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Abstract

Rhodopsin, a prototypical G-protein-coupled receptor, is responsible for scoptic vision at low-light
levels. Although rhodopsin’s photoactivation cascade is well understood, it remains unclear how
lipid and zinc binding to the receptor are coupled. Using native mass spectrometry, we developed a
novel data analysis strategy to deconvolve zinc and lipid bound to the proteoforms of rhodopsin
and investigated the allosteric interaction between lipids and zinc binding. We discovered that
phosphatidylcholine bound to rhodopsin with a greater affinity than phosphatidylserine or
phosphatidylethanolamine, and that binding of all lipids was influenced by zinc but with different
effects. In contrast, zinc binding was relatively unperturbed by lipids. Overall, these data reveal
that lipid binding can be strongly and differentially influenced by metal ions.
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Introduction

Rhodopsin is an essential protein in vision and plays a central role in autosomal dominant
retinitis pigmentosa, and congenital stationary night blindness.-2 Rhodopsin is the G-
protein-coupled receptor (GPCR) found in the disc membranes of the rod outer segments
(ROS) of the eye. It is a sensitive photoreceptor that absorbs visible light around 500 nm,
allowing for vision in low-light level or scoptic conditions.3 Upon photon absorption,
rhodopsin’s retinal chromophore photoisomerizes from the 11-cisto all-trans form.* After
activation, rhodopsin undergoes further conformational changes that result in short-lived
intermediate products. The photocycle then reaches an equilibrium between the inactive
metarhodopsin | (MI) and the active metarhodopsin 11 state (MI1), before decaying by
hydrolysis into free retinal and chromophore-free opsin.®

The activity of rhodopsin is modulated both by its lipid and aqueous environments.® The
ROS membranes are concentrated in phosphatidylcholine (PC), phosphatidylethanolamine
(PE), and phosphatidylserine (PS) lipids.” Changes in the lipid environment as the disc
membrane matures cause differences in membrane properties, such as curvature, that can
affect the activity of rhodopsin.8:9:10 Furthermore, reconstitution into synthetic lipid
membranes has shown that the MI-MII equilibrium is affected by both the lipid head groups
and hydrocarbon tails.1! , However, individual lipid interactions with rhodopsin2 have not
been as well studied as bulk membrane effects.13

In addition to interacting with lipids, rhodopsin also binds zinc in the form of Zn2*. The
retina contains some of the highest concentrations of zinc in the body.14 Altered zinc
concentrations can contribute to age-related diseases, vision loss, and cataracts.1> Rhodopsin
has three proposed zinc ion binding sites, one within the transmembrane region and two on
the intradiscal side.14 The transmembrane site involving residues Glu122 and His?11 has been
suggested to be a high affinity binding site.1® The intradiscal binding sites involving
Glu20L/GIn27 and Glul97/His! are lower affinity and are believed to destabilize rhodopsin,
but may be non-specific.1”,14 In addition to specific zinc binding regions, there may be other
non-specific binding sites. Zinc binding has clear effects on rhodopsin stability and activity,
18 phut it is not clear how zinc and lipid binding are related.
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To explore the allostery between lipid and zinc interactions and their effects on rhodopsin
activity, we examined the influence of different lipids and different zinc concentrations on
dark state rhodopsin with native mass spectrometry (MS). Native MS preserves noncovalent
complexes for mass analysis. Because bound zinc and lipids have distinct mass shifts, native
MS enabled us to simultaneously quantify the amount of bound lipid and zinc. To remove
interferences between proteoforms of rhodopsin and zinc bound states, we developed a novel
double deconvolution data analysis approach. Using these new MS methods, we discovered
that zinc and lipid binding are interrelated, and the effects of zinc binding differ between
lipids.

Experimental Methods

Materials.

Ammonium acetate, zinc acetate, 3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonate hydrate (CHAPS), and dodecyl trimethylammonium bromide (DTAB)
were purchased from Sigma Aldrich. Ethylenediaminetetraacetic acid (EDTA) was
purchased from Fisher. Hydroxyapatite was purchased from Bio-Rad Laboratories.
Tetraethylene glycol monooctyl ether (CgE4) was purchased from Anatrace. 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sr-glycero-3-
phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS)
were obtained from Avanti Polar Lipids.

Protein Purification.

Rhodopsin was purified from frozen bovine retinas (W.L. Lawson Co., Omaha, NE)
according to previous protocols.1® Purification was performed under dim red-light
conditions and on ice or at 4 °C except where noted.® To purify ROS membranes, retinas
were thawed at 4 °C overnight, and then homogenized under a direct flow of argon gas. The
homogenate was clarified by centrifugation at 2,600 xg for 20 min prior to a second round
of homogenization and centrifugation. The supernatants were pooled and centrifuged at
8,000 xgfor 1 hr after dilution in a 10 mM Tris-acetate buffer. The pellet was then
introduced into a discontinuous sucrose step gradient of densities of 1.15, 1.13, 1.11, and
1.10 g/mL. Sucrose gradients were centrifuged in polyallomer tubes using a swinging bucket
rotor at 113,000 xg for 1 hr. The band at the interface of the 1.11 g/mL and the 1.13 g/mL
layers corresponded to the ROS membranes and was collected by syringe. The collected rod
disk membrane carpets were washed threefold, each time by diluting with two volumes of
double-distilled water, and centrifuged at 48,000 xg for 30 min to isolate the pelleted
membranes from the aqueous supernatant.

To solubilize rhodopsin, the membranes were incubated at a concentration of 8-12 mg/mL
in a solution of 100 mM DTAB containing 15 mM sodium phosphate at pH 6.8 for 1 hr on
ice. Samples were centrifuged again at 48,000 x g for 30 min, and the pellets were discarded.
The supernatant was then loaded into a hydroxyapatite column equilibrated with a 100 mM
DTAB and 15 mM sodium phosphate buffer at pH 6.8. The column was poured with around
30 mL of hydroxyapatite per 50 mg rhodopsin. Rhodopsin was eluted with a linear gradient
of 0-0.5 M NaCl in detergent buffer at a flow rate of 0.6 mL/min. Fractions of 2 mL were
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collected, and their concentrations were measured using UV/visible spectroscopy. Those
fractions with an A,go/Agpg ratio below 2.0 were combined together and concentrated using
a 30 kDa centrifugal filter to a concentration of 10 mg/mL and exchanged into a 30 mM
CHAPS and 15 mM sodium phosphate buffer (pH 6.8) for storage.®

Purified rhodopsin was further buffer exchanged from the CHAPS buffer into an MS-
compatible buffer containing 200 mM ammonium acetate and 0.5% (v/v) CgE,4 detergent by
size exclusion chromatography (SEC) on a Superdex 200 Increase 10/300 column (GE
Healthcare). For EDTA-treated samples, 0.1 mM EDTA at pH 7.8 was added prior to SEC
and incubated for 10 min. The rhodopsin concentration was determined to be 1.3 uM using
the Aygp absorbance and a molar absorptivity of 40,600 M~1cm™1.6 Purified rhodopsin was
then divided into 10 pL aliquots, flash frozen, and stored at —80 °C.

Lipid and Mass Spectrometry Sample Preparation.

Lipid solutions were prepared by first dissolving the lipids in chloroform. Phosphate
analysis was used to determine the concentration of the lipid stock solution.29 Lipids were
then dried overnight in a vacuum and solubilized in ammonium acetate buffer with CgE4 to a
concentration of 155 uM that was 5 times the working concentration. The solutions were
then further diluted using the rhodopsin sample to obtain a 10:1 lipid to rhodopsin molar
ratio (an absolute lipid concentration of 13.0 uM). Zinc acetate was dissolved in ultrapure
water to achieve stock solutions that were 5 times the working concentrations of 20, 250,
and 750 ppm. Solutions were mixed using 6 pL of rhodopsin, 2 pL of lipid stock, and 2 pL
of zinc stock solution. For the control solution, the lipid and zinc were replaced with CgE4
detergent in ammonium acetate. Samples were mixed and incubated in the dark for 10 min
before introduction to the MS.

Mass Spectrometry.

Native electrospray ionization (ESI) was performed using borosilicate needles pulled
inhouse with a P-1000 micropipette puller (Sutter Instrument, Novato, CA). Native MS was
performed using a Q Exactive HF quadrupole-Orbitrap instrument equipped with Ultra-High
Mass Range (UHMR) modifications (Thermo Fisher Scientific, Bremen). Instrumental
parameters were used as previously published, including a spray voltage of 1.5 kV and 25—
50 V of desolvation voltage in the insource trapping region to remove detergent.21:22 All
samples were analyzed in the dark for one minute of analysis. Mass spectra were collected
for triplicate mixtures, and error bars are shown as the standard deviation from the three
replicates, except for POPC at 750 ppm, which was done in duplicate.

Mass Spectrometry Data Analysis.

Analysis of native mass spectra was performed using UniDec?3 and MetaUniDec software.2!
The mass range was set between 40-49 kDa with a charge range of 5-25. Deconvolved
spectra showed a holo-rhodopsin peak at 41,983 Da that included several post-translational
modifications (PTM), including palmitoylation, acetylation, and glycosylation.24

Though relatively simple, the different glycosylation proteoforms present in holo-rhodopsin
limited the quantification of bound zinc because some peaks for different proteoforms with
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different numbers of bound zinc overlapped. To aid in quantitation, we developed a custom
script to take the initial deconvolution results from UniDec and perform a second
deconvolution with a conventional Richardson-Lucy algorithm (Figure 1).25:26 Here, a
deconvolved zero-charge mass spectrum of EDTA-treated rhodopsin with no zinc or lipid
added (Figure 1E) was used as the deconvolution kernel/template or point spread function.
Using this double deconvolution approach, the contributions from all proteoforms were
combined into a single peak, resulting in spectra with unique peak assignments and few
artifacts. As shown in Figure 1, this approach significantly improved the quantification of
bound species. A similar approach was previously shown by Klassen and coworkers using a
sliding window subtractive method, which required more manual guidance.?’

The amount of lipid and zinc binding to rhodopsin was quantified by extracting the
intensities of peaks in the doubly deconvolved spectra for all possible combinations of
bound lipid and zinc using the largest peak height within a £10 Da window. The intensities
of each zinc bound state were then summed for all lipid bound states to obtain the relative
amounts of bound zinc. The average numbers of bound zinc ions per rhodopsin were then
calculated weighted by their relative intensities summed across all lipid bound states. The
average amount of bound lipid was calculated in a similar manner by summing across all
zinc bound states and calculating the weighted average.

Results and Discussion

Rhodopsin Proteoforms.

To understand the relationship between zinc and lipid binding, we performed native MS of
rhodopsin solubilized in micelles of CgE,4 nonionic detergent. Native MS uses nondenaturing
ionization to preserve noncovalent complexes for mass analysis, which allows simultaneous
and independent detection of multiple different bound ligands.282° Rhodopsin was purified
from bovine retinas and exchanged into CgE,4 detergent micelles using SEC. All steps were
performed under dark conditions with a small amount of red light to prevent photoactivation
of rhodopsin.

First, we measured the native mass spectrum of dark-state rhodopsin in the absence of added
zinc or lipid. We discovered that rhodopsin was a monomer in CgE4 detergent at these
concentrations. No higher ordered oligomers were observed. Under standard purification
conditions, some zinc ions remained bound to rhodopsin (Figure 1A-C), indicating tight zinc
interactions that persisted through multiple steps of purification. To remove the residual zinc,
we added EDTA prior to the SEC buffer exchange, which stripped the remaining zinc from
the complex (Figure 1D-F).

Significantly, the zinc-free mass spectrum (Figure 2A) showed a relatively simple pattern of
post-translational modifications (PTMs). The most abundant mass was the rhodopsin protein
with the expected post-translational modifications: two glycans, two palmitoylations, N-
terminal acetylation, and retinylation.24:39 Additional peaks were observed for one, two,
three, or four additional mannose (M) units added to the glycans, which matched prior
glycomics results.20 Apart from the expected PTMs, an extra peak was observed at +121 Da
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that was not conclusively assigned to any covalent or noncovalent adduct, but it may
correspond to residual Tris buffer from the purification process.

Native MS Reveals Zinc Binding to Rhodopsin.

Because zinc remains tightly associated with rhodopsin during purification, we next
measured the binding of exogenous zinc to rhodopsin. Retinas have some of the highest zinc
levels in the body, with concentrations around 500-600 ppm.3! To bracket the physiological
zinc concentration, we added zinc acetate at 20, 250, and 750 ppm. Using native MS, we
then collected dark-state mass spectra of rhodopsin with bound zinc (Figure 2B). Each
bound zinc ion created a new peak series with an additional 63 Da in mass. When double
deconvolution is applied (Figure 11), the known PTMs are computationally removed and
only bound zinc is observed. From the double deconvolved spectra, we quantified the
average number of zinc ions bound as a function of its concentration. A clear trend was
observed with more zinc bound at higher concentrations (Figure 3). Interestingly, rhodopsin
with 20 ppm zinc had 0.84+0.03 bound zinc ions while 250 ppm only showed a moderate
increase to 1.58+0.18 bound zinc ions. Further increasing the concentration to 750 ppm
increased binding to 3.25+0.15. Overall, these data are consistent with one higher affinity
binding site and two with lower affinity bind sites.12 Additional bound states at higher
concentrations are likely nonspecific, as has previously been discussed.1®

Lipid-Rhodopsin Interactions Depend on Zinc Binding.

We next sought to investigate the binding of lipids to rhodopsin by native MS. Rhodopsin is
known to be sensitive to the lipid bilayer environment, and changes in the disc membrane as
the rod outer segments matures play a physiological role in modulating rhodopsin activity.
32,33 Here, we added POPC, POPS, and POPE lipids solubilized in CgE,4 detergent at a 10:1
molar ratio to rhodopsin, because these are the most common lipid head groups in retinal
membranes.34 Bound lipids were easily detected as new peaks in the mass spectrum that
were shifted by the mass of the lipid (Figure 2C). Similar to zinc, we quantified the average
number of bound lipid molecules. At the same concentration, more POPC molecules were
bound than POPE and POPS, which showed comparable levels of binding (Figure 4A). The
greater association of PC versus PE and PS in the dark state is in line with its role in
stabilizing rhodopsin upon light-activation to large-scale conformational changes.

To explore how lipid binding altered zinc binding and vice versa, we added the same zinc
concentrations to each of the lipid bound samples. Lipids generally had no statistically
significant impact on the amount of bound zinc (Figure 4B). In contrast, the effects of zinc
on lipid binding varied dramatically between lipids (Figure 4C). POPC showed an overall
trend of higher lipid binding with higher zinc concentrations. However, POPS first showed
an initial rise in lipid binding from 0 to 20 ppm zinc, but additional zinc beyond this level
caused a decrease in lipid binding. Because PS lipids are capable of chelating divalent
cations, it may be that zinc forms a bridge between PS and anionic residues on rhodopsin at
low concentrations but induces lipid clustering at higher concentrations. Finally, POPE
showed initially higher levels of lipid binding with increased zinc but was not stable at 750
ppm zinc.
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Together, these data reveal that zinc and lipid binding are interrelated in complex ways that
depend on the identity of the lipid. Zinc binding is largely unaffected by lipids, but lipid
binding was significantly affected by zinc. However, the precise effects of zinc on lipid
binding depended on both the lipid type and the zinc concentration. Overall, the effects of
metals and other divalent cations may represent important modulators of lipid interactions
that have been understudied. Future studies will perform two-component titrations to
quantify allostery in zinc and lipid binding, but lipid binding results, especially from POPS,
reveal that conventional Kp models may be insufficient to capture the complex interplay of
metals and lipids on the surface of membrane proteins

Conclusion

Enabled by novel data analysis methods, we used the unique power of native MS to
simultaneously monitor zinc and lipid binding to rhodopsin. We discovered that zinc binding
is largely independent of lipids, but lipid binding can be significantly influenced by zinc in a
manner that depends on the concentration of zinc and type of lipid. These data reveal that
divalent cations and metals may play an important and largely unexplored role in membrane
protein-lipid interactions.
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Highlights
. Native MS was used to study lipid and zinc binding to bovine rhodopsin.
. Novel double deconvolution data processing was introduced.

. Zinc binding was relatively unperturbed by lipid binding.

. Lipid binding was significantly influenced by zinc in different ways.
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Figure 1.

Native mass spectra of rhodopsin (A, D, G), zero-charge mass spectra deconvolved by
UniDec (B, E, H), and doubly deconvolved zero-charge mass spectra subjected to
Richardson-Lucy deconvolution (C, F, I). Data are for rhodopsin under standard purification
conditions (A, B, C), rhodopsin purified with EDTA added to remove bound zinc (D, E, F),
and rhodopsin with 750 ppm zinc added (G, H, I).
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Figure 2.
Deconvolved zero-charge mass spectra of zinc-free rhodopsin (A) with added (B) zinc, (C)

PC lipids, and (D) both PC and zinc. Added zinc concentrations were 750 ppm in B and D.
Rhodopsin structures are shown with glycans in yellow, retinal in green, palmitoyl groups in
red, zinc in magenta, and lipids in black.
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Figure 3.

Doubly deconvolved zero-charge mass spectra of rhodopsin with varying concentrations of
bound zinc (A-C). Insets quantify the numbers of zinc ions bound. Extra peaks for 20 ppm
result from partial degradation. (D) Average number of bound zinc ions at different
concentrations of added zinc. Significant differences at the 95% confidence level are
indicated by black lines.
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Figure 4.

Average number of lipids bound to rhodopsin grouped by zinc concentration (A) and lipid

type (C). The average amount of zinc binding grouped by zinc concentration
type (D). Significant differences at the 95% confidence level are marked by b
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