, IN, 

USA). Factor Va was purchased from Haematologic Technologies, Inc. (Essex Junction, VA, 

USA). MSP1D1, Tissue factor (wildtype and mutants), and HPC4 columns were generously 

provided by the Morrissey Lab (University of Michigan, Department of Biological Chemistry, 

Ann Arbor, MI, USA). 

MSP1D1 D73C expression and purification  

MSP1D1 D73C was expression in BL21-Gold(DE3) competent cells (Agilent, Santa Clara, 

CA, USA) was modified from a previously described protocol.82 Briefly, 50 mL of LB medium 

containing 30 μg/mL kanamycin was inoculated with a single colony and grown at 37°C while 

shaking at 250 rpm overnight. The starting culture was immediately used to inoculate 1 L of TB 

medium containing 10 μg/mL and 0.1-0.2 mL of Antifoam A. The culture was grown at 37°C 

while shaking at 250 rpm until the OD600 reached 0.6-0.8 after about 2-3 hours. Induction with 1 

M IPTG (isopropyl β-D-1-thiogalactopyranoside) was performed at 37°C while shaking at 250 

rpm for 3 hours. Cells were collected by centrifugation at 8k xg for 15 minutes at 4°C. The cell 
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pellet was lysed by sonication in 10 mL of lysis buffer (200 mM sodium phosphate, 1% Triton X-

100, pH 7.4) with the addition of a tablet of cOmplete, EDTA-free Protease Inhibitor Cocktail. 

Clarification was performed at 17k xg for 20 minutes at 4°C. The cleared lysate was loaded onto 

a 3 mL HisPur Ni-NTA column that was washed with 10 column volumes of equilibration buffer 

(40 mM Tris, 300 mM sodium chloride, 1% Triton X-100, pH 8) at 700 xg for 2 minutes at 4°C. 

Washes of the loaded cleared lysate were performed with 10 resin volumes of (1) equilibration 

buffer with 50 mM sodium cholate and 20 mM imidazole and (2) equilibration buffer with 50 mM 

imidazole with the same centrifuge conditions as the column equilibration. Elution was performed 

with equilibration buffer with 500 mM imidazole with pooled fractions of 3 resin volumes while 

monitoring absorbance at 280. Purification was confirmed using SDS-PAGE (4-20%). MSP1D1 

D73C containing elution fractions were concentrated using 10K MWCO concentrators then buffer 

exchanged into standard disc buffer for long storage using desalting columns.  

MSP1D1 D73C conjugation to DNA  

SM(PEG)6 was dissolved in dry DMSO. DNA capture probes (Table V.1) were dissolved in 

phosphate buffer saline (PBS; 10 mM sodium phosphate, 154 mM sodium chloride, pH 7.4) while 

DNA tags for conjugation were dissolved in PBS-8(+) (10 mM PBS, 3 mM EDTA, pH 8). 

Conjugation of DNA tags and SM(PEG)6 was performed at a 10:1 mole ratio of SM(PEG)6 to 

DNA in PBS-8(+) with 20% DMSO mixing at room temperature for 1 hour. Excess SM(PEG)6 

was removed by concentrating and buffer exchanging into PBS-6.5(+) (10 mM PBS, 3 mM EDTA, 

pH 6.5). MSP1D1 D73C in PBS-6.5(+) that was purged with argon for at least 30 minutes then 

incubated at a 10:5:1 mole ratio of sodium cholate to TCEP to MSP1D1 D73C for 15 minutes to 

ensure reduction of disulfide bonds.  DNA was added to the reduced MSP1D1 D73C at a mole 

ratio of 8:1 for 2 hours at room temperature or overnight at 4°C. Removal of excess DNA was 

performed by purification of MSP1D1 D73C using Ni-NTA purification. Purified samples were 

buffer exchanged into SDB (20 mM Tris, 100 mM NaCl, 0.5 mM EDTA, 0.01% NaN3, pH 7.4). 

To confirm conjugation, fluorescein-tagged DNA was coupled to MSP. Conjugation was 

confirmed using SDS-PAGE staining with either Coomassie Blue or KryptonTM Fluorescent 

Protein Stain. DNA conjugated MSP was purified from unconjugated MSP using AminoLinkTM 

Plus Immobilization columns generated with capture DNA probes following the kit protocol. 

Purification using these columns were performed by first washing columns with SDB with 
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centrifugation at 1000 xg for 1 minutes at room temperature. MSP was incubated on the columns 

for 2 hours at room temperature or overnight at 4°C with end over end mixing. The columns were 

washed with 8 column volumes of SDB with 30% formamide before elution with 100% formamide 

at the same centrifugation conditions as equilibration. Purified DNA purified conjugated MSP was 

concentrated and buffer exchanged into SDB before determining concentration with BCA protein 

assay.  

Empty Nanodisc preparation and purification 

Nanodisc assembly was performed as previously described.82,83 Briefly, phospholipids were 

dried at the desired mixed mole ratios of POPC, POPS, and/or POPA then vacuum incubated for 

a minimum of 4 hours prior to use. Lipids were reconstituted in 100 mM sodium cholate for a lipid 

concentration of 11.2 mM. The mole ratio of lipids to MSP1D1 or DNA-tagged MSP1D1 D73C 

used were 65:1 for 100% POPC, 50% POPS with 50% POPC, 50% POPA with 50% POPC and 

60:1 for 50% PI(3,4,5)P3 with 50% POPC and 50% GM with 50% POPC. The final concentration 

of MSP1D1 or DNA-tagged MSP1D1 D73C was brought to 2 μM with SDB. Nanodisc 

components were incubated at 4°C with end-over-end mixing for an hour before addition of half 

the assembly volume of Amberlite® XAD®-2 detergent removal beads with additional incubation 

at 4°C with end-over-end mixing for 3 hours. The detergent removal beads were removed using 

0.22 μm filters. Assembled Nanodiscs were purified using a Superdex 200 Increase 3.2/30 (GE 

Healthcare, Pittsburgh, PA, USA) and a flow rate of 0.075 mL/min. Absorbance was observed at 

280 nm and 260 nm to monitor fractions with Nanodiscs, MSP1D1 D73C, and DNA. Nanodisc 

concentration was determined using QubitTM 3.0 Fluorometer (Invitrogen) Protein Assay Kit for 

untagged and ssDNA Assay Kit for DNA-tagged Nanodiscs. 

Tissue factor containing nanodisc preparation and purification 

Nanodisc assembly was performed similar to above, but with an addition of a 20:1 DNA-

tagged MSP1D1 D73C to TF ratio. Lipid to MSP ratios of 65:1 and 55:1 were used for empty and 

TF containing Nanodiscs, respectively. Nanodiscs were prepared as discussed previously except 

that lipid mixtures containing PE were dissolved in 100 mM sodium deoxycholate to 11.2 mM. 

Assembled Nanodiscs were purified first with a calcium-dependent monoclonal antibody (HPC4) 

column against a synthetic peptide tag on TF to purify Nanodiscs containing TF from empty ones 
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as previously described.71 Briefly, the HPC4 column was conditioned with wash buffer (20 mM 

Tris, 100 mM sodium chloride, 2 mM calcium chloride, 0.01% sodium azide, pH 7.4) using gravity 

flow. The Nanodisc sample was brought up to 2 mM calcium chloride before binding to the HPC4 

column for 10 minutes mixing at room temperature. Gravity flow was used to collect unbound 

fractions and wash the resin with wash buffer for 20 column volumes. The Nanodiscs were eluted 

with elution buffer (20 mM Tris, 100 mM sodium chloride, 5 mM EDTA, 0.01% sodium azide, 

pH 7.4) before confirming collected fractions using SDS-PAGE. Nanodisc fractions containing 

TF were combined and purified using the same size exclusion chromatography mentioned earlier. 

Nanodisc concentration was determined using QubitTM 3.0 Fluorometer ssDNA Assay Kit. 

Silicon photonic microring resonators 

The silicon photonic microring resonator system (Maverick M1) and sensor array chips were 

purchased from Genalyte, Inc. (San Diego, CA, USA). Detailed descriptions of instrumentation 

and sensor manufacturing are described elsewhere.84–88 Briefly, microring resonators are silicon-

on-insulator refractive index sensors with a diameter of 30 μm and an adjacent to a linear 

waveguide. A laser centered at 1550 cm utilizes total internal reflection to travel down the linear 

waveguide and couple into the microring resonator upon satisfaction of the resonant condition: 

 
𝜆𝑟 =  

2𝜋𝑟𝑛𝑒𝑓𝑓

𝑚
 (V.1) 

where λr is the resonant wavelength, r is the radius of the ring, neff is the local effective refractive 

index, and m is an integer. The difference in resonant wavelength transmittance dip is observed as 

a relative shift in picometers (Δpm) which is directly related to the change in local refractive index 

overtime. The sensors are arrayed on a 4 mm x 6 mm chip with 128 individually addressable 

silicon-on-insulator rings and 4 thermal controls.  

DNA array functionalization 

Microring resonator chips were rinsed with acetone for 2 minutes followed by 4 minutes with 

5% APTES in acetone and 2 minutes with acetone then isopropyl alcohol. There is continuous 

shaking during each of the rinses. The chips are then rinsed with water and dried under nitrogen 

before pipetting freshly prepared 2.85 mg/mL BS3 in 2 mM acetic acid onto the microring array 

to react for 3 minutes. Finally, chips were spotted with roughly 80 nL of 200 μM DNA Capture 
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sequences in discrete regions by micropipette. The chips were incubated in a humidity chamber 

for at least an hour prior to use. For long term storage, chips were incubated for an hour covered 

in StartingBlockTM before being dried under nitrogen and stored covered in DryCoat in a desiccator 

at 4°C. 

DNA cross-reactivity testing  

DNA functionalized chips were exposed to 200 µM ssDNA target sequences in SDB + 2.0% 

BSA with chip regeneration steps using formamide. The tests performed in SDB + 2.0 % BSA at 

10 µL/min. The ssDNA of interest was flowed over the surface for 5 minutes, then rinsed with 

SDB + 2.0 % BSA for 5 minutes. The surface was regenerated with a formamide rinse 20 minutes 

at 10 µL/min. The DNA cross-reactivity studies are performed on the same chip until all targets 

have been checked and moving on to a different spotting layout. 

 

 

DNA-tagged Nanodisc array loading  

Chip layouts for DNA functionalized chips can be found in Figures V.8, V.13A, and V.23. 

Functionalized chips were loaded with DNA-tagged Nanodiscs by first performing an additional 

surface blocking step while on the instrument to ensure sufficient coating of the sensor surface 

with StartingBlockTM followed by rinsing with SDB + 2% BSA to maintain surface coverage. The 

surface was loaded with DNA-tagged Nanodiscs in SDB with 2.0% BSA. The loading can be 

performed sequentially or mixed.  

Flow loaded physisorbed Nanodisc arrays  

An example chip layout using flow loading is shown in Figure V.13B. Flow loaded arrays 

were generated as previously described.79 Microring resonator chips were rinsed while shaking 

with acetone for 2 minutes followed by isopropyl alcohol for 2 minutes. The chips were rinsed 

with water and dried under nitrogen then used immediately. Nanodiscs were flowed over the 

surface using a 2-channel gasket at 0.5 µM or other specified concentration at 10 µL/min. The 

surface was then blocked with StartingBlockTM prior performing protein titrations.  
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Spotted physisorbed Nanodisc arrays  

Spotted arrays were generated as previously described80,81 with an example schematic shown 

in Figure V.13C. Briefly, Nanodiscs were diluted noted concentrations (0.25 µM to 4.00 µM). 

Microring resonator chips were rinsed with acetone for 2 minutes followed by isopropyl alcohol 

for 2 minutes before being dried under nitrogen. Nanodiscs were spotted on to the surface between 

0.1 and 0.2 µL in volume under a microscope via pipette to generate spatially distinct 

environments. Spotted chips are incubated in a humidity chamber at 4ºC for 2 hours or overnight 

prior to use. Prior to performing protein binding, the chip is blocked with StartingBlockTM. 

Protein binding titrations 

Titrations were performed at a flowrate of 10 µL/min in HEPES(+) buffer (10 mM HEPES, 

150 mM sodium chloride, 50 µM EDTA, 0.5% BSA, 0.1% (w/v) PEG 8000, 2.5 mM CaCl2, pH 

7.4). Nanodisc arrays are rinsed with HEPES (no CaCl2) before and after titrations.  

 

Data analysis  

Analysis of data was performed using a custom R script in RStudio. Changes in refractive 

index due to buffer mismatches between steps were corrected for by subtracting off-target ssDNA 

sequence response. Nanodisc loading was quantitated by subtracting the relative shift from the end 

of the first buffer step to the end of the last buffer step prior to ssDNA capping (ΔpmNanodisc). This 

quantitation is used to calculate protein binding per Nanodisc leaflet by applying the following 

equation to the protein titration data: 

 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑝𝑒𝑟 𝑙𝑒𝑎𝑓𝑙𝑒𝑡 = (
𝛥𝑝𝑚𝑃𝑟𝑜𝑡𝑒𝑖𝑛

𝑀𝑤,𝑃𝑟𝑜𝑡𝑒𝑖𝑛
) (

𝑀𝑤,𝑁𝑎𝑛𝑜𝑑𝑖𝑠𝑐

𝛥𝑝𝑚𝑁𝑎𝑛𝑜𝑑𝑖𝑠𝑐
) (

1

2
) (V.2) 

where ΔpmProtein is the relative shift response during the protein titration, Mw,Protein is the molecular 

weight of the titrated protein, ΔpmNanodisc is the quantified loading of Nanodisc, and Mw,Nanodisc is 

the molecular weight of the Nanodisc. For experiments with physisorption normalization, this 

equation was used with and without the 0.5 multiplication factor due to inability to know the exact 

Nanodisc orientation on the surface. Binding curves are generated by plotting the relative shift in 

protein per leaflet at the equilibrium point of each titration step compared to the relative shift at 
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the end of the HEPES(+) step versus the concentration of protein. The curves are then fit to the 

following equation to characterize the binding: 

 
𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑝𝑒𝑟 𝑙𝑒𝑎𝑓𝑙𝑒𝑡 = 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑝𝑒𝑟 𝑙𝑒𝑎𝑓𝑙𝑒𝑡𝑚𝑎𝑥   ( 

𝑋

𝐾𝑑 +  𝑋
) (V.3) 

where X is the concentration of the titrated protein and Kd is the dissociation constant. The hill 

coefficient gives information about the cooperativity of the binding while the Kd quantifies the 

binding affinity. 

3. Results and Discussion 

Nanodisc assembly with DNA-tagged MSP1D1 D73C  

Nanodiscs made with MSP have been modified for applications such as FRET, 54 fluorescence 

polarization,34,55 and MRI contrast reagent stabilization.89 These modifications have not been used 

for multiplexed Nanodisc array generation. To date, Nanodisc immobilization technologies have 

generated single arrays using antibodies,56 EDC chemistry,63 or peptide nanodisc instability.75 In 

order to increase the multiplexity of Nanodisc array generation, we covalently attached DNA to 

MSP using a single cysteine variant and amine-modified DNA. DNA was chosen as the covalent 

tether due to the ease of generating large, multiplexible DNA arrays. This is particularly useful 

because the silicon photonic microring resonator platform has the ability to functionalize 30 

separate environments (with 1 off-target DNA and 1 off-target membrane control) with 4 technical 

replicates each. 

 Prior to conjugation, the DNA capture and analyte pairs (Table V.1) were tested to ensure 

there was no cross-reactivity. Figure V.1 shows the cross-reactivity experiments in a grid. Each 

row represents a single experiment performed on the same array with formamide regeneration in 

between. No cross-reactivity was observed between the 14 DNA capture and analyte pairs.  

 Confirmation of conjugation was performed using fluorescein-labeled DNA. Fluorescently 

labeled conjugated MSP was purified using Ni-NTA columns for selectively purifying MSP to 

wash away excess DNA. Figure V.2A-B shows SDS-PAGEs for a Ni-NTA purification of Ni-

NTA purification of fluorescein labeled DNA-tagged MSP. The ~7 kDa increase in size of MSP 

is indicative of a successful conjugation of one DNA per MSP. Further purification with 
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nonfluorescent DNA was performed using custom DNA columns (Figure V.2C) to ensure that 

Nanodiscs are assembled with only conjugated MSP. 

Nanodiscs can be assembled as previously described using DNA-tagged MSP without 

hinderance. The hydrodynamic radius shift of Nanodiscs with DNA-tagged MSP is comparable to 

ssDNA (Figure V.3). The elution profile is unaffected by the addition of DNA to MSP. By 

collecting SEC data at 280 and 260 nm, the presence of DNA can be observed in the 260 to 280 

ratio (Figure V.4) with a value around 1.6 indicating a protein and DNA mixture.  

DNA-tagged Nanodisc loading on silicon photonic microring resonators 

To compare the effects of Nanodisc loading on silicon photonic microring resonators using 

DNA-tags, Nanodiscs were assembled with high percentage of different lipids with and without 

DNA (Figure V.5). The environments chosen were 100% phosphatidylcholine (PC) to act as a 

control, 50% PS and 50% phosphatidic acid (PA) for highly negatively charged naturally abundant 

lipids, and 50% phosphatidylinositol-3,4,5-triphosphate (PIP3) and 50% ganglioside (GM) for 

bulky lipid headgroups.  

Physisorption experiments utilize an electrostatic interaction between lipid headgroups of the 

Nanodisc and the silicon oxide coated microring surface.79–81 These experiments are all performed 

on new microring chips with 100% PC used as a control to correct for chip-to-chip variation 

(Figure V.6A-D). The loading in question for each of these experiments is calculated by the 

change in relative shift from the beginning to the end buffer rinse. These various lipid 

environments show a wide range of loading at the same concentration that is not comparable to 

100% PC. Even when the concentration of 50% PIP3 is increased to 15x 100% PC similar loading 

is not achieved (Figure V.6D-I). For further comparison, 100% PC and 50% PIP3 were run at a 

lower concentration for a longer binding time but showed comparable difference in binding to 

before (Figure V.7). This maximum loading of Nanodiscs with various charges is due to the 

negatively charged silicon oxide surface that will functionalize easier with non-anionic lipids, 

especially PC. These results align with negative charge calculations for Nanodiscs containing PS, 

PA, and a similar PIP lipids.90  

DNA-tagged Nanodisc loading was performed using the sensor layout in Figure V.8 where 

DNA capture probes are spatially arrayed. Figure V.9 shows sequential loading of each Nanodisc 
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with binding to their complementary DNA strand. This experiment is controlled to an off-target 

ssDNA strand to subtract out any bulk refractive index shifts that can occur from buffer 

mismatches between steps. The loading for each of these Nanodiscs is comparable between 

environments. The sensor surface can be regenerated with a formamide rinse for reproducible 

loading sequentially (Figure V.10A) or mixed (Figure V.10B). The maximum relative shift of 

Nanodisc loading using DNA tags is similar to that of DNA-tagged antibodies shown previously91 

and is higher than DNA alone at the same concentration (Figure V.10C). Compared to 

physisorption, the loading of DNA-tagged Nanodiscs is more dynamic when changing the 

concentrations of the Nanodiscs (Figure V.10D-I). 

Calculated relative shifts can be found in Figure V.11. For comparison of physisorption to 

DNA-tagging, the relative shift to 100% PC was calculated for each experiment to control for the 

method and chip-chip difference (Figure V.12). Using physisorption, Nanodiscs of various charge 

and sterically hindered environments are not loaded onto the sensor surface equally (Figure 

V.12A). The use of DNA-tagged loading of Nanodiscs above the surface overcomes these charge 

and steric differences to achieve similar loading (Figure V.12B). The challenge of surface loading 

cannot be overcome by adjusting the concentration for physisorption (Figure V.12C); however, 

this can provide control over DNA-tagged Nanodisc loading (Figure V.12D). This shows that 

overall, DNA-tagged Nanodiscs can overcome lipid environment challenges and provide control 

over surface loading that physisorption cannot. 

Performing per leaflet studies using DNA-tagged Nanodiscs  

To further characterize the DNA-tagged Nanodisc loading method, arrays were compared 

using DNA-tags and physisorption with flow loading79 and spotting80,81 (Figure V.13). These 

arrays were generated with 50% PS Nanodiscs for subsequent titrations with prothrombin for 

binding characterization with and without loading corrections. Prior to generating DNA-tagged 

Nanodisc arrays, the surface is blocked then Nanodiscs are functionalized to their complement 

surface capture (Figure V.14A-B). The array was designed to load three different quantities of 

50% PS Nanodiscs for surface loading correction. In comparison, sensor arrays with physisorbed 

Nanodiscs undergo flow loading or spotting prior to surface blocking (Figure V.14C-D). Arrays 

generated with DNA-tags and using flow loading are performed online for observation and 
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calculation of surface loading while spotted Nanodisc arrays cannot be quantified. Each of these 

different arrays was used to perform a PT titration. 

Data workup for PT titrations on these arrays are shown side-by-side in Figure V.15. The data 

analysis for Nanodisc spotting has been shown previously by simply subtracting 100% PC 

Nanodiscs. This can prove to be a problem if there are more nonspecific interactions are happening 

due to there being more binding site available than for specific interactions simply due to the 

Nanodisc array orientation and availability. This is shown in the spotted physisorption workup for 

the low concentration spotted nanodisc. Using flow loading, the loading can be corrected for, but 

there is a limit to a 2-environment maximum based on the flow cell. DNA-tagged Nanodiscs 

overcome this limitation. 

The data analysis for DNA-tagged Nanodiscs is shown in Figure V.16. The surface loading is 

quantitated from ssDNA-controlled data by subtracting the relative shift in the buffer step prior to 

loading from the equilibrated buffer after loading (Figure V.16). The ssDNA control accounts for 

any bulk refractive index shifts that can occur from buffer mismatches between steps. Next, a 

protein titration is run on the surface, Figure V.16B. The protein titration data shows little to no 

nonspecific binding to the dsDNA (green), ssDNA (orange and yellow), and 100% PC (black) 

controls. To account for bulk refractive index changes, the protein titration is corrected to one of 

the ssDNA controls, Figure V.16C. This correction ensures that any bulk changes are not 

amplified during the loading correction step. Loading correction or normalization was performed 

using Equation V.2. Every microring is corrected to account for the differences from the DNA 

capture array from microring to microring. This is shown in Figure V.16D where the data is now 

plotted as prothrombin per leaflet. This correction shows that titration with PT on the differential 

loaded 50% PS Nanodiscs are more similar than they originally appeared to be.  

This data can then be worked up in the normal manner by subtracting 100% PC (Figure V.16E) 

then plotting the net shifts at each concentration against the concentration to characterize binding 

(Figure V.16F) using the Equation V.3. This data workup was performed on the same DNA-

tagged Nanodisc array two times and once on newly reloaded chip that was rinsed with formamide 

prior to loading (Figure V.17). The values are reproducible between chip regenerations by 

removing calcium to make PT dissociate and on the newly loaded chip.  
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Binding curves for each of the data workup methods are shown in Figure V.18 with values for 

the fits shown in Table V.2. The DNA-loading variations are within error of each other for Kd 

calculations but do vary in maximum loading due to potential biological differences in lipid 

packing. Regardless of normalization of the data or not, the dissociation constants are between 1.2-

1.5 µM which is similar to literature reported values.73 When looking at physisorption flow 

loading, calculating the maximum shift can be done by assuming access to one side of the Nanodisc 

with the Nanodisc laying flat on the microring or with assuming access to both sides with the 

Nanodisc oriented at an angle on the surface since there is no way to truly control this orientation 

using physisorption. This provides very different values for maximum total binding and 

subsequent lipid binding calculations. The dissociation constants for physisorption flow loading 

with and without normalization are different. They are also different from the dissociation 

constants calculated from Nanodisc spotting. In previous studies using physisorption, the actual 

calculated values were not the aim of the paper, the trends between environments were the focus 

that matched literature.80,81 Using DNA-tagged Nanodiscs, we are able to observe values that more 

closely match literature for dissociation constant and maximum protein bound per leaflet.73 

Further demonstration of DNA-tagged Nanodiscs was used to compare the GLA domains of 

PT and fX to the discoidin C2 domain of fVa (Figure V.19). Experiments were performed 

sequentially on the same Nanodisc loaded chip using the differential loaded Nanodiscs as 

biological replicates.  The observed Kd values for PT and fX are drastically different while the total 

protein per leaflet is similar (Figure V.20 and Table V.3). This trend matches previously published 

data73 but has not been observed using silicon photonic microring resonators previously.80,81 In 

contrast, the discoidin C2 binds the membrane more with a higher binding affinity (lower Kd) on 

the nM scale68,69 but with a much lower maximum protein binding due to the need for many more 

PS headgroup interactions for binding. Thus, this demonstrates the ability of the DNA-tagged 

Nanodisc technique to distinguish proteins within and between a lipid binding domain families. 

Characterization of TF binding to fX and fIX 

The main limitation to physisorption other than the lipid charge constraints is the inability to 

array Nanodiscs with a membrane protein incorporated. Using DNA-tagged Nanodiscs, the 

Nanodisc sits above the sensor surface which allows a membrane protein of interest to be studied. 
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Coagulation factors in the extrinsic pathway are activated at the membrane surface by enzymatic 

complexes. The first enzymatic complex in the cascade, the extrinsic tenase, is formed with soluble 

fVIIa and integral membrane protein TF.64 Association to the membrane for fX and fIX activation 

by the extrinsic tenase is driven through interactions with PS with their GLA domains.65 The 

mechanism for activation of fX has been proposed to associate with the exosite of TF prior to 

docking for cleavage.78 It has also been shown that PS and phosphatidylethanolamine (PE) can 

cooperate to enhance activity of the extrinsic tenase.92   

The previously mentioned studies relied on activity assays to characterize the interactions in 

the activation of fX and/or fIX. Here, we utilized DNA-tagged Nanodiscs with and without TF 

incorporated to characterize the binding of fX and fIX to TF. Environments without TF act as a 

control to tease out interactions with TF compared to the phospholipids. Due to the weak binding 

of fVIIa,73 the interactions were simplified by omitting fVIIa from the complex to observe TF 

interactions alone with fX or fIX. 

TF can be easily incorporated into DNA-tagged Nanodiscs (Figure V.21A) with selective 

purification for Nanodiscs containing TF using HPC4 affinity column against TF (Figure V.21B, 

full image Figure V.22A). The panel of lipid environments was designed based on previous study 

observations of fVIIa binding with phosphatidic acid (PA)73,93 and PS-PE synergy of GLA 

domains with92 and without72,81 TF. Using this knowledge, Nanodiscs were assembled with and 

without TF using 20% PS; 5% PA; 35% PE; 20% PS 5% PA; 20% PS 35% PE; 20% PS 5% PA 

35% PE; and 100% PC as a control (Figure V.22B-C). Each environment was formed with a 

different DNA-tagged MSP for generating 14-plex array on the silicon photonic microring 

resonator surface (Figure V.23). Titrations with fX and fIX were performed on this array then 

normalized to loading using Equation V.2, controlled for by subtracting interactions to 100% PC 

with no TF to deconvolute binding to PC, and finally a binding curve was fit using Equation V.3. 

The titrations and binding curves are shown in Figure V.24 with binding values in Table V.4. The 

dissociation constants for each lipid environment with and without TF are plotted in Figure V.25. 

fX (Figure V.25A) demonstrates less binding specificity due to the lipid environment than fIX 

(Figure V.25B) due to overall more observed binding; however, fIX displayed a higher binding 

affinity. No binding was observed in either case with TF in 100% PC which supports the “Anything 
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But Choline” (ABC) hypothesis that phospholipids other than PC are needed to support GLA 

domain interactions.72 

In all cases with 20% PS, binding was observed with and without TF for fX (Figure V.25A). 

The binding affinity for these environments were tighter without TF except in the mixture of 20% 

PS 5% PA 35% PE where the binding is comparable. These observations make deconvolution of 

binding to just TF to conclude on due to the high affinity for these lipid environments with fX. 

There were no observable interactions with fX in 5% PA or 35% PE alone; however, the binding 

was revived in the presence of TF. fX activation and binding with PA alone have been shown 

previously,73,93 but never before has binding with PA and TF in the membrane been shown at this 

low abundance of PA. For the 5% PA environment there are about 3 PA molecules per leaflet due 

to each leaflet containing about 67 phospholipid82 and the integral membrane region of TF being 

small enough to have little effect on lipid incorporation.71,94 Typically, 5-7 PS molecules are need 

for the GLA domain to associate to the membrane;71,73 however, TF and ~3 PA molecules are able 

to provide enough support for binding for fX (Figure V.25A, blue). Similarly, PE alone is unable 

to support GLA domain binding,72,81 but here PE and TF are showing binding affinity with fX 

(Figure V.25B, blue).  

In comparison to fX, fIX shows similar binding with and without TF in 20% PS making this 

environment hard to conclude on interactions directly with TF (Figure V.25B, red). The binding 

with fIX is different from fX due to the lack of binding to most lipid environments. Exceptions are 

seen with the mixtures of 20% PS 5% PA and 20% PS 35% PE. These binary mixtures show 

binding to fIX in the presence of TF only (Figure V.25B, green and orange). This observation 

demonstrates a potential synergistic interaction with PS/PA and PS/PE in the presence of TF that 

has never been characterized for binding.  

The binding between fX and fIX with TF without fVIIa has not been characterized. This 

provides a more simplistic system to understand the localization of fX and fIX for activation. There 

are very different binding affinities for fX and fIX observed with and without TF based on the 

lipid environment (Figure V.25). These stark differences based on lipids alone could be part of 

the mechanism for determining which substrate to activate by the extrinsic tenase. The binding 

trends may be different in the presence of fVIIa. Future experiments into this area using a wider 
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range of lipids, incorporation of fVIIa, and maybe mutants of any of these coagulation factors 

could shed light on what is species are driving the association of fX and fIX to the membrane for 

activation. 

4. Conclusion 

In summary, we have developed a new DNA-tagged Nanodisc platform for interfacing with 

silicon photonic microring resonators. This technique positions the Nanodisc above the sensor 

surface to eliminate environmental effects on Nanodisc array generation that can be the result of 

highly charged lipids or incorporation of a membrane protein of interest. These DNA-tethered 

Nanodisc arrays were used to characterize the binding of PT, fX, and fVa with per leaflet 

calculations that have not been feasible using physisorption of Nanodiscs to the microrings.  

Using DNA arrays, the multiplexity of a membrane protein experiment was pushed to observe 

14 total environments in a single experiment: 7 different lipid environments with and without TF 

incorporated. When characterizing fX binding to TF, the interaction was difficult to deconvolute 

in the presence of 20% PS due to similar binding with and without TF; however, binding was 

observed with 5% PA and 35% PE alone with TF only. In comparison, fIX binding in 20% PS was 

also difficult to determine the contributions of TF to the association, but binding was observed to 

20% PS mixed with 5% PA or 35% PE only with TF present. These differences in binding due to 

the environment demonstrate that there may be a lipid dependence in associating fX or fIX for 

activation. Future work using more mixture of lipids, mutants of clotting factors, and incorporating 

fVIIa into the complex will be necessary to determine what factors are determining the substrate 

specificity between fX and fIX.  

Overall, the DNA-tagged Nanodisc platform coupled with silicon photonic microring 

resonators allows for high multiplexity studies of lipid-protein and membrane protein-protein 

interactions. Further development on this platform will involve screening of more DNA 

complement pairs to increase the throughput even further.  
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FIGURES 

 

Figure V.0. Graphical Abstract. 
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Figure V.1. DNA Cross-reactivity Testing. Each row represents a sensor chip arrayed with 

different capture probes and exposed to a single complement analyte probe. Columns represent the 

response for an individual capture probe to each analyte sequence. Sensors show response to 

complementary sequences (shown in red and yellow)  with minimal to no interactions to off-

targets. Dashed lines represent assay step switching from buffer (20 mM Tris, 100 mM NaCl, 

0.01% NaN3, and 2% BSA) to 200 µM analyte DNA then switching back to buffer. 

  



167 

 

 

Figure V.2. SDS-PAGE of Purified Conjugated MSP1D1. (A) Fluorescein and IR imaging of 

Ni-NTA purification SDS-PAGE. Conjugation of MSP1D1 D73C was performed with fluorescein 

labelled DNA for imaging DNA. MSP1D1 was run as a control to show bromophenol blue imaging 

with IR. The unpurified conjugation shows a band around 32 kDa representing conjugated MSP 

and bands around 10 kDa representing free DNA as monomers or dimers due to side-product 

formation. The flow through shows excess DNA that did not bind the Ni-NTA column. Washes 1 

and 2 contain low concentrations of sodium cholate and imidazole to rinse nonspecifically bound 

DNA off the resin. There is loss of conjugated MSP in the wash 2 steps potentially due to 

nonspecific binding of the DNA to the column. After the non-specific DNA is washed off, elution 

shows successful purification of conjugated MSP. (B) Krypton stain and IR imaging of the same 

gel. This stain shows the co-purification of conjugated (~25 kDa) and not conjugated MSP (~32 

kDa). Comparing the intensities of the bands in the elution, the yield is about 70% conjugated 

MSP. (C) Coomassie stain of DNA purification SDS-PAGE. Ni-NTA purified MSP is 

concentrated for purification on DNA columns. The flow through that did not bind to the DNA 

column shows a band around 25 kDa for not conjugated MSP. Washes are performed with 30% 

formamide to eliminate non-specifically bound not conjugated MSP. Elutions show successful 

extraction of purified DNA-tagged MSP. 

 



168 

 

 

Figure V.3. SEC of Nanodiscs and ssDNA. HPLC separation on a Superdex Increase 2000 with 

hydrodynamic radius calculated from a standard curve of known hydrodynamic radii. Nanodiscs 

without DNA (black) are shown to elute at the volume corresponding to the expected 

hydrodynamic radius around 4.3 nm while ssDNA  (grey) elutes around 1.9 nm. In red, DNA-

tagged Nanodiscs display a shifted hydrodynamic radius due to the addition of DNA to the MSP. 

The shift is similar to the hydrodynamic radius of DNA.  
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Figure V.4. SEC of Nanodiscs at 280 and 260 nm Absorbance. (A) HPLC separation on a 

Superdex Increase 2000 with hydrodynamic radius calculated from a standard curve of known 

hydrodynamic radii. Nanodiscs without DNA (black) are shown to elute at the volume 

corresponding to the expected hydrodynamic radius around 4.3 nm while DNA-tagged Nanodiscs 

(red) display a shifted hydrodynamic radius due to the addition of DNA to the MSP. DNA-tagged 

Nanodiscs show a higher absorbance at 260 nm due to the presence of DNA. (B) The ratios of 260 

to 280 absorbance for Nanodiscs with (red) and without (black) DNA. The ratio of DNA-tagged 

Nanodiscs correlates to a protein contaminated DNA sample. 
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Figure V.5. SEC of Various Nanodiscs. (A) Elution profile of Nanodiscs without DNA. (B) 

Elution profile of DNA-tagged Nanodiscs 50% PIP3 (red) and 50% GM (blue) elute earlier due to 

increased hydrodynamic size due to the larger lipid headgroups. Peaks eluting before 1.0 mL are 

lipid aggregates.  
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Figure V.6. Physisorption Flow Loading of Nanodiscs. Loading of Nanodiscs using 

physisorption onto silicon photonic microring resonators using a two-channel setup to allow for 

use of 100% PC as a control to account for chip-to-chip variation. The assay is thermally controlled 

and starts with buffer (SDB; 20 mM Tris, 100 mM NaCl, and 0.01% NaN3) then switches to 

Nanodisc loading in the boxed region before switching back to buffer. Channel 1 is always 

showing the loading for 0.5 µM 100% PC (black) with the comparison for (A) 0.5 µM 50% PS 

(green), (B) 0.5 µM 50% PA (purple), (C) 0.5 µM 50% GM (blue), and (D-I) 0.05 µM to 7.50 µM 

50% PIP3 (red). The shaded ribbon shows the standard deviation of microrings (n = 64). 
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Figure V.7. Extended Physisorption Loading. (A) Loading of Nanodiscs using physisorption 

onto silicon photonic microring resonators using a two-channel setup to allow for use of 100% PC 

as a control to account for chip-to-chip variation. The assay is thermally controlled and starts with 

buffer (SDB) then switches to Nanodisc loading at a low concentration in the boxed region before 

switching back to buffer. The loading step here is 40 minutes compared to 5 minutes showed 

previously. The shaded ribbon shows the standard deviation of microrings (n = 64). (B) 

Comparison of the total relative shift loading based on the shift right before loading and at the end 

of the final buffer step. (C) Comparison of the relative shift of 100% PC.  
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Figure V.8. Schematic of Sensor Array for Loading Test. The flow path for loading and assays 

is shown by the light blue box and arrows. Hand-spotting was used to generate the array of C (red), 

A (purple), B (black), J (green), G (blue), and control (pink) while white represents 

unfunctionalized microrings. 

  



174 

 

 

Figure V.9. DNA-Tagged Loading of Nanodiscs. Loading of Nanodiscs onto silicon photonic 

microring resonators is ssDNA controlled using a U-channel setup. The assay starts with buffer 

(SDB + 2% BSA) then switches to Nanodisc loading in the boxed region before switching back to 

buffer for the duration of the assay. Boxed regions are colored coded to show the matched 

complementary Nanodisc and capture DNA pairs 100% PC (black), 50% PIP3 (red), 50% GM 

(blue), 50% PA (purple), and 50% PS (green). The shaded ribbon shows the standard deviation of 

microrings (n = 16). 
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Figure V.10. DNA-Tagged Loading of Nanodiscs and DNA Loading. (A) Loading of 

Nanodiscs onto silicon photonic microring resonators is ssDNA controlled using a U-channel 

setup. The assay starts with buffer (SDB + 2% BSA) then switches to Nanodisc loading in the 

boxed region before switching back to buffer for the duration of the assay. Boxed regions are 

colored coded to show the matched complementary Nanodisc and capture DNA pairs 100% PC 

(black), 50% PIP3 (red), 50% GM (blue), 50% PA (purple), and 50% PS (green).The shaded ribbon 

shows the standard deviation of microrings (n = 16). (B) Mixed loading of DNA-tagged Nanodiscs 

with ssDNA control. The assay starts with buffer then switches to mixed Nanodiscs in the boxed 

region before switching back to buffer. The shaded ribbon shows the standard deviation of 

microrings (n = 16). (C) Representative loading of complementary DNA at the same concentration 

with the same assay setup. The shaded ribbon shows the standard deviation of microrings (n = 16). 

(D-I) Observation of DNA-tagged loading with 50% PIP3 at various concentrations. Sharp changes 

in the baseline are from air bubbles. The shaded ribbon shows the standard deviation of microrings 

(n = 16).   
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Figure V.11. Comparison of Loading for Physisorption and DNA-Tagged Nanodiscs. (A) 

Comparison of the total relative shift based on the shift right before loading and at the end of the 

final buffer step for physisorption of various Nanodisc environments at the same concentration 

from Figures V.6A-D. (B) Relative shift comparison of 50% PIP3 Nanodiscs loaded at different 

concentrations compared to the same concentration of 100% PC Nanodisc from Figures V.6D-I. 

(C) Comparison of the total relative shift based on the shift right before the loading and at the end 

a particular loading step for DNA-tagged Nanodiscs and DNA performed on the same chip 

sequentially with formamide rinses. Trial 1 and 2 are shown in Figure V.9 and Figure V.10A, 

respectively while Trial 3 and DNA are from Figure V.10B-C. (D) Relative shift comparison of 

50% PIP3 DNA-tagged Nanodiscs at different concentrations from Figures V.10D-I. 
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Figure V.12. Comparison of Loading for Physisorption and DNA-Tagged Nanodiscs. (A) 

Comparison of the total relative shift  relative to 100% PC based on the shift right before loading 

and at the end of the final buffer step for physisorption of various Nanodisc environments at the 

same concentration from Figures V.6A-D. (B) Relative shift to 100% PC comparison of 50% PIP3 

Nanodiscs loaded at different concentrations compared to the same concentration of 100% PC 

Nanodisc from Figures V.6D-I. (C) Comparison of the relative shift to 100% PC based on the 

shift right before the loading and at the end a particular loading step for DNA-tagged Nanodiscs 

and DNA performed on the same chip sequentially with formamide rinses. Trial 1 and 2 are shown 

in Figure V.9 and Figure V.10A, respectively while Trial 3 and DNA are from Figure V.10B-C, 

respectively. (D) Relative shift to 100% PC comparison of 50% PIP3 DNA-tagged Nanodiscs at 

different concentrations from Figures V.10D-I.  
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Figure V.13. Schematic of Sensor Array for Titrations. The flow path for loading and assays is 

shown by the light blue box and arrows. (A) Hand-spotting was used to generate the array of D 

(orange, control), C (red), A (purple), B (black), J (green), G (blue), and control (pink) while white 

represents unfunctionalized microrings. (B) Flow loading of 100% PC (black) and 50% PS (red) 

Nanodiscs. (C) Hand-spotting of 100% PC (black) and various concentrations of 50 % PS (red). 
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Figure V.14. Method of Nanodisc Array Generation Comparison for Titrations. (A) Blocking 

of the sensor surface with Starting Block prior to DNA-tagged Nanodisc loading. The assay starts 

in water before switching to starting block in the boxed region (yellow) then switches to buffer 

(SDB + 2% BSA). The shaded ribbon shows the standard deviation of microrings (n = 8-16). (B) 

Loading of DNA-tagged Nanodiscs on the blocked surface. The assay alternates between buffer 

and Nanodiscs or DNA in the boxed regions (various colors based on complementary DNA). The 

shaded ribbon shows the standard deviation of microrings (n = 8-16). (C) Physisorption flow 

loading of Nanodiscs followed by Starting Block surface blocking. The assay starts in SDB then 

switches to Nanodiscs in the boxed region (various colors based on channel) before switching back 

to SDB and blocking in the second boxed region (yellow) then returned to SDB. The shaded ribbon 

shows the standard deviation of microrings (n = 64).  (D) Blocking of the sensor surface after 

hand-spotting of Nanodiscs. The assay starts in SDB before switching to starting block in the 

boxed region (yellow) then switches to SDB. 
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Figure V.15. Schematic Comparing Data Workup Based on the Loading Method.  
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Figure V.16. Process for Titrations on DNA-tagged Nanodisc Arrays Using Prothrombin. 

(A) Nanodiscs are loaded on to the surface then (B) prothrombin (or other protein) titration is 

performed from 10 nM to 10 µM. The shaded ribbon shows the standard deviation of microrings 

(n = 12-16). (C) The titration is corrected using a ssDNA control. (D) The data is normalized using 

Equation V.2 to correct for surface loading of Nanodiscs and plot for prothrombin per leaflet. (E) 

Nonspecific interactions with 100% PC are subtracted. The maximum prothrombin per leaflet per 

titration step is calculated by subtracting the equilibrated shift during the HEPES(+) buffer step 

(*) from the equilibrated concentration step. This is plotted versus concentration (F) for binding 

characterization with Equation V.3. Note: ** = HEPES buffer and * = HEPES(+) buffer.  
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Figure V.17. Prothrombin Titration Replication. (A) Prothrombin titrations from 10 nM to 10 

µM with buffer steps of HEPES (**) and HEPES(+) (*). Trials 1 and 2 were performed in sequence 

on the same array with surface regeneration with a non-calcium containing buffer while Trial 3 

was performed on a newly loaded surface. Colors correspond to surface loading: low surface 

loading (red), medium surface loading (blue), and high surface loading (purple). The shaded ribbon 

shows the standard deviation of microrings (n = 12-16). (B) Binding curves and (C) values for 

each trial. Slight differences are observed between Nanodiscs due to variation in lipid packing 

between biological replicates. 
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Figure V.18. Various Nanodisc Loading Method Prothrombin Binding Curves. All binding 

curves were fit with Equation V.3. Methods of Nanodisc loading (A) DNA-tagged, (B) 

physisorption flow loading, and (C) physisorption spotting. For (A) and (B), normalization was 

performed using Equation V.2 for the graphs on the right. Physisorption flow loading for one-

side access (B, grey) Equation V.2 was modified by not multiplying by a half to assume that there 

is only access to one side of the Nanodisc. 
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Figure V.19. Protein Titrations and Binding Curves. (A) Normalized and 100% PC controlled 

prothrombin titration from 10 nM to 10 µM with buffer steps of HEPES (**) and HEPES(+) (*). 

The shaded ribbon shows the standard deviation of microrings (n = 44). (B) Prothrombin binding 

curve with prothrombin per leaflet values calculated from equilibrated steps in the titration using 

the first calcium buffer step as a zero point. (C) Normalized and 100% PC factor X titration from 

10 nM to 10 µM with buffer steps of HEPES (**) and HEPES(+) (*). The shaded ribbon shows 

the standard deviation of microrings (n = 44). (D) Factor X binding curve with factor X per leaflet 

values calculated from equilibrated steps in the titration using the first calcium buffer step as a 

zero point. (E) Normalized and 100% PC factor Va titration from 1 nM to 1 µM with buffer steps 

of HEPES (**) and HEPES(+) (*). The shaded ribbon shows the standard deviation of microrings 

(n = 32). (B) Factor Va binding curve with factor Va per leaflet values calculated from equilibrated 

steps in the titration using the first calcium buffer step as a zero point.  
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Figure V.20. Binding Values for Prothrombin, Factor X, and Factor Va with 50% PS 

Nanodiscs. Binding values, (A) dissociation constant and (B) protein per leaflet, calculated from 

the protein binding curves of prothrombin (red), factor X (blue), and factor Va (purple). Bars 

represent an average of microrings (n = 32 or 44) with standard deviation shown as error. 
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Figure V.21. Tissue Factor Incorporation. (A) Representative elution profile of 100% PC DNA-

tagged Nanodiscs with TF incorporated. (B) Coomassie stained SDS-PAGE for determination of 

TF to MSP ratio. Conjugated MSP and TF are run as standards at 0.75 µg and SEC purified before 

running on the gel. Comparing the intensities to the controls to normalize membrane protein 

staining, the ratio of TF to MSP is 1 to 2 which corresponds to 1 TF per Nanodisc. All TF Nanodisc 

profiles and the full gel can be seen in Figure V.22.  
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Figure V.22. Tissue Factor Nanodisc Formation. (A) Full Coomassie stained SDS-PAGE for 

determination of TF to MSP ratio. Conjugated MSP and TF are run as standards at 0.75 µg 

followed by the flow through that did not bind to the HPC4 column that is specific for TF. Washes 

are performed with a calcium containing buffer to maintain the HPC4 interaction before the elution 

with 5 mM EDTA to break the interaction. The elution was concentrated, and SEC purified before 

running on the gel. Comparing the intensities to the controls to normalize membrane protein 

staining, the ratio of TF to MSP is 1 to 2 which corresponds to 1 TF per Nanodisc. (B) Elution 

profile of empty DNA-tagged Nanodiscs. (C) Elution profile of all DNA-tagged Nanodiscs with 

TF incorporated. Note: 100% PC-K is shown in Figure V.21 as “100% PC-DNA + TF,” it is 

shown again here for comparison.  
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Figure V.23. Schematic of High-multiplexity Sensor Array. The flow path for loading and 

assays is shown by the light blue box and arrows. The array was generated by Genalyte for 

functionalization of control (pink), N (purple), M (gold), L (blue), K (black), J (green), I (yellow), 

H (dark red), G (brown), F (red), E (orange), D (dark blue), C (dark green), B (grey), and A (dark 

purple). The key denotes the DNA-tagged Nanodisc that is complementary to the capture DNA.  
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Figure V.24. Factor X and Factor IX Titrations. (A) Normalized and 100% PC controlled fX 

titration from 50 nM to 10 µM with buffer steps of HEPES (**) and HEPES(+) (*). The shaded 

ribbon shows the standard deviation of microrings (n = 8). (B) fX binding curve with fX per leaflet 

values calculated from equilibrated steps in the titration using the first calcium buffer step as a 

zero point. (C) Normalized and 100% PC fIX titration from 50 nM to 10 µM with buffer steps of 

HEPES (**) and HEPES(+) (*). The shaded ribbon shows the standard deviation of microrings (n 

= 8). (D) fIX binding curve with fIX per leaflet values calculated from equilibrated steps in the 

titration using the first calcium buffer step as a zero point. 
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Figure V.25. Tissue Factor Binding to Factor X and Factor IX. Binding values for fX and fIX 

binding to membranes with and without TF shown with light and dark color pairings, respectively. 

Graphs show comparisons of dissociation constants calculated for (A) fX and (B) fIX. Bars 

represent an average of microrings (n = 8) with standard deviation shown as error. Note: # 

represents no observed binding. 
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TABLES 

Table V.1. Complementary DNA Strands for Capture and Conjugation. 

 

DNA listed from 5’ to 3’. All capture and analyte DNA were modified with a 12-hydrocarbon 

chain and accessible amino group on the 5’ end (code: /5AmMC12/). Capture strands were used 

for surface and column functionalization. Target strands were used for conjugation to MSP. 

aFluorescently labeled on 3’ with 6-FAM (Fluorescein) for confirmation studies only (code: /36-

FAM/) 
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Table V.2. Prothrombin Binding Loading Method Comparison. 

 

aSurface normalized to assume access to both sides of the Nanodisc. 

bSurface normalized to assume access to one side of the Nanodisc. 

cUnable to fit binding curve. 
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Table V.3. Prothrombin, Factor X, and Factor Va Binding to 50% PS Nanodiscs. 
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Table V.4. Factor X and Factor IX Fit Values with and without TF or TF mutants. 

 

aUnable to fit binding curve. 
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CHAPTER VI 

 

Characterization of the Factor X GLA Domain Using DNA-Tagged Nanodisc Arrays 

 

 

Abstract 

Factor X (fX) is a crucial protein that gets activated at the intersection of the intrinsic and 

extrinsic blood coagulation cascade pathways. The active form of fX forms the prothrombinase 

complex with activated factor V to proteolytically cleave prothrombin to thrombin. Thrombin is 

the key blood coagulation enzyme for creating blood clots and commencing negative feedback on 

the whole cascade. Without activation of fX, prothrombin will not be activated to achieve the 

necessary cascade propagation and regulation. Activation of fX occurs through the extrinsic tenase 

and intrinsic tenase complex interactions at the plasma membrane surface. Membrane interactions 

with fX are facilitated by its GLA domain that is rich in γ-carboxyglutamate for chelation of Ca2+ 

ions. These metal ions facilitate interactions with phosphatidylserine (PS) headgroups on the 

membrane. Previous molecular dynamic simulations have identified key residues interactions 

between chemical environments on PS and the GLA domain of bovine fX. Based on the predicted 

interactions, 12 fX-GLA domain residues with maximum contacts to PS were chosen for site-

directed mutagenesis to characterize their molecular interactions with the membrane. Herein, we 

utilize DNA-tagged Nanodiscs to generate 26 different Nanodisc array for the first time on silicon 

photonic microring resonators. This array encompassed 2-3 biological replicates of 10 lipid 

environments, containing either PS and/or phosphatidylethanolamine (PE), with 4 technical 

replicates each. The surface was used to characterize the binding of wildtype human fX (wtfX) 

and 12 GLA domain mutants. This binding study is part of a bigger project to characterize the role 
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of fX-GLA domain in the initiation of the blood coagulation cascade currently ongoing in the 

Morrissey lab.  

1. Introduction 

Factor X (fX) activation is the pivotal point in the blood coagulation cascade.  Proteolytic 

cleavage of fX occurs where the extrinsic and intrinsic pathways converge to generate the activated 

factor X (fXa) protease.1 This protease propagates the cascade forward through formation of the 

prothrombinase complex on the plasma membrane with soluble activated factor V (fVa) by 

proteolytic cleavage of soluble prothrombin to its active form—thrombin.2 Activation of thrombin 

is the turning point of the cascade. Thrombin is responsible for activation of key factors to produce 

a blood clot and act as negative feedback on the pathway.3 The key role of thrombin would not be 

fulfilled without the activation of fX. 

The complexes that activate fX are the extrinsic tenase and intrinsic tenase which are 

complexes made of two soluble protein localized to the plasma membrane in regions enriched with 

phosphatidylserine (PS).4 For this activation to occur, fX associates to the membrane interface 

using its GLA domain.5,6 This lipid binding domain is 44 amino acids long with 11 γ-

carboxyglutamate (Gla) residues. The GLA domain forms a bundle of three α-helices stabilizes by 

as core of hydrophobic residues.7 Gla residues are responsible for chelating Ca2+ to form an 

electrostatic interaction with PS8 and induce conformational changes that result in tryptophan 

insertion into the membrane.9 GLA domain interactions with the membrane are pertinent to the 

positioning of fX for activation by the extrinsic tenase10,11 and intrinsic tenase12 as well as 

formation of prothrombinase with fXa and fVa.13  

Interactions with fX GLA domain are stereospecific for naturally occurring L-

phosphatidylserine.14 Recent molecular dynamics simulations have been used to identify chemical 

region interactions on PS with amino acids of bovine fX.15 This study determined that Gla19 and 

Gla29 are two potential PS specific binding sides,  and Gla32 preferential binding for the amine 

on PS could contribute to fX specific binding affinity due the absence of this Gla residue in factor 

VII and protein C which bind weakly to PS in comparison. Other interesting GLA domain 

observations have been made for the enhancement in activity14 and binding16 in low percentages 

of PS when phosphatidylethanolamine (PE) is present. This phenomenon has been termed the 
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“Anything But Choline” (ABC) hypothesis which justifies that phospholipids  other than 

phosphatidylcholine (PC) can enhance GLA domain binding to the membrane.17 

To further understand these previously made observations, the Morrissey lab generated a panel 

of human fX single GLA domain mutants (Table VI.1). The mutated residues have been selected 

based on the molecular dynamics simulations previously mentioned.15 There is only one amino 

acid residue mismatch in this panel of mutants due to sequence differences from bovine to human 

at residue 10 which is a Gln or Lys, respectively. The Morrissey lab has performed fXa generation 

assays in solution (using soluble tissue factor) and on 20% PS 80% PC liposomes (membrane 

bound tissue factor) for each these mutants.18 All mutants generate fXa in solution to some degree 

which shows that the mutations are not completely misfolding fX. Of particular interest was the 

observed change in activity for E19D, E25D, E32A, K9Q, R15Q, and R28Q in the presence of 

membranes. These mutations all show similar or more fX generation to the wtfX in solution but 

show less to no activity on liposomes. Thus, demonstrating the membrane binding properties of 

these residues.  

Herein, we use DNA-tagged Nanodiscs on silicon photonic microring resonators19 to 

characterize the binding interactions between these fX mutants and various lipid environments. 

DNA-tagged Nanodiscs were assembled with 50% PS for comparison in trends to the activity 

assays with 100% PC as a control. Additional environments of 10% PS, 20% PS, 35% PS, 10% 

PS 50% PE, 20% PS 40% PE, 35% PS 25% PE, 50% PS 10% PE, and 50% PE were used to study 

GLA domain mutation effects to PS-PE synergy. We found that all mutated residues do affect 

membrane binding. The data presented here is a snapshot of the fX mutant study with a focus on 

binding data and with minor comparisons to the activity assay data. Further studies are ongoing in 

the Morrissey lab to complete the story for understanding the key residues in the fX GLA domain.18  

2. Materials and Methods 

Chemicals and reagents 

Phosphatidylcholine (POPC; 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), 

phosphatidylserine (POPS; 1-palmitoyl-2-oleoyl-sn-glycero-2-phosphoserine), and 

phosphatidylethanolamine (POPE; 1,2-dipalmitoleoyl-sn-glycero-3-phosphoethanolamine) were 

purchased from Avanti Polar Lipids (Alabaster, AL). MSP1D1 D73C was expressed in E. coli and 
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purified as described previously.20. Custom DNA oligonucleotides were synthesized by Integrated 

DNA Technologies (IDT, San Jose, CA, USA) based on previous work.19 Syringe filters (0.22 μm 

pore size) and Amberlite® XAD®-2 beads were purchased from MilliporeSigma (Burlington, MA, 

USA). HisPur Ni-NTA (nitrilotriacetic acid) Resin, succinimidyl-[(N-maleimidopropionamido)-

hexaethyleneglycol]ester (SM(PEG)6), AminoLinkTM Plus Immobilization Kit, Pierce BCA 

protein assay kit, and StartingBlockTM (PBS) Blocking Buffer were purchased from ThermoFisher 

Scientific (Waltham, MA, USA). Human wtfX and mutants were generously provided by the 

Morrissey Lab (University of Michigan, Department of Biological Chemistry, Ann Arbor, MI, 

USA). 

DNA-Tagged Nanodisc preparation and purification 

DNA-tagged Nanodiscs were preparation and purification has been described in detail 

previously.19 DNA oligoes are covalently attached to MSP1D1 D73C using SM(PEG)6. First, 

DNA is conjugated to SM(PEG)6 (dissolved in DMSO) at a 10:1 mole ratio of SM(PEG)6 to DNA 

in PBS-8(+) (10 mM PBS, 3 mM EDTA, pH 8) and 20% DMSO for 1 hour at room temperature 

with mixing. Excess SM(PEG)6 is removed by spin concentrating and DNA is buffer exchanged 

into PBS-6.5(+) (10 mM PBS, 3 mM EDTA, pH 6.5). MSP1D1 D73C in PBS-6.5(+) that was 

purged with argon for at least 30 minutes is incubated at a 10:5:1 mole ratio of sodium cholate to 

TCEP to MSP1D1 D73C for 15 minutes at room temperature. DNA is then added to the MSP1D1 

D73C mixture to incubate at room temperature for 2 hours or overnight at 4°C. Excess DNA is 

removed by Ni-NTA purification. Conjugated MSP is purified by using DNA columns generated 

by the AminoLinkTM Plus Immobilization Kit with a modified purification protocol that used SDB 

(20 mM Tris, 100 mM NaCl, 0.5 mM EDTA, 0.01% NaN3, pH 7.4) for column equilibration, a 

30% formamide in SDB for wash steps, and 100% formamide for elution. Elutions are 

concentrated and buffer exchanged into SDB. Final concentrations of DNA-tagged MSP were 

determined using BCA assays. 

Nanodiscs were assembled with DNA-tagged MSP as previously described.19,21,22 Briefly, 

mixtures of PS, PE, and/or PC were generated at defined ratios prior to drying. All dried lipid 

mixtures contained PC as a balance. After drying, lipids were placed in a desiccator, under vacuum 

for at least 4 hours. Lipids were reconstituted in 100 mM sodium cholate for a final lipid 

concentration of 11.2 mM except for mixtures containing PE were reconstituted in 100 mM sodium 
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deoxycholate. DNA-tagged MSP and lipids were mixed at a ratio of 65:1 lipid to MSP in SDB 

with a final concentration of 20 mM sodium cholate for all mixtures for 1 hour at 4°C. Half the 

sample volume of Amberlite® XAD®-2 detergent removal beads were added to mix overnight at 

4°C. Detergent removal beads were filtered off using 0.22 μm filters. Assembled Nanodiscs were 

purified using a Superdex 200 Increase 3.2/30 (GE Healthcare, Pittsburgh, PA, USA). Nanodisc 

concentration was determined using QubitTM 3.0 Fluorometer (Invitrogen) ssDNA Assay Kit. 

Silicon photonic microring resonators 

The Maverick M1 optical scanning instrumentation and microring resonator sensor chips were 

purchased from Genalyte, Inc. (San Diego, CA). The operation of the instrument has been 

previously described.23–27 Briefly, silicon photonic microring resonators are refractive index-based 

sensors with a diameter of 30 µm. The microring has an adjacent linear waveguide that directs a 

1550 nm centered laser using total internal reflection next to the optical cavity. When the resonance 

condition is met, light couples into the microring allowing the detector to read a dip in 

transmittance at that resonant wavelength. The change in resonant wavelength is observed 

overtime.  

Sensor chip array functionalization 

Sensor chips were spotted by Genalyte (Figure VI.1A) and stored with DryCoat in a desiccator 

at 4°C. A laser-cut 2-channel Mylar gasket was used to generate 2-3 biological replicates for each 

lipid environment in clusters of 4 technical replicates (n = 8-12). DNA-tagged Nanodiscs were 

loaded on to the surface as previously described.19 Briefly, functionalized chips were blocked with 

StartingBlockTM at a flow rate of 10 µL/min then rinsed with SDB + 2% BSA to maintain surface 

coverage. DNA-tagged Nanodiscs were loaded in SDB + 2% BSA as mixtures at 10 µL/min to 

ensure surface loading above 10 Δpm relative shift. Rinses of SDB + 2% BSA are performed 

between each loading step. Loading of each DNA-tagged Nanodisc is calculated per microring by 

taking the difference in Δpm relative shift of the trailing rinse step compared to the preceding rinse 

after controlling data to a ssDNA control. The final DNA-tagged Nanodisc array is shown in 

Figure VI.1B with a U-channel gasket for subsequent protein titrations. 

Protein binding titrations  
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Titrations were performed in HEPES(+) (10 mM HEPES, 150 mM sodium chloride, 50 µM 

EDTA, 0.2% BSA, 0.1% (w/v) PEG 8000, 2.5 mM CaCl2, pH 7.4) at 10 µL/min flow rate. 

Regeneration of the chip surface between titrations was performed in HEPES without CaCl2. Most 

fX mutant titrations were performed at 100 nM, 250 nM, 750 nM, 2.5 µM, and 5 µM steps except 

for K9Q and K10Q which used 100 nM, 250 nM, 750 nM, 2 µM, and 4 µM due to protein 

availability. 

Data analysis  

Analysis was performed using a custom R script in RStudio. Sensor traces were corrected for 

temperature fluctuations and bulk non-specific binding by subtraction of response to the ssDNA 

control. Protein titrations use calculated DNA-tagged Nanodisc loading to correct for array surface 

coverage using the equation: 

 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑝𝑒𝑟 𝑙𝑒𝑎𝑓𝑙𝑒𝑡 = (
𝛥𝑝𝑚𝑃𝑟𝑜𝑡𝑒𝑖𝑛

𝑀𝑤,𝑃𝑟𝑜𝑡𝑒𝑖𝑛
) (

𝑀𝑤,𝑁𝑎𝑛𝑜𝑑𝑖𝑠𝑐

𝛥𝑝𝑚𝑁𝑎𝑛𝑜𝑑𝑖𝑠𝑐
) (

1

2
) (VI.1) 

where ΔpmProtein is the relative shift response during the protein titration, Mw,Protein is the molecular 

weight of the titrated protein, ΔpmNanodisc is the quantified loading of Nanodisc, and Mw,Nanodisc is 

the molecular weight of the Nanodisc. This calculation is performed on each microring 

individually to account for surface coverage differences. Binding curves are generated by plotting 

the relative shift in protein per leaflet at the equilibrium point of each titration step compared to 

the relative shift at the end of the HEPES(+) step versus the concentration of protein. The curves 

are then fit to the following equation to characterize the binding: 

 
𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑝𝑒𝑟 𝑙𝑒𝑎𝑓𝑙𝑒𝑡 = 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑝𝑒𝑟 𝑙𝑒𝑎𝑓𝑙𝑒𝑡𝑚𝑎𝑥   ( 

𝑋

𝐾𝑑 + 𝑋
) (VI.2) 

 

  

where X is the concentration of the titrated protein and Kd is the dissociation constant. The hill 

coefficient gives information about the cooperativity of the binding while the Kd quantifies the 

binding affinity. Standard errors in the ratios for values relative to wtfX were determined based on 

Fieller’s Theorem with independent values.28 
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3. Results and Discussion 

DNA-tagged Nanodiscs were loaded on to the sensor surface to generate the array shown in 

Figure 6.1B. In total, 26 different Nanodisc preparations were arrayed for the first time on silicon 

photonic microring resonators. This array is comprised of 2-3 biological replicate of 10 lipid 

environments with 4 technical replicates each. The array consisted of 10% PS, 20% PS, 35% PS, 

50% PS, 10% PS 50% PE, 20% PS 40% PE, 35% PS 25% PE, 50% PS 10% PE, 50% PE, and 

100% PC as a control.  

Factor X mutant membrane association comparison to activity 

For simplicity, biological and technical replicates are plotted as an average with standard 

deviations for error between individual microrings (Figure VI.2, left). All calculates for 

normalization and binding are performed on each microring individually (Figure VI.2, right) with 

final values reported as averages with standard deviations for error (Table VI.2).  

For comparison to the mentioned unpublished data from the Morrissey lab, the binding values 

relative to wtfX for 50% PS Nanodiscs have been plotted in Figure VI.3. Dissociation constants 

characterize binding with an inverse relationship to activity. For activity, higher activity means 

that the enzymatic turnover occurs at a higher rate. Higher binding affinity is, however, shown by 

a lower Kd due to the value representing the concentration at which half the binding sites are 

occupied, and a lower concentration that does this more efficiently has a higher affinity. To make 

an argument showing the same trends, we have plotted the Ka relative to wtfX (Figure VI.3A). 

The mutants E19D, E25D, E32A, K9Q, R15Q, and R28Q showed the most interesting trends 

in activity due to their similarities to wtfX in solution compared to the diminished activity on 

liposomes. The Gla residues in particular showed almost no activity whereas, the adjacent residues 

showed close to 50% reduction.18 The association constants for these mutants show similar trends 

in terms of diminished binding affinity (Figure VI.3A).  

Starting with the Gla mutants, no binding was observed to 50% PS Nanodiscs by E7D, E20D, 

E25D, and E29D. These residues are clearly essential for GLA domain interactions with the 

membrane. Two mutants were generated of Gla32 that showed differential binding. The E32A 

mutant showed no binding while E32D (Figure VI.3A, yellow) was able to interact with the 
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membrane. Though the E32D binding affinity looks stronger, there is a very diminished maximum 

binding per leaflet (Figure VI.3B, yellow). The similar environment generated by substituting an 

aspartate in place of the γ-carboxyglutamate can stabilize interactions on the surface, but not as 

efficiently as the native state. A similar interaction that was observed at E32D was also observed 

at E14D (Figure VI.3, red). E19D (Figure VI.3, orange) shows weak binding with around 50% 

maximum binding compared to wtfX which trends similarly to the decrease in activity with 

membranes present. 

The lysine and arginine mutants are adjacent to Gla residues. K10Q, and R28Q show similar 

binding to wtfX (Figure VI.3, blue and green), but also exhibit a lower efficiency due to displaying 

less loading per leaflet. In contrast, K9Q and R15Q have lower binding affinities compared to 

wtfX (Figure VI.3, indigo and teal) with slightly higher maximum binding compared to K10Q, 

and R28Q. The lysine and arginine residues are necessary for membrane interactions but are not 

necessarily destroying the membrane interactions compared to the mutation of γ-

carboxyglutamate.  

These observations track well with the predicted contact points observed between γ-

carboxyglutamate residues to calcium and the amine on PS compared to the phosphate or carboxyl 

PS interactions seen with lysine and arginine.15 GLA domains require calcium to bind to the 

membrane; thus, mutating the docking points abolishes the interaction. In particular, there are two 

predicted PS binding sites with bovine fX involving 1) Gla19 with two calcium ions and 2) Gla29 

with Gln10 and one calcium.15 For human fX, mutation of Gla19 and Lys10 did not eliminate the 

membrane association while the Gla29 did prohibit binding completely due to the high affinity at 

this site for calcium. For the second PS interaction, the mutations demonstrate that Gla29 is more 

important for the interaction with PS than Lys10. 

 

 

Factor X lipid synergy characterization 

The ABC hypothesis states that any phospholipid but PC can cooperate with PS to achieve 

comparable or tighter binding affinity in environments with low PS.17 This trend has been shown 
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in the literature14,16 and Figure VI.4A for the GLA domain with PS and PE for wtfX. No binding 

is observed with 50% PE alone which demonstrates that both PS and PE are needed to achieve this 

interaction with the fX-GLA domain. 

The fX mutants were screened for this synergistic behavior to potentially observe a change in 

this synergistic trend, but this was not the case. For all mutants with observable binding, there PS-

PE cooperation is present (Figure VI.4B). Mutants, in most cases, show a similar trend to wtfX 

due to increased binding affinity with increasing PS or with the addition of PE. In contrast to this 

trend, R28Q shows no difference in binding affinity when increasing PS or PE content except in 

the case of low PS. Arg28 shows preference for carboxyl interactions with PS in simulations.15 

Changes to this interaction may have adjusted the lipid binding preferences for this surface of fX 

which would be interesting for future experiments potentially with synthetic analogs to PS.  

The maximum binding efficiency per leaflet for wtfX did not vary between PS and PE 

environments (Figure VI.5A) with the exception of no observable binding with 50% PE. Mutants 

of fX show diminished maximum binding in comparison to wtfX but do not show a difference in 

maximal binding for environments where affinity was observed (Figure VI.5B). This could be 

due to a potential cooperativity in binding with fX near the membrane interface.  

4. Conclusion 

We screened a panel of fX-GLA mutants using highly multiplexed DNA-tagged Nanodisc 

technology on silicon photonic microring resonators. This study is part of a larger ongoing study 

in the Morrissey lab in the Department of Biological Chemistry at the University of Michigan.18 

The Morrissey lab has collected activity data for each of these mutants which were the main 

motivation for collection of complementary binding data. The conclusions complement each other 

to show that Gla residues in the fX are essential for membrane association while adjacent residues 

contribute minorly.  

Amino acids of interest for these interactions are Gla19 and Lys10. Molecular modeling 

simulations show that Gla19 bind with two calcium ions which contribute to GLA domain 

association to PS.15 Mutation of this residue to aspartate minimized binding, but did not abolish it. 

More studies are needed to understand the potential calcium interactions with amino acids adjacent 

to Gla19 that may also be present in chelating calcium. The same simulation study predicted 



215 

 

interactions between calcium, Gln10, and Gla29 for bovine fX. Mutation of Gla29 resulted in no 

binding in most lipid environments but mutation of Lys10 to glutamine simply diminished the 

interactions. This could be potentially due to a difference in homology between bovine and human 

fX.   

Overall, this portion of the overarching project has provided binding data that complements 

activity data for the panel of fX-GLA domain mutants. This was the highest multiplexed study run 

on the silicon photonic microring resonators with Nanodiscs. This technique has promise to open 

the door for screening of interactions at a higher multiplexity than currently available for lipid-

protein or membrane protein-protein interactions.  
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FIGURES 

 

Figure VI.1. Sensor Chip Layout. (A) The flow path for loading is shown by the light blue box 

and arrows using a 2-channel setup. The array was generated by Genalyte for functionalization of 

control (pink), N (black), M (gold), L (dark blue), K (dark purple), J (dark green), I (yellow), H 

(dark red), G (brown), F (red), E (orange), D (blue), C (green), B (grey), and A (purple). (B) The 

flow path for Nanodisc array titration is shown by the light blue box and arrows using a U-channel 

setup. Flow loading in (A) was used to generate the array of 100 % PC (black), 10% PS (red), 20% 

PS (orange), 35% PS (yellow), 50% PS (pink), 50% PE (purple), 10% PS 50% PE (indigo), 20% 

PS 40% PE (blue), 35% PS 20% PE (teal), and 50% PS 10% PE (green) while white represents 

unfunctionalized microrings that act as ssDNA controls. This allows 2-3 biological replicates with 

4 technical replicates each for every Nanodisc (n = 8-12). 
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Figure VI.2. Factor X Wildtype and Mutant Titrations. (A-C) Right: Normalized and 100% 

PC controlled fX titration from 100 nM to 5 µM with buffer steps of HEPES (**) and HEPES(+) 

(*). The shaded ribbon shows the standard deviation of microrings (n = 8-12).  Left: fX binding 

curve with fX per leaflet values calculated from equilibrated steps in the titration using the first 

calcium buffer step as a zero point. The plotted binding fit is generated with the average values 

from the fit for each microring (n = 8-12).   
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Figure VI.2. Factor X Wildtype and Mutant Titrations. (D-F) Right: Normalized and 100% 

PC controlled fX titration from 100 nM to 5 µM with buffer steps of HEPES (**) and HEPES(+) 

(*). The shaded ribbon shows the standard deviation of microrings (n = 8-12).  Left: fX binding 

curve with fX per leaflet values calculated from equilibrated steps in the titration using the first 

calcium buffer step as a zero point. The plotted binding fit is generated with the average values 

from the fit for each microring (n = 8-12). 

  



219 

 

 

Figure VI.2. Factor X Wildtype and Mutant Titrations. (G-I) Right: Normalized and 100% PC 

controlled fX titration from 100 nM to 5 µM with buffer steps of HEPES (**) and HEPES(+) (*). 

The shaded ribbon shows the standard deviation of microrings (n = 8-12).  Left: fX binding curve 

with fX per leaflet values calculated from equilibrated steps in the titration using the first calcium 

buffer step as a zero point. The plotted binding fit is generated with the average values from the 

fit for each microring (n = 8-12). 
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Figure VI.2. Factor X Wildtype and Mutant Titrations. (J-K) Right: Normalized and 100% 

PC controlled fX titration from 100 nM to 4 µM with buffer steps of HEPES (**) and HEPES(+) 

(*). The shaded ribbon shows the standard deviation of microrings (n = 8-12).  Left: fX binding 

curve with fX per leaflet values calculated from equilibrated steps in the titration using the first 

calcium buffer step as a zero point. The plotted binding fit is generated with the average values 

from the fit for each microring (n = 8-12). 
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Figure VI.2. Factor X Wildtype and Mutant Titrations. (L-M) Right: Normalized and 100% 

PC controlled fX titration from 100 nM to 5 µM with buffer steps of HEPES (**) and HEPES(+) 

(*). The shaded ribbon shows the standard deviation of microrings (n = 8-12).  Left: fX binding 

curve with fX per leaflet values calculated from equilibrated steps in the titration using the first 

calcium buffer step as a zero point. The plotted binding fit is generated with the average values 

from the fit for each microring (n = 8-12). 
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Figure VI.3. Values for Factor X Binding to 50% PS Nanodiscs. (A) The inverse dissociation 

constant relative to wtfX is plotted to mirror activity data. Values above 1 have a higher affinity 

than wtfX while values less than 1 have a lower affinity. (B) Maximum binding per leaflet of fX 

and fX mutants relative to fX. Note: Error bars represent standard error in calculating ratios of 

these values28 (n = 12) and values denoted with # were unable to be calculated due to no observed 

binding.  
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Figure VI.4. Factor X Dissociation Constants with Various Lipid Environments. Dissociation 

constants plotted with different y-axes to observe lipid synergy between PS and PE for (A) wtfX 

and (B) fX mutants. Note: n = 8-12 and values denoted with # were unable to be calculated due to 

no observed binding.  
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Figure VI.5. Maximum Factor X Binding per Leaflet on Various Lipid Environments. 

Maximum binding per leaflet for (A) wtfX and (B) fX mutants with the same y-axes for 

comparison to wtfX. Note: n = 8-12 and values denoted with # were unable to be calculated due 

to no observed binding.  
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TABLES 

Table VI.1. List of Factor X Mutants. 

 

aMutations designed and provided by Divyani Paul in the Morrissey lab18 
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Table VI.2. Factor X Binding Data. 

 

aUnable to fit data 
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Table VI.3. Factor X Mutant Binding Data Relative to Wildtype for 50% PS. 

 

aUnable to fit data 
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CHAPTER VII 

 

Conclusions and Future Directions 

 

 

1. Introduction 

This work summarized four years of effort toward development of a high throughput system 

for lipid-protein and membrane protein-protein interaction characterization. Chapter I began with 

an overview of the importance of biological membranes in physiology. Membrane mimetics and 

their use in a myriad of techniques was discussed before giving an introduction into the biological 

process of interest for this thesis—blood coagulation. The main lipid interaction of interest is that 

of the GLA domain which is a lipid binding domain rich in γ-carboxyglutamate that chelates 

calcium ions to form electrostatic interactions with phosphatidylserine (PS). Next, Chapter II told 

the story of high-density lipoprotein mimetic development. The narrative provided an unbiased 

comparison of peptide, protein, DNA, and polymer for stabilization of lipids into disc-like 

mimetics termed nanodiscs. Each of these scaffolding reagents have their advantages and 

disadvantages but many can be used interchangeably to achieve the same studies.   

2. Nanodiscs on Silicon Photonic Microring Resonators 

This work utilized Nanodiscs formed with membrane scaffold protein (MSP) due to the 

stoichiometric control over MSP incorporation around the mimetic.1–4  The following chapters 

worked toward optimization of the interface between Nanodiscs and silicon photonic microring 

resonators for multiplexed lipid-protein and membrane protein-protein characterization of blood 

coagulation cascade interactions.  
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Chapter III and IV focused on spotting Nanodiscs in spatially different clusters on silicon 

photonic microring resonator chips. These arrays are formed with physisorption interactions 

between the silicon oxide coated microring surface and lipid headgroup electrostatic interactions.  

First, this technique was used as a proof of concept study to show increased binding affinity for 

GLA domain-containing blood coagulation factors with increasing amounts of phosphatidylserine 

(PS) and phosphatidic (PA).5 Factor VIIa and activated protein C were also shown to preferentially 

bind PA as previously seen in the literature. Secondly, an array of PS. Secondly, an array of PS 

and phosphatidylethanolamine (PE) environments were used to quantify lipid synergy.6 

There are two major drawbacks to physisorption Nanodisc arrays: membrane environment 

limitations and inability to quantitate surface coverage. Due to relying on electrostatic interactions 

with silicon oxide, lipid environments that are anionic will cover the surface differently than those 

with a more neutral or cationic charge. This charge can change with modifications to the lipids or 

by incorporation of membrane proteins. In addition to environment limitations, the reliance on 

electrostatic interactions compared to covalent interactions on the surface results in arrays that 

need to be used within a few days of generating. The resulting arrays exhibit difference in surface 

coverage that cannot be quantitated which can result in subtracting off more nonspecific 

interactions than specific interactions. To quantitate the surface coverage, Nanodiscs need to be 

loaded onto the surface in the instrument setup; however, only two Nanodisc environments can be 

loaded on to the surface at a due to the flow cell setup.  

To overcome these challenges, we developed a DNA-tagged Nanodisc protocol for sequential 

loading onto the microring resonator surface that can be observed overtime and quantitated.7 The 

DNA-tags allow for the generation of DNA encoded Nanodisc environment libraries that are 

oriented above the surface. In Chapter V, we showed analytical optimization of this technique and 

use for characterizing mutated Nanodisc incorporated tissue factor (TF) interactions with factor X 

(fX) and factor IX. Further implication of this technique to generate a 26-plex panel of 10 different 

Nanodiscs with biological replicates was used in Chapter VI. Using this panel, binding of fX-GLA 

domain mutants was characterized to complement an ongoing experimentation in the Morrissey 

lab.8 
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Each of these projects relied on the multiplexable capabilities of the silicon photonic microring 

resonator platform. No other current technology has the sensitivity and multiplexable capacity for 

lipid-protein or membrane protein-protein interaction characterization than this system. 

In the next section, we show preliminary results that utilized physisorption to characterize the 

stereochemical and chemical interactions of the GLA domain of prothrombin (PT). We utilized 

PS analogs to tease out the interactions that are driving PT to the membrane surface with different 

binding affinity than other GLA domain-containing proteins. Future work will use these PS 

analogs and DNA-tagged Nanodiscs to understand the different affinities of all GLA domain-

containing factors on a chemical level. 

3. Phosphatidylserine Analogs for Chemical and Stereochemical Binding Characterization 

Abstract 

The main lipid binding domain present in the blood coagulation cascade is the GLA domain. 

This domain is rich in γ-glutamate and utilizes interactions with calcium ions to specifically bind 

to phosphatidylserine (PS) headgroups. There are seven blood coagulation factors that contain this 

binding domain, and each display differential binding affinities with PS. To understand the 

differential binding, we utilized PS analogs that display various stereochemical and chemical 

headgroup characteristics. These PS analogs were incorporated into Nanodiscs for array generation 

on silicon photonic microring resonators. Prothrombin binding to these PS analogs showed little 

to no change in binding affinity when changing the stereochemical PS environment or in the 

presence of phosphatidic acid; however, the binding affinity was lower when the amine and/or 

phosphate are removed. These PS analogs demonstrate the potential to characterize the binding 

preferences for chemical environments on PS that differentiate GLA domain-containing blood 

coagulation factors or other PS binding domains. 

3.1. Introduction 

Phospholipid binding domains are in the top 15 most modular domains that are most often 

connected to signal transduction and membrane trafficking.9 Many phospholipid binding domains 

contain cationic surfaces that bind to anionic membranes while others have surface topography 
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association.10–16 Both of these interactions can also involve second messengers such as calcium or 

be affected by pH.  

Phosphatidylserine (PS) is enriched on the cytoplasmic side of the plasma membrane; thus, the 

exposure of PS to the extracellular domain can be used to initiate processes such as cell death 

which is common with annexin core lipid binding domains.17 The first PS binding domain studied 

was the C2 domain of protein kinase C.18 Here, the lipid binding interaction was discovered to 

occur in a calcium dependent manner.  

The extrinsic blood coagulation cascade involves PS specific binding interactions from blood 

coagulation factors containing GLA or discoidin C2 domains. GLA domains are N-terminal 

regions rich in γ-carboxyglutamate which bind PS in a calcium dependent manner.19 There are 

seven GLA domain-containing blood coagulation factors that are involved in coagulation 

propagation and negative feedback mechanisms.20 Each of these GLA domains contain 47 amino 

acids with 9 to 12 glutamate residues (all of which are converted to γ-carboxyglutamate prior to 

secretion), three of which are conserved in all factors. There are currently crystal structures 

available for several GLA domains.21–23 Compared to GLA domains, the discoidin-type C2 domain 

is less common in blood coagulation. This domain utilizes tryptophan to bind with PS in the 

membrane.24,25 There have been numerous molecular dynamics26,27 and NMR19 studies designed 

to understand how these clotting factors bind to PS. There has been one study to date that has 

identified stereospecificity of fVIIa-TF complex formation using various forms of PS using 

activity assays and molecular dynamics simulations.28 

To understand differential PS binding specificities within a binding domain family, we have 

selected a PS analog panel (Figure VII.1) to test for stereochemical and chemical binding 

preferences. Herein, we utilize Nanodiscs as a membrane mimetic to generate a membrane 

environment array. Nanodiscs are disc-like membrane bilayers that are stabilized by membrane 

scaffold proteins (MSP).29,30 Previously, we have utilized Nanodiscs to generate arrays on silicon 

photonic microring resonators31 and characterize GLA domain interactions with PS.5,6 This work 

is preliminary but shows promising results for later studies comparing PS containing proteins 

within and between lipid binding domain families. 

3.2. Materials and methods 
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Materials 

Phosphatidyl-L-serine (PLS, POPS, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine), 

phosphatidic acid (PA, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate), phosphatidylethanolamine-

N-methyl (PM, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine-N-methyl), 

phosphatidylglycerol (PG, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol)), and 

dioleoylsuccinylglycerol (GS, 1,2-dioleoyl-sn-glycero-3-succinate) were purchased from Avanti 

Polar Lipids (Alabaster, AL). MSP1E3D1 was expressed in E. coli and purified as described 

previously.32 PT was purchased from Enzyme Research Laboratories Inc. (South Bend, IN). 

Amberlite® XAD®-2 beads and all other chemicals were purchased from Sigma Aldrich (St. Louis, 

MO) and used as received unless otherwise noted.  

Nanodisc preparation 

Nanodiscs were prepared as described previously.29,30,32 Briefly, lipids were dried under 

nitrogen and stored under vacuum for at least 4 hours. Nanodiscs were formed in TBS buffer (20 

mM Tris-HCl, 100 mM NaCl, and 0.01% (w/v) NaN3; pH 7.4) by mixing MSP, lipids, and cholate 

up to 20 mM in solution. The lipid to MSP ratio used for all Nanodiscs were 135:1 except for 50% 

PA Nanodiscs which were formed using a ratio of 130:1. The components were incubated with 

mixing at 4°C for 1 hour before adding half the sample volume of Amberlite® XAD®-2 beads for 

an additional 2 hours.  Beads were removed with 0.22 μm syringe filters. Nanodiscs were purified 

using size exclusion chromatography on a Superdex 200 Increase 3.2/30 column (GE, Pittsburgh, 

PA). Nanodisc concentrations were determined using QubitTM Protein Assay. 

Silicon photonic microring resonators 

The silicon photonic microring resonator system (Maverick M1) and sensor array chips were 

purchased from Genalyte, Inc. (San Diego, CA). The operation of the instrument has been 

previously described.33–37 Sensor chips are 4 x 6 mm with 128 individually functionalize silicon-

on-insulator rings and 4 thermal control. The microrings function as a refractive index-based 

sensing platform. 

Sensor chip array functionalization 
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Nanodisc arrays were generated using hand spotting via pipette onto the silicon photonic 

microring chips.6,38 Prior to functionalization, the chips are washed with acetone and isopropanol. 

Nanodiscs are spotted on to the surface at a concentration of 0.5 µM in spatially different regions 

(Figure VII.2). The chip is then incubated in a humidity chamber for at least 1 hour at 4°C. 

Prothrombin binding titration 

The Nanodisc array surface was blocked with a solution of 2% BSA prior performing titrations. 

The titration was performed in HEPES(+) buffer (10 mM HEPES, 150 mM NaCl, 50 μM EDTA, 

2.5 mM CaCl2, 0.1% (w/v) PEG 8000; pH 7.4) with chip regenerations performed in a HEPES 

buffer without CaCl2. The concentration range for the PT titration was from 2 nM to 2 µM. 

Data analysis 

Data was analyzed using custom R scripts in RStudio. The titrations are controlled by 

subtracting interactions to 100% PC Nanodiscs as described previously.6,38 The relative Δpm shift 

for each titration step is calculated by subtracting the shift at for the initial HEPES buffer from the 

equilibrated titration step. This shift is then plotted against concentration to fit to the equation: 

 Δpm = Δpm𝑚𝑎𝑥 (
𝑋

𝐾𝑑+𝑋
)     (VII.1) 

where X is the concentration of prothrombin, Δpmmax is the maximum shift, and Kd is the 

dissociation constant. 

3.3. Results and discussion  

Nanodisc array generation 

The Nanodiscs used to generate the arrays are shown in Figure VII.3. When this study was 

run, Pβ-Lac was not synthesized. This remains a future aim to really understand the chemical and 

stereochemical interactions of PS binding domains due to its structural similarities to PS without 

the amine. After spotting the Nanodiscs at 0.5 µM, the chip is stored in a humidity chamber for at 

least 1 hour at 4°C. The chip is then ready undergo a surface block on the instrument. This is done 

to ensure that the surface is completely covered and minimize nonspecific interactions. The surface 

here was blocked with BSA (Figure VII.4). During this blocking step, extra calcium containing 

buffers have been added to the end which are not normally used. When adding calcium, 50% PA 
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(green) and 50% PDS (blue) exhibit some dissociation from the surface. In particular high 

percentages of PA in Nanodiscs have been shown to form aggregates in the presence of calcium.4 

This aggregation could be the reason for Nanodiscs dissociating off the surface. 

Prothrombin titration 

The 100% PC controlled PT titration and binding curve are shown in Figure VII.5 with using 

Equation VII.1 as the fit parameter. First impressions looking at the binding curve in Figure 

VII.5B show similar binding to PLS, PDS, PhS, and PA with differential binding to GS, PG, and 

PM. The main differences here are the lack of phosphate group for GS and the lack of anionic 

character for PG and PM.  

The calculated binding values follow these immediate assumptions (Figure VII.6 and Table 

VII.1). PT shows mild preference for binding with GS and PG over PM which is interesting due 

to the lack of phosphate for GS. This binding trend displays a PT binding potential for the 

carboxylic acid of GS and glycerol shielded phosphate of PG; thus, demonstrating a binding pocket 

for the carboxylic acid or hydroxide group in the GLA domain of PT. The weakness of these 

binding interactions are  similar to results shown that fX favors binding with the amine and 

phosphate over the carboxyl.26  

Due to the similar binding observed with PLS and PDS, PT does not appear to have a 

stereochemical preference with regards to the amine group on PS. However, there is a slightly 

better affinity observed with PA and PhS. This could be due to the ease of access to the phosphate 

region due to PA being unhindered and PhS having a more flexible headgroup. The Tajkhoshid 

model predicts that calcium ions are held in close proximity to the phosphate of PS.19,27,39 

Therefore, the ease of access to the phosphate group may explain the tighter binding affinity 

displayed by PA and PhS compared to PLS and PDS. 

3.4. Conclusion 

This panel of PS analogs was used as a preliminary study into the stereo- and chemical-

selectivity of PT. The findings show that the GLA domain interaction of PT with PS preferentially 

bind with phosphate groups that are easily accessible and show no stereoselectivity based on the 

amine positioning. The future of this panel of PS analogs is to compare binding selectivity within 
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and between PS binding domains. Within blood coagulation, there is a wide range of binding 

affinity displayed by the GLA domains (nM to µM); therefore, these PS analogs could be used to 

understand why there is such a difference. This does not have to be limited to just GLA domain-

containing proteins. Other domains such as annexin core, C2 domain, and discoidin C2 domains 

can be characterized with this panel to understand the differences within and between each family. 
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4. Future Directions 

The DNA-tagged Nanodisc technology interfaced on silicon photonic microring resonators is 

a promising method for future work for characterizing interactions at the membrane surface. First, 

DNA-tagged Nanodiscs with the methods in this dissertation utilized MSP1D1 D73C only. There 

are many other MSP variations that can be used to generate Nanodiscs.40,41 If the variation chosen 

has a single cysteine mutation, then this technique will work for generating DNA-tagged 

Nanodiscs. Currently, there are 14 DNA complement pairs that are usable for generating these 

arrays. For an easier user interface that does not involve taking the flow cell apart to achieve 28-

plex, the addition of more complement pairs is needed. There is potential to add 16 more 

complements to achieve this ideal user setup. There are no limitations on needing to use DNA-

tagged Nanodiscs on just silicon photonic microring resonators. Any surface sensitive detection 

method can be used with these chemically modified arrays such as SPR.   

The reaction to generate the DNA-tagged MSP, currently, is rigorous in terms of conjugation 

reaction clean up. The process of running the reaction then undergoing multiple rounds of Ni-NTA 

purification due to adenosine stacking with NTA that can generate a lot of nonspecific binding 

then undergoing multiple rounds of DNA purifications due to the current small size of the columns 

is a long process. The process can be cleaned up in multiple ways: packing larger columns (which 
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is obvious) and further optimizing the conjugation reaction. The current conjugation efficiency for 

the reaction variable from 50-90%. Work on optimization of the reaction could help with some of 

the workup to maybe not even need to do the DNA purification column.  

Another future direction for DNA-tagged Nanodiscs is stability studies. MSP Nanodiscs are 

typically stable for a month or so without aggregation or breakdown, but does the addition of DNA 

change this? This would also be interesting to study when changing the types of lipids in the 

Nanodiscs based on potential interactions with the DNA. 

Aside from optimization needed for DNA-tagged Nanodiscs, the uses of the technology are 

limitless.  Currently the technology has only been used for blood coagulation to characterize PS-

GLA domain and TF interactions. The preliminary study on PS analogs shows promise for 

implications in understanding the binding affinity variation displayed by GLA domain-containing 

proteins; however, there are other PS binding domains with physiological importance.42 Discoidin 

C2 domains are another blood coagulation cascade PS binding domain displayed by factor V and 

factor VIII.24,25  This binding interaction does not require calcium but instead utilizes tryptophan 

intercalation into the membrane.43,44 Another binding domain is C2 domain. Protein kinase C and 

synaptotagmins utilize this binding domain for calcium dependent interactions with PS and 

sometimes other lipids.45–48 Annexin cores are the final and largest major PS binding domain. 

These domains employ interactions with PS and high concentrations of calcium for signaling of 

processes such as cell death.49,50 

TF is simply an integral membrane protein with activity only on one side of the membrane. It 

would be interesting to study a more complicated system such as G-protein coupled receptors 

(GPCR). GPCRs are governed by agonists and phospholipids for interactions on both sides of the 

membrane.51 This system, and many others, is attractive to highlight characterization of 

interactions to both sides of the membrane.  

5. Limitations 

When using DNA-tagged Nanodiscs on silicon photonic microring resonators the type of 

interactions being studied need to be carefully considered. Since the interactions can be corrected 

to calculate interactions per leaflet, the total surface binding needs to scale. If only one of a protein 

is making it to the surface, this can be calculated, but it may be difficult to see the whole range of 
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interactions needed to characterize the binding. Binding curves require at least 5 data points, so 

more than one interaction is needed. In these cases, larger Nanodiscs could be used to generate 

more than one binding event per Nanodisc. 

Another limitation is the potential need for membrane curvature. Smaller Nanodiscs are more 

constrained, thus do not sure appreciable curvature in comparison to physiological membranes. 

The use of larger Nanodiscs may be able to overcome this limitation, but this would need to be 

tested. 

There are a few key limitations to consider when using Nanodiscs in general. Free lipids are 

separated away from assembled Nanodiscs using size exclusion chromatography (SEC), but this 

does not give information about what lipids did not incorporate. Studies have shown that 

incorporation is easily controlled and mimics the lipid mixture that was dried,52 but this may vary 

depending on the types of lipids used.  

6. Concluding Remarks 

In closing, this work has contributed to the fields of membrane characterization and blood 

coagulation. The developed and optimized interface with Nanodiscs and silicon photonic 

microring resonators required of innovation from analytical assay development to chemical 

biology. Further implementations of this platform will continue to push the limits of high 

throughput screening of lipid-protein and membrane protein-protein interactions. Characterization 

of interactions at the membrane interface will lead to better understanding of physiological process 

which will enable more informative design of future therapeutics.  
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FIGURES 

 

Figure VII.1. Phosphatidylserine Analog Structures. Headgroup structures for phospholipid 

analogs to test stereochemical and chemical selectivity of PS binding domains. Note: * = synthetic 

lipids provided by the Morrissey lab; ** = synthetic lipid synthesized by the Morrissey lab that is 

proposed for the continuation of this work. 
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Figure VII.2. Sensor Chip Layout. The flow path for loading and assays is shown by the light 

blue box and arrows. Hand-spotting was used to generate the array of 50% GS (orange), 50% PA 

(green), 50% PG (yellow), 50% PM (brown), 50% PDS (blue), 50% PhS (purple), PLS (red), and 

100% PC (black) while white represents unfunctionalized microrings. 
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Figure VII.3. SEC of PS Analog Nanodiscs. Elution profile of Nanodiscs made with either 100% 

PC or 50% PS analog with 50% PC as a balance.   
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Figure VII.4. BSA Blocking of Nanodisc Array. Blocking of the sensor surface after Nanodisc 

spotting. The assay starts in HEPES(**) before blocking with 2% BSA in HEPES. Afterwards, the 

surface is rinsed with alternating HEPES(+)(*). and HEPES (**). The shaded ribbon shows the 

standard deviation of microrings (n = 8-16).  
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Figure VII.5. Prothrombin Titration. (A) 100% PC controlled prothrombin titration from 2 nM 

to 2 µM with buffer steps of HEPES (**) and HEPES(+) (*). The shaded ribbon shows the standard 

deviation of microrings (n = 8-16).  
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Figure VII.6. Prothrombin Dissociation Constants. Plotted values are from the binding curve 

in Figure VII.5. The binding curve is fit for every microring functionalized with a given Nanodisc, 

then plotted as an average. Error is the standard deviation between the microrings.  
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TABLES 

Table VII.1. Prothrombin Dissociation Constants for PS Analogs. 
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