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Neurotransmitter ligand-gated ion channels (LGICs) are
widespread and pivotal in brain functions. Unveiling their
structure-function mechanisms is crucial to drive drug
discovery, and demands robust proteomic quantitation of
expression, post-translational modifications (PTMs) and
dynamic structures. Yet unbiased digestion of these mod-
ified transmembrane proteins—at high efficiency and
peptide reproducibility—poses the obstacle. Targeting
both enzyme-substrate contacts and PTMs for peptide
formation and detection, we devised flow-and-detergent-
facilitated protease and de-PTM digestions for deep se-
quencing (FDD) method that combined omni-compatible
detergent, tandem immobilized protease/PNGase col-
umns, and Cys-selective reduction/alkylation, to achieve
streamlined ultradeep peptide preparation within minutes
not days, at high peptide reproducibility and low abun-
dance-bias. FDD transformed enzyme-protein contacts
into equal catalytic travel paths through enzyme-exces-
sive columns regardless of protein abundance, removed
products instantly preventing inhibition, tackled intri-
cate structures via sequential multiple micro-digestions
along the flow, and precisely controlled peptide forma-
tion by flow rate. Peptide-stage reactions reduced steric
bias; low contamination deepened MS/MS scan; distin-
guishing disulfide from M oxidation and avoiding gain/loss
artifacts unmasked protein-endogenous oxidation states.
Using a recent interactome of 285-kDa human GABA type
A receptor, this pilot study validated FDD platform’s ap-
plicability to deep sequencing (up to 99% coverage), H/D-
exchange and TMT-based structural mapping. FDD dis-
covered novel subunit-specific PTM signatures, including
unusual nontop-surface N-glycosylations, that may drive
subunit biases in human Cys-loop LGIC assembly and
pharmacology, by redefining subunit/ligand interfaces

and connecting function domains. Molecular & Cellular
Proteomics 15: 10.1074/mcp.M114.047514, 3665–3684,
2016.

Cell surface transmembrane (TM)1 proteins such as neu-
rotransmitter ligand-gated ion channels (LGICs) and G pro-
tein-coupled receptors (GPCRs) are abundant in human nerv-
ous system, pivotal in signaling, and dominate drug target
priority (1). Cys-loop receptor LGICs are synaptic ion chan-
nels formed by various pentamers of homologous TM sub-
units—each featuring a conserved disulfide Cys-loop in ex-
tracellular domain (ECD) and a vastly diverse intracellular
domain (ICD). Cys-loop LGICs include Cl� channels: gamma-
aminobutyric acid type A receptor (GABAAR) and glycine re-
ceptor (GlyR), and cation channels: nicotinic acetylcholine
receptor (nAChR) and serotonin type 3 receptor (5HT3R) (2).
Disrupting the balance between excitatory (cationic Na�, K�

or Ca2�) and inhibitory (Cl�) ion channels may cause many
neurological disorders, including epilepsy (3), addiction (4),
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1 The abbreviations used are: TM, transmembrane; PTM, post-
translational modification; FDD, flow/detergent-facilitated protease
and de-PTM digestions for deep sequencing; DDM, n-dodecyl-�-D-
maltopyranoside; CHS, cholesteryl hemisuccinate; TCEP, Tris-2-car-
boxyethylphosphine; HDX, H/D exchange; TMT, tandem mass tag;
DLT, DDM-low-TCEP digestion for HDX; TMD, TM domain; ICD,
intracellular domain; ICL, intracellular loop; ECD, extracellular do-
main; C-C, disulfide-bonded Cys-loop; h, human; LGIC, ligand-gated
ion channel; GPCR, G protein-coupled receptor; GABAAR, gamma-
aminobutyric acid type A receptor; �2AR, beta-2 adrenergic receptor;
nAChR, nicotinic acetylcholine receptor; AChBP, acetylcholine-binding
protein; GlyR, glycine receptor; 5HT3R, serotonin type 3 receptor; ER,
endoplasmic reticulum; HEK293, human embryonic kidney cell line 293;
MWCO, molecular weight cutoff; dial-filtration, dialysis-filtration; cmc,
critical micelle concentration; RP, reversed-phase; HCD, higher energy
collisional dissociation; ETD, electron-transfer dissociation; H-L, high-
low, high resolution MS-low resolution MS/MS scans; H-H, high-high,
high resolution MS and MS/MS scans; H, high-abundance; L, low-
abundance; PSM, peptide spectrum match; FDR, false discovery rate;
PD, Proteome Discoverer; Mox, Methionine oxidation; Cb, carbam-
idomethylation; N-glyco, N-glycosylation; Me, methylation; Ac, acetyla-
tion; Fm, formylation; GlcNAc, N-acetylglucosamine; Man, mannose;
FA, formic acid; Cl-DMEA, (2-chloro)-N,N-dimethylethylamine; BrE-
TMAB, (2-bromoethyl)-N,N,N-trimethylammonium bromide.
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and cognitive dysfunctions (5), which have limited therapeu-
tics with serious side effects. Revealing Cys-loop LGICs
structure-function mechanisms is coveted to drive drug dis-
covery, but hydrophobic with complex modifications, their
atomic structures are difficult to achieve (6), and genomic
codes are insufficient to account for function complexity.

Recent breakthroughs in crystallography resolved the struc-
tures of homomeric bacterial and C. elegans analogs (and a
truncated human (�3)5 GABAAR during earlier review of this
manuscript) lacking ICD (7–9), yet genomic sequence align-
ments with them emphasize subunit similarities (2, 10, 11), but
offer little clue on how small genomic differences cause large
diversity in subunit-biased assembly, ligand recognition, and
channel function response. Intriguingly, 19 different subunits
for GABAAR in human genome—all homologous and mostly
expressed in brain (2, 10)—would lead to about 500,000
unique pentameric assemblies without counting splicing vari-
ants, though only fewer than 30 were found (2, 10), suggesting
unknown constraints for subunit biases in assembly. Post-
translational modifications (PTMs) are emerging as a key to
decipher the structural mechanisms of neurotransmitter re-
ceptors, highlighted by recent discoveries of phosphorylation-
activity patterns in GPCRs (12), tetrameric Na� and K� chan-
nels (13, 14), and multiple phosphorylation sites on various
LGIC subunits in mouse brain (15), mostly in ICD.

Dissecting LGIC mechanisms thus demands robust quan-
titative proteomic measurements of dynamic changes in pro-
tein levels, PTMs and conformations induced by stimuli. Pep-
tide-centric quantitations of modifications and labels rely on
correlating ion abundances, and require high peptide repro-
ducibility and minimal contamination, because only those
same peptides generated across sample states are useful,
whereas irrelevant peaks may skew quantitation. Bottom-up
HDX (H/D exchange labeling followed by digestion, MS and
MS/MS) is emerging as a powerful tool to comprehensively
map protein dynamic structures, and is highly complementary
to crystallography (16–18), especially for membrane proteins
(16, 17). HDX visualizes protein’s natural backbone amide
hydrogen exchange with solvent using D2O, and reveals a
residue’s architectural context by summarizing the extent and
rate of %D from its peptide isotopic peak envelope. Thus HDX
requires reproducibility at least in peptide forms throughout
H/D-incubation time points and protein states. Label-free or
tandem mass tag (TMT)-based quantitation of peptides, mod-
ifications or oxidation structural labels further demands pep-
tide reproducibility in both form and abundance.

Additional tool of top-down ESI MS/MS grew rapidly and
may distinguish modification-varied proteoforms, shown by
50 kDa membrane protein chloride ion channels using colli-
sional dissociation MS/MS (19, 20), and by helical muscle
proteins using electron capture MS/MS as well (21). Nonethe-
less, compared with bottom-up platform, top-down remains
limited in method access and robustness, and in providing the
structural detail, precision, and coverage required by charting

clear atomic structure-function roadmaps for targeted drug
discovery. Intact protein HDX MS provides mere overall shifts
in total labels of whole proteins, and is confounded by solu-
tion-to-gas-phase-ion transition. Subprotein resolution relies
on MS/MS, but collisional dissociation MS/MS scrambles H/D
labels; ETD MS/MS, though able to preserve residues’ labels
and rapidly growing (22, 23), is complicated by H/D-envelope
and incomplete sequence coverage, and currently proved
practical on just the few selected H/D-peptides of interest in
bottom-up pipeline. Thus bottom-up HDX MS provides the
most useful robust approach readily adoptable to widely-
accessible bottom-up proteomic instruments, it can routinely
reach structural resolution at peptide level (3 or more resi-
dues) preserving MS/MS’s sequence coverage, and may pin-
point resolution closer to the residue level when coupled with
targeted H/D-peptide ETD MS/MS.

However, unbiased digestion of these modified TM proteins
at high efficiency and reproducibility poses a long-standing
challenge (24, 25). Nearly all plasma membrane proteins
made and folded in the endoplasmic reticulum (ER) contain
glycosylations at high site occupancy in matured forms (24),
which prevents local sequence identification if unaddressed.
Conventional digestion paradigm subjects membrane pro-
teins to harsh denaturants, repeated separations via precipi-
tations or dial-filtrations, and multiple proteases for day(s). Yet
it suffers: low (sub-50%) digestion efficiency (25, 26), bias in
protein abundance (27), bias in protease specificity sites (28),
low peptide reproducibility (27, 29), low (sub-30%) sequence
coverage (30), high oxidation artifacts, and high contamina-
tion (31). Current gel-free digestion methods of purified
GABAAR take 2 days combining 6 (4 overnight) digestions (29,
32), only able to identify two glycosylation sites (29). Represent-
ative peptide reproducibility in global shotgun analysis is 25 �

2%, and 15 � 2% after DigDeAPr treatment (27), whereas
membrane proteins are considered mission impossible. These
limitations severely undermine quantitation and preclude HDX
or oxidation label-based structural studies. Protein abundance
bias arises when abundant proteins occupy most protease cat-
alytic sites leaving few available for low-abundance proteins
(27); intricate structures and bulky modifications—such as di-
sulfide bonds, glycosylations, and associated lipids, detergents
or other proteins—obstruct protease access (25), together pin-
pointing inadequate enzyme-protein substrate contact as the
cause.

Here we target the enzyme-protein substrate contact as the
limiting factor for both protease and de-PTM enzyme reac-
tions, and present a modular proteomic workflow featuring a
new, ultradeep digestion paradigm for glycosylated mem-
brane proteins. We devised an abundance-unbiased flow-
and-detergent-facilitated protease and de-PTM digestions for
deep sequencing (FDD) method, that integrated detergent,
tandem pepsin- and PNGase F-immobilized columns (oper-
ated as plug-flow reactors) and Cys-PTM-selective reduction,
to streamline instant peptide preparation at high coverage.
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This platform transformed enzyme-protein contact into an
equal catalytic travel path through the immobilized reactor
column regardless of molecule abundance, removed prod-
ucts instantly preventing inhibition, tackled intricate structures
via sequential multiple micro-digestions, and controlled pre-
cisely peptide formation via flow rate. Incorporating amine-
free detergent n-dodecyl-�-D-maltopyranoside (DDM) as a
tool for digestion ensured unbiased flow and effective cata-
lytic contact of membrane proteins and peptides, complied
fully with upstream protein structure, protease activity, direct
TMT labeling, HDX HPLC MS and MS/MS analysis—without
requiring removal, and allowed a fast enclosed pipeline im-
mune from artifacts. Immobilized pepsin column emerged for
fast digestion in HDX (33), but without DDM met limited suc-
cess with membrane proteins (16, 18). FDD is flexible to
support various enzymes and new detergents for specific
studies.

Using the recently immuno-enriched interactome of full-
length human (FLAG-�1)2(�3)2(�2L)1 GABAAR and associated
proteins from HEK293 in DDM/cholesteryl hemisuccinate
(DDM/CHS) as a model (34), we demonstrated the FDD
peptide preparation method enabled complete digestion of
GABAAR within 10 s of contact at high peptide reproducibility
(75–77% over basal 77–81%) and achieved unprecedented
deep coverage of PTMs for hLGICs. We validated the superior
metrics of this versatile membrane proteomic platform in three
applications: (1) deep sequencing (88–99% subunit coverage
from one run), (2) comprehensive PTM mapping with label-
free quantitation of % site occupancy, which discovered
novel subunit-bias signatures for human Cys-loop receptors,
and (3) compatibility with quantitative structural mapping us-
ing HDX, or TMT-tagging following oxidation labeling.

EXPERIMENTAL PROCEDURES

Materials—Tetracycline-inducible human embryonic kidney cells
(HEK293-TetR) were from the late Dr. H. G. Khorana’s laboratory at
Massachusetts Institute of Technology. Dulbecco’s Modified Eagle Me-
dium with F-12 (DMEM/F-12) was from ATCC (Manassas, VA). Fetal
bovine serum was from Atlanta Biologicals (Lawrenceville, GA). Glycerol-
free flavobacterium meningosepticum-secreted PNGase F solution
was from New England Biolabs (Ipswich, MA). M2 anti-FLAG anti-
body-coupled agarose beads (average binding capacity 1.0 mg/ml
FLAG-BAP), FLAG peptide bromide, �-aminobutyric acid (GABA),
protease inhibitors leupeptin, aprotinin, chymostatin, pepstatin
(LACP), and phenylmethylsulfonyl fluoride (PMSF), porcine pepsin,
bovine catalase-agarose beads, 99.9% (m/m) D2O, 30% (m/v) hydro-
gen peroxide (H2O2), N-acetyl methionine, 50% (m/v, 15 M) hydrox-
ylamine (NH2OH), 1 M triethylammonium bicarbonate (TEAB), Tris-2-
carboxyethylphosphine (TCEP), dithiothreitol (DTT), iodoacetamide
(iodoaa), (2-chloro)-N,N-dimethylethylamine (ClCH2CH2N(CH3)2, Cl-
DMEA), (2-bromoethyl)-N,N,N-trimethylammonium bromide (BrCH2CH2

N(CH3)3
�Br�, BrE-TMAB), formic acid (FA), and anhydrous acetonitrile

were from Sigma-Aldrich (St. Louis, MO). Glass column cartridge was
from GE Healthcare Bio-Sciences (Piscataway, NJ). N-dodecyl-�-D-
maltopyranoside (DDM, Anagrade) and cholesteryl hemisuccinate
Trizma salt (CHS, Anagrade) were from Anatrace-Affymetrix (Santa
Clara, CA). TMT2 126/127 labels, Applied Biosystems POROS AL
beads (bead size 20 �m), phosphate buffered saline (PBS, 10�, final

pH 7.4), BCATM protein assay kit, precast NuPAGE 4–12% (m/v)
Bis-Tris gels with MES-SDS running buffer and EZ-RUN BP3603
(10–170 kDa) protein molecular weight markers were from Thermo
Fisher Scientific (Rockford, IL).

GABAAR Protein Purification from HEK293 Cells—HEK293-TetR
cells stably over-expressing full-length human (N)-FLAG-�1�3�2L-
(GGS)3GK-1D4 GABAAR at �1 (bovine): �3 isoform 2 (human): �2L
(human) subunit plasmid copy ratio of 2:2:1 were provided by Dr.
Keith W. Miller (35), and final active GABAAR (at typical concentration
of 25 �M in the 0.05% DDM/0.0125% CHS/10% glycerol protein
buffer) was obtained by affinity purification on a low-flow-rate anti-
FLAG column, as described earlier (34). Briefly, following 72-hour
growth and 24-hour tetracycline-induced GABAAR expression in 5%
CO2 at 37 °C, cells at 90% confluence on 15-cm plates were PBS-
washed, harvested into hypotonic lysis buffer (10 mM HEPES pH 7.5,
protease inhibitors LACP and PMSF), and frozen slowly at �80 °C to
promote lysis. Thawed cells were lysed on ice with an ultrasonic
probe, membranes were isolated, repeatedly homogenized and
washed, and flash-frozen in liquid nitrogen. The membranes were
solubilized by gradually adding 20 mM (1%, m/v) DDM/4 mM (0.25%,
m/v, Trizma salt, equivalent to 0.2% free acid form) CHS over 2 mg/ml
protein; solubilized supernatant was loaded to an anti-FLAG column
operated at constant 0.3 ml/min for efficiency and consistency;
GABAAR was eluted with FLAG peptide, cleaned and concentrated
using dial-filtration with a 100 kDa molecular weight cutoff (MWCO)
filter to 25 �M (BCA assay, using pentamer molecular weight 285
kDa), in the protein buffer composed of 1 mM (0.05% m/v) DDM, 0.2
mM (0.0125% m/v) CHS, 10% (v/v) glycerol, 50 mM Tris-HCl (pH 7.4),
150 mM NaCl, 2 mM CaCl2, 5 mM KCl, 5 mM MgCl2, and 4 mM EDTA.
Purified protein’s receptor activity, state of dispersion (nonaggrega-
tion), and protein composition were validated as described earlier
(34). Biological variances were covered by pooling 120 cell plates
from two batches of growth at different passage number, and tech-
nical variances were addressed by a repeated split-pool strategy (34).

Pepsin-column Digestion—The pepsin-coupled POROS AL beads
were prepared by covalently conjugating the N terminus (or accessi-
ble side-chain amines) of porcine pepsin to the aldehyde functional
group on bead surface through a Schiff base reduction reaction,
similar to previous descriptions (33, 36), but with modifications in pH
to improve coupling efficiency and enzyme activity. Specifically, 40
mg porcine pepsin was dissolved in 1 ml of 50 mM Na3Citrate (Na3Cit)
pH 5.0 buffer and added to 10 mg NaCNBH3 powder using a 20 ml
glass vial. A 0.5 ml aliquot of 1.5 M Na2SO4 pH 5.0 buffer was then
added dropwise, and the mixture was incubated for another 10 min
on a shaker/rocker. Three hundred milligrams POROS AL-20 beads
were then added to the solution, and 1.06 ml of 1.5 M Na2SO4 pH 5.0
buffer was added dropwise over 30 min. We incubated the mixture at
24 °C for 16 h, and quenched the reaction by adding 0.5 ml of 0.1 M

ethanolamine prepared in 50 mM Na3Cit pH 4.4 buffer followed by
incubation for another 2 h. We then transferred the mixture into a 15
ml centrifuge tube, and washed the beads sequentially with: 12.5 ml
50 mM Na3Cit pH 4.4 buffer twice, 12.5 ml 1 M NaCl solution prepared
in 50 mM Na3Cit pH 4.4 once, and 12.5 ml 50 mM Na3Cit pH 4.4 buffer
twice. Pepsin beads were stored as 1:1 (v/v) slurry in 50 mM Na3Cit pH
4.4 at 4 °C. Typical yield was 1.5 ml neat pepsin beads. To prepare
columns, we rinsed and suspended the beads in 0.1% (v/v) FA/H2O
pH 2.5 buffer as a 1:3 (beads/buffer, v/v) slurry, and packed into 1 mm
i.d. x 20 mm column cartridges under Ar pressure. Columns were
stored in 0.1% FA/H2O pH 2.5 at 4 °C; prior to use for digestion,
columns were incubated at room temperature and flushed with 0.1%
FA/H2O pH 2.5.

Protein samples were all adjusted to pH 2.4–2.5 using a digestion
buffer composed of 0.02% (0.4 mM, �2 cmc) DDM, 15 mM TCEP and
0.1 M NaH2PO4-HCl (pH 2.4 for mixing protein: buffer at 1:1, v/v; pH
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2.3 for 2:1; pH 2.0 for 4:1), and digested by directly passing through
the pepsin column (1 mm � 20 mm) placed at room temperature
(20 °C or 24 °C) at flow rate of 25 �l/min. We discarded the first 5 �l
flow-through to avoid sample dilution based on a 26% porosity of
tightly packed spheres in the column, and collected only the digest
generated at constant flow rate. Between runs, we flushed the pepsin
column sequentially with column priming solution (protein buffer and
0.1 M NaH2PO4-HCl/DDM/TCEP buffer mixed at 1:1, v/v, pH 2.5),
0.1% (v/v) FA in H2O pH 2.5, and priming solution. The pepsin-column
digest at pH 2.5 was either directly injected for HPLC MS analysis, or
further processed. We measured the digestion efficiency with SDS-
PAGE, and with 85-min HPLC at high %B.

PNGase F-column Digestion—PNGase F was obtained in Tris
buffer (20 mM Tris pH 7.5, 50 mM NaCl and 5 mM EDTA), thus before
immobilization, we exchanged buffer into one composed of 10 mM

NaH2PO4-NaOH, pH 7.5, 50 mM NaCl and 2.5 mM EDTA, using a
dial-filtration cartridge with 30 kDa MWCO at 4 °C. PNGase F-cou-
pled POROS AL beads were prepared similarly to pepsin-POROS AL
beads described above, except for using pH 7.5. The PNGase F
beads showed enzyme activity, although the coupling efficiency was
subideal using such a high-salt method. The PNGase F-coupled
POROS AL beads were packed into 2 mm i.d. � 20 mm column
cartridges under Ar pressure.

PNGase F column was applied after pepsin column unless speci-
fied otherwise. We adjusted the pepsin-column digest from pH 2.5 to
pH 7.5–8 using 100 mM NH4HCO3, and passed it through PNGase F
column (2 mm � 20 mm) at flow rate of 2 �l/min at 24 °C. We
discarded the first 15 �l flow-through based on a 26% column po-
rosity, but rinsed the column with 15 �l protein buffer and combined
it with the collected elute.

Peptide Reduction and Alkylation—Part of the pepsin-column di-
gest at pH 2.5 (with basal �7 mM TCEP) was directly injected for
HPLC MS analysis; part was adjusted to pH 7.5–8.0, deglycosylated
by passing through PNGase F column, further reduced—with 10 mM

DTT, 0.7 M NH2OH or nothing more than basal TCEP—at 24 °C for 30
min, alkylated with 25 mM iodoacetamide at 24 °C for 15 min in the
dark, and quenched with 5% (v/v) FA back to pH 2.5 prior to
injection. Reagents were typically prepared as 20� or 10� stocks.
At equal concentration to iodoacetamide, alternative alkylation with
Cl-DMEA or BrE-TMAB (24 °C for 30 min) was also tested but didn’t
improve Cys-peptide coverage in CID and HCD MS/MS (not tested
for electron capture or electron transfer dissociation ETD, because
unavailable).

Structural Labeling of GABAAR with HDX—Purified GABAAR in the
apo state was labeled by HDX using D2O buffer. The protein buffers
used in structural studies were the same as the final purified protein
buffer described above, except for only 2% glycerol. The D2O buffer
for this proof-of-concept HDX experiment contained a final D2O con-
tent of 90% (v/v). In each HDX labeling experiment, 4 �l of 25 �M

purified GABAAR was mixed with 16 �l of either H2O or D2O version
of protein buffer (fivefold dilution), incubated on ice for 100 min,
quenched by mixing with 20 �l ice-cold quench solution composed of
0.1 M NaH2PO4-HCl pH 2.4, 0.02% DDM and 15 mM TCEP, and
immediately digested by passing through a pepsin column (1 mm i.d. �
20 mm) at 25 �l/min placed at 20 °C. The first 5 �l flow-through was
discarded, the middle section was collected into ice-cold sample
vials, sealed, and injected for HPLC MS analysis within minutes.

Structural Labeling of GABAAR with H2O2—Purified GABAAR in the
apo or ligand (GABA)-bound state was labeled by covalent oxidation
using high concentration of H2O2 (3%, m/v). A 4.4 �M purified
GABAAR, diluted from 25 �M using the 2% glycerol protein buffer,
served as the starting protein sample. The sample was divided into
two parts, 60 �l and 40 �l, and incubated with either 1.8 �l protein
buffer (apo) or 1.2 �l of 50 mM GABA stock (GABA-bound) for one

hour at 4 °C. The final concentration ratio of GABA ligand/protein was
about 30:1 (150 �M/4.4 �M). Following ligand incubation, the samples
were oxidation-labeled by adding 30% (m/v) H2O2 to a final concen-
tration of 3%. After oxidation reaction time of 1 min (apo only), 4 min
or 7 min at 24 °C, a 20 �l aliquot of the sample was retrieved,
quenched by mixing with precleaned catalase-agarose beads
(drained from 10 �l 1:1 slurry) for 10–15 min at 24 °C, and finally
flash-frozen in liquid nitrogen, to remove bubbles and to provide an
equal ground for sample comparison. Upon thawing, the sample was
mixed with 10 �l of a buffer of 0.1 M NaH2PO4-HCl pH 2.4, 0.02%
DDM, 15 mM TCEP and 100 �M N-acetyl methionine, and liquid was
separated from beads with a gel-loading tip, without needing centri-
fuge; the beads were then rinsed with another 10 �l of the same
buffer, solutions were combined and applied to pepsin-column di-
gestion at 24–30 °C.

TMT2 Tagging of Peptides from H2O2-labeled GABAAR—TMT2
126/127 tags were applied to the H2O2 oxidation-labeled apo or
GABA-bound GABAAR, after pepsin-column digestion. Unless spec-
ified otherwise, TMT2–126 was applied to digests of apo with 1 min,
4 min and 7 min oxidation labeling, respectively, and TMT2–127 was
applied to digests of the GABA-bound version with 4 min and 7 min
oxidation labeling. Aliquots from various labeled peptides were then
paired as TMT2 mixtures. Specifically, 0.8 mg TMT2–126 or 127
reagent was dissolved in 44 �l anhydrous acetonitrile right prior to
use. Each 10 �l aliquot of digest at pH 2.5 was adjusted to pH 7.5–8.0
by adding 2 �l of 1 M TEAB, mixed with 10 �l of TMT2–126 or 127
reagent solution, and incubated for 60 min at 24 °C. The reaction was
quenched by adding 15 M NH2OH to a final concentration of 0.7 M

followed by incubation for another 30 min at 24 °C. The samples (with
basal �7 mM TCEP) were pooled as TMT2 126/127 pairs at volume
ratio of 1:1, alkylated with 25 mM iodoacetamide for 15 min in the dark
at 24 °C, and quenched by adding neat FA to reach pH 2.5. After
acetonitrile removal by Ar at 25 kPa for 5 min on ice, samples were
readjusted to pH 2.5 with neat FA, Ar-sealed, flash-frozen in liquid
nitrogen, and stored at �80 °C until HPLC injection. TMT was applied
in over twofold excess to the total primary amines in peptide solution.
Volatile buffers were used to avoid desalting.

Mass Spectrometry—Peptide digests at pH 2–2.5 were analyzed
by reversed-phase (RP) HPLC MS and higher energy collisional dis-
sociation (HCD) MS/MS on a Q-Exactive orbitrap mass spectrometer
equipped with nanoelectrospray ionization (nESI) source and an
EASY-nLC 1000 system (Thermo Scientific, San Jose, CA); HDX
HPLC high-resolution MS spectra were acquired on an LTQ-Orbitrap
XL mass spectrometer equipped with nESI, Agilent 1100 binary pump
(Agilent Technologies, Palo Alto, CA) with nanoliter flow splitter, and
Famos autosampler (LC Packings, San Francisco, CA) operated in
direct injection mode, at the Taplin Mass Spectrometry Facility. About
4 �l peptide sample was loaded in each run. HPLC buffer A was 0.1%
(v/v) FA, and buffer B contained 0.1% (v/v) FA and 60% (v/v) aceto-
nitrile. Peptides were loaded at 5 �l/min and separated on a C18
fused silica microcapillary column (3 �m 200 Å Maccel AQ C18
beads, 125 �m i.d. � 18 cm, hand-pulled tip i.d. 5 �m) at a flow rate
of sub-0.5 �l/min over a 75-min 0–40% linear gradient of buffer B.
The total HPLC analysis time (including loading, separation, and
column equilibration) was 85 min. For HPLC MS in HDX experiments,
a short 7 min linear gradient of buffer B was applied and the total
HPLC analysis time was 15 min. A high-high (H-H) top15 data-de-
pendent method was used for MS and HCD MS/MS acquisition: one
high-resolution full MS scan in the orbitrap (m/z 390–1600) was
followed by high-resolution HCD MS/MS scans of product ions from
15 most abundant precursor ions analyzed in the orbitrap. HCD
settings were: precursor ion isolation width 2.0 Da for the quadrupole
(Q) mass filter and normalized collision energy 25% for the high-
pressure collision cell. Dynamic exclusion of precursor ions was
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applied with a 0.2 Da width for durations of 20 s. For the few high-low
(H-L) HPLC MS and CID MS/MS experiments on LTQ-Orbitrap XL
using top10 method, data acquisition settings were the same as
described earlier (34). MS/MS acquisition included singly charged
precursors to strengthen peptide redundancy desired in HDX and
pan-PTM mapping, to cover nonpeptide endogenous components
(16), and to aid method evaluation and diagnose in this pilot platform
development.

Proteomic Data Processing—High-high HCD MS/MS spectra were
assigned by searching against the GABAAR protein sequences sup-
plied for overexpression (to use for subsequent quantitative and
structural studies), or the human proteome (downloaded May 23,
2013, Ensembl, GRCh37.71; to check contamination and associated
proteins), using the SEQUEST or SEQUEST-HT algorithm embedded
in Proteome Discoverer (PD, version 1.3 or 1.4 respectively). All
peptide assignments were further filtered to a peptide false discovery
rate (FDR) below 1%, using q-value-based Percolator embedded in
PD1.3 or PD1.4. Data were not filtered further to refine protein FDR. A
protein was considered identified only when three or more unique
peptides were identified. SEQUEST-HT was used for peak-area and
TMT quantitations and for human proteome search. Other results
showed SEQUEST unless specified otherwise, because it was more
conservative for multi-K sequences.

For method validation, all modification searches against GABAAR
sequence were performed in the dynamic mode, using default
conditions (unless specified otherwise), including: cysteine (Cys, C)
carbamidomethylation (�57.02146 Da), methionine (M) oxidation
(�15.99492 Da), and asparagine (N) deamidation (�0.98402 Da,
taken as N-deglycosylation when PNGase F-specific), at mass vari-
ation tolerance of 10 ppm for MS and 0.02 Da for MS/MS, charge
state 1 to 7, and peptide length 3–40 (PD1.3) or 4–40 (PD1.4). Search
against the human proteome was performed with fixed Cys carbam-
idomethylation (�57.02146 Da) in PD1.4. Pepsin digests were
searched without enzyme specification, and porcine pepsin was
added to the sequence database for test. Earlier high-low CID MS/MS
data were searched with mass tolerance 10 ppm and 0.8 Da (or 0.2
Da when specified) for MS and MS/MS respectively, same as de-
scribed (34).

Further, HCD MS/MS spectra were screened extensively for po-
tential modifications (against GABAAR sequence), including: carbam-
idomethylation (Cb) �57.02146 Da (C, K, R), deamidation �0.98402
Da (N, Q), oxidation (Ox) �15.99492 Da (C, M, D, F, H, K, N, P, R, W,
Y), di-oxidation (diOx) �31.98983 Da (C, M, F, K, P, R, W, Y), tri-
oxidation (triOx) �47.98474 Da (C), phosphorylation �79.96633 Da
(S, T, Y), ubiquitination (Ub) on K (K-GG, �114.0429 Da; also K-GGR
for pepsin, �270.14404 Da), methylation (Me1) �14.01565 Da (K, R,
C), di-methylation (Me2) �28.03130 Da (K, R), tri-methylation (Me3)
�42.04695 Da (K, R), formylation (Fm) �27.99491 Da (K, R), acety-
lation (Ac) �42.01056 Da (K, C); C-palmitoylation (16:0, palm)
�238.22967 Da, C-palmitoleylation (16:1, palme) �236.21402 Da,
C-farnesyl (farn) �204.18780 Da, C-myristoylation (myri) �210.19836
Da, C to S �15.97716 Da, C to dehydroalaline (DHA) �33.98772 Da,
N-terminal Q to pyroE �17.02655 Da. TMT2-labeled peptides were
searched with additional modifications of �225.15583 Da in MS (any
N terminus and K; dynamic, because performing TMT reaction and
data-dependent MS/MS in the presence of detergents is a new
method). PTMs were searched iteratively by including up to 6 types of
modifications in each search, and maximum 4 dynamic modifications
(maximum 3 identical types) were allowed per peptide. O-glycosyla-
tion was not examined here.

Although high-high HCD MS/MS offered high accuracy in N-
deamidation identification, N-glycosylation sites were still validated
by decoy deamidation (N, Q) search on PNGase F nontreated peptide
samples as a control for false positive (such as spontaneous N, Q

deamidation) as described earlier (34). Only those sites identified as
deamidated in PNGase F-treated sample and not as deamidated in
nontreated were taken as real N-glycosylation sites.

Label-free quantitation of PTM site occupancy for de-N-glycosy-
lation (PNGase F-specific N-deamidation) and for oxidation was per-
formed with precursor ion isotopic peak area summed from each
isotope at 2 ppm mass precision, at PSM’s retention time using the
integrated function module in PD1.4. Modification may shift peptide
elution time. All N residues, and most M residues, were covered by
overlapping redundant peptide forms (backbone sequences). We cal-
culated the % occupancy by 100% � (modified version)/(modified �
unmodified) for each peptide form that contains the site of interest,
and averaged all forms for the final % occupancy of each site. For
confirmation, deglycosylation occupancy was additionally estimated
by peptide PSMs (PD1.3). N-terminal TMT2-tagged peptides of Ox-
labeled GABAAR were quantified in MS/MS by the peak height ratio of
reporter ions at m/z 126 and m/z 127 (monoisotopic peak) using
integrated module in PD1.4. Peptide coverage maps over protein
sequence were prepared using the HDX workbench software (37),
and other graphics were prepared using Excel.

We arbitrarily defined “comprehensive coverage” as: no undi-
gested protein remains visible to gel or eye postdigestion, no visible
sample loss to reaggregation pre-HPLC, and �90% overall sequence
coverage by peptide MS/MS; “comprehensive PTM inventory” addi-
tionally required covering �90% of total target residues. By protein
“denaturation,” we meant decrease of activity (such as deactivation of
protease), and de-functioning distortion of original conformation,
which for membrane proteins without sufficient or proper detergents
often leads to destabilization and aggregation, not solubilization. By
“enzyme column,” we specifically referred to a tightly-packed, HPLC
pressure-compatible, sub-2 mm-diameter column whose perform-
ance can be controlled reproducibly with flow rate, column diameter
and length in HPLC integration; similar to the theoretical number of
plates for separation columns, we proposed the theoretical number of
digestion events (n), to characterize enzyme column operation (sup-
plemental Note S2).

Because a multispecific protease (pepsin) was used, to distinguish
from protease’s theoretical specificity of residue preference, we de-
fined “protease digestion reliability” empirically as the combined abil-
ities to: (1) reproducibly form largely superimposable HPLC-MS chro-
matographs and (as identified by MS/MS) a similar set of peptide
sequences from independent digestions, (2) reproducibly tune reac-
tion conditions to obtain similar peptide length distribution under the
same settings, and (3) correctly predict the direction of shift in peptide
length distribution upon varied reaction conditions, such as flow rate
and temperature.

Details of peptide and protein identification and annotated PTM
MS/MS spectra were included in Supplemental Materials. Raw HPLC
MS and MS/MS data were deposited at UCSD MassIVE and Pro-
teomeXchange under accession MSV000079379 and PXD003203.

Protein Sequence Alignments—To estimate the 3D location of key
residues and domains, protein sequences for Cys-loop LGIC subunits
were retrieved from Uniprot, and aligned to that of crystallized C.
elegans GluCl (PDB: 3RHW) lacking ICL2 (8), using Clustal O (1.1.1 or
1.2.0) in Uniprot. When controversial, such as the starting point of
TM4, alignment shown in Ref (8) was used. Results of protein se-
quence coverage and PTM mapping were also illustrated on GABAAR
3D structure prepared as such. To estimate N-glycan 3D location,
resolved structures of C. elegans GluCl (3RHW)/Sf9 and mouse �1
subunit of nAChR ECD domain expressed in yeast (2QC1) (38) were
compared by using the alignment function in PyMOL. Glycan struc-
ture resolved in 2QC1 was trimmed to (GlcNAc)2(Man)5, a minimal
mammalian form, to illustrate mid-ECD N-glycans in GABAAR/
HEK293 (GlcNAc, N-acetylglucosamine; Man, mannose).
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RESULTS

Modular Membrane Proteomics Workflow: No Filter, No
Centrifuge, Full Automation—Targeting enzyme-protein sub-
strate contacts and PTMs to solve efficient peptide formation
and detection, we devised a novel digestion workflow termed
flow-and-detergent-facilitated protease and de-PTM digestions
for deep sequencing (FDD). FDD featured three keys to achieve
streamlined abundance-unbiased peptide sample preparation
within minutes: (1) DDM as a tool for digestion, (2) pepsin and
PNGase F columns as tandem plug-flow reactors, and (3) Cys-
selective reduction/alkylation. This approach allowed a flexible,
fully-automatable modular proteomic platform that supports
TMT and can instantly analyze active membrane proteins in
solution, for deep sequencing, PTM occupancy quantitation,
and HDX or Ox-TMT structural mapping (Fig. 1A, 1B).

We discovered that detergent DDM is omni-compatible
with membrane protein structures, digestion, TMT, RP HPLC
MS and data-dependent MS/MS (supplemental Fig. S1D and
S2D), and pivotally enables automation throughout the pro-
tein-(HDX or Ox labeling)-peptide-(TMT)-HPLC-MS/MS proc-

ess. Including DDM for digestion ensured effective catalytic
contacts by solubilizing hydrophobic substrates, and elimi-
nated steps of denaturation, precipitation, filtration, centrifu-
gation, desalting and reconcentration. Avoiding pre-HPLC
sample loss from the pipeline eased quantitation of PTM %
site occupancy. Nonionic DDM didn’t interfere with the pep-
tide ionization or RP-HPLC elution, when applied at 0.4–1 mM

(0.02–0.05%, m/v, 2.3–5.7 cmc) over 1 �M (0.28 mg/ml) pro-
teins. Excessive TMT may label DDM hydroxyls at slower rate
than peptides, but the byproducts assume simple forms and
elute away from peptides with moderate intensity (supple-
mental Fig. S2D, S2E, S2F), demonstrating for the first time a
TMT-compatible detergent. Other high-purity low-cmc non-
ionic nonamine glycoside detergents likely fit TMT as well.
This compatibility may allow TMT to directly label protein
structures in detergent solution and in membrane.

As a general platform for membrane protein digestion, FDD
is flexible to use various enzymes and recent detergents,
which should be a thoughtful choice to suit specific studies.
We chose pepsin that prefers multiple hydrophobic residues

FIG. 1. Modular proteomic streamline for instant ultradeep membrane protein analysis, supporting full automation. A, Modular
method workflow featuring direct FDD digestion and HPLC MS. Boxes represent modules for selection; color band shifts indicate pH switching
with volatile buffers (FA, NH4HCO3 or TEAB). B, Module selection in three applications for quantitation and structural mapping. C, Flow model
for FDD’s flow-and-detergent-facilitated immobilized enzyme column reactors. D, Digestion model for FDD based on effective catalytic
site-occupancy (detailed in supplemental Note S2). n, theoretical number of digestion; a, accessible cleavage sites on all substrates: ahigh, alow,
for high- and low- abundance species H and L, respectively; b, catalytic sites on enzymes available for each digestion event; ne, nequal, the
digestion event when a � b.
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(FWLMC (39)) to promote comprehensive and overlapping
(ladder) peptide coverage—for HDX and PTM mapping,
though other proteases fit the FDD format as well. Fast en-
closed FDD reactors ensured quantitative reproducible pep-
tide formation by preventing product inhibition and precisely
controlling peptide formation via flow rate, and minimized
modification artifacts (gain or loss) and contamination. FDD
thereby freed those data-dependent MS/MS scans—gained
from faster-scan instrument, yet otherwise wasted by con-
taminant peptides from proteases, de-PTM enzyme, environ-
ment and artificial oxidation—for endogenous components,
benefitting deeper sequence coverage. Importantly, beyond
these straightforward advantages, FDD’s pepsin plug-flow
reactor presented a novel approach to overcome abundance
bias and enhance efficiency, primarily by increasing effective
enzyme concentration (over 1 mM (33) on POROS beads) to
the large excess of substrates (1 �M starting protein) (supple-
mental Note S2).

We defined protein abundance-biases on digestion at two
levels (Fig. 1D and supplemental Note S2): Type I (�Hpept/
�Lpept)	(Hprot/Lprot), the abundance ratio of total peptide
products (all forms) for high (H)- and low (L)-abundance spe-
cies doesn’t maintain that of original proteins, which concerns
quantitation by PSMs, and Type II (Hpepti/Hprot)	(Lpepti/Lprot),
the transmission of a given peptide (harboring residue of
interest i) from its original protein varies with protein’s relative
abundance, which may skew peptide-centric quantitation be-
tween different samples. According to a catalytic site-occu-
pancy model that we proposed for digestion in pepsin plug-
flow reactor (supplemental Note S2), FDD pepsin column
doesn’t incur either type of bias (Fig. 1D), and can operate
entirely within the high-efficiency region (a � b).

FDD chose not to perform the traditional reduction and
alkylation on intact (or denatured aggregated) proteins for
multiple reasons. (1) Protein reduction/alkylation interrupts
C-C bonds—functionally crucial structure features of both
Cys-loop receptors and hGPCRs—thus is incompatible with
structural proteomics. HDX hardly tolerates basic-pH alkyla-
tion, because prelabeling protein reduction/alkylation may
distort protein conformation, and postlabeling pre- or postdi-
gestion basic pH causes rapid loss of H/D-labels to back-
exchange; but HDX can tolerate a postlabeling fast acidic
reduction step co- or postdigestion. (2) For the purpose to
identify Cys-sequence: at protein level, both reduction and
alkylation reagents’ accesses to intricate intact hLGICs are
spatially biased and inefficient, and disrupting C-C bonds may
collapse protein structures further challenging reagent ac-
cess, as evidenced by the missing Cys-coverage in our earlier
in-gel study (34). (3) For the purpose to prevent TM protein
aggregation formed by random C-C bond concatenation
(such as alkylation applied in high-concentration protein pu-
rification for crystallogenesis): samples for proteomics are far
more diluted, and DDM as a tool for digestion already proved
effective to stabilize proteins and prevent aggregation,

whereas reduction/alkylation may rather pose bigger risks to
destabilize and aggregate TM proteins.

Instead, to solve the challenge to efficiently digest and
identify TM protein sequences spatially hindered by intricate
C-C bonds, FDD applied codigestion TCEP peptide reduc-
tion, throughout the sequential digestions along the DDM-
facilitated protease column to assist peptide formation, and
applied postdigestion peptide alkylation to visualize peptides
in deep sequencing. We reasoned that, C-C bond reduction
alone may be sufficient to dissect C-C intricacy for easier
digestion access—as substrates flow through the protease
column with ever-present TCEP, they become increasingly
simpler and more accessible for effective reduction and di-
gestion—whereas alkylation can be used to aid Cys-peptides
ionization and identification. Thus reduction and alkylation
may be separately utilized in deep-sequencing-based HDX
(for iteratively constructing deep MS/MS peptide matrix, and
for quantifying HDX MS labels). For non-HDX applications,
in-reactor codigestion TCEP and alkylation could be com-
bined, though this might affect enzyme reactor over repeated
use.

Distinct from conventional 1–2 day, denaturation-, solu-
tion-, or filter-based methods, FDD emphasized a critical new
principle for membrane proteins: using all enzymes in (1)
nondenaturation (at least nonaggregation) and (2) high-effi-
ciency, precisely controllable, abundance-unbiased flow re-
actor formats. Unlike denaturation, FDD allowed direct pro-
teomic measurement of protein solutions at functional state
without sample loss; FDD overcame the catalytic site defi-
ciency and slow diffusion problems intrinsic to traditional
in-solution digestion (protease: substrate at 1:50 or lower,
m/m). Compared with laborious tip- or filter-based methods,
FDD avoided filtration and centrifuge entirely—allowing unin-
terrupted streamline—shifted peptide preparation from day(s)
to minutes, and minimized artifacts.

Compared with earlier 2010 GPCR HDX digestion method
that used single pepsin column, desalting trap, and high flow
rate ESI (50 �l/min) yet endured near-baseline peptide signals
(16), by avoiding desalting and adopting capillary HPLC
nanoESI, FDD increased peptide ion sensitivity by over
30,000-fold and demonstrated DDM is a superior tool widely
applicable to proteomics; by novel combinations with PN-
Gase F reactor, selective reductions, alkylation and direct
TMT, FDD instantly achieved high coverage at PTM and Cys
sites and immediate TMT-quantitation. Proved by DDM/CHS-
purified �1�3�2 GABAAR/HEK293 and its associated pro-
teins, FDD cleared most prominent challenges for human
synaptic membrane proteins, and may be adaptable to the
protein-peptide-injection step for more complex samples
such as cell lysates and biofluids, with finer HPLC separation.

Closing Coverage Gaps by Targeting PTMs—FDD with
pepsin PNGase F columns and Cys-alkylation achieved high
sequence coverage for all subunits of GABAAR (Fig. 2A),
completely digested all proteins within sub-10-s col-
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umn residence time (100%, shown by gel Fig. 2B and 85-
min HPLC MS/MS supplemental Fig. S1D; supplemental
Note S1), and minimized contaminations common to tradi-
tional methods: searching the HCD MS/MS data against hu-
man proteome showed GABAAR subunits were the predom-
inant top 3 components by PSMs and unique peptides
(Fig. 2C).

Sequence coverage and number of peptides surged for all
subunits upon optimized pepsin column flow rate in direct
analysis (Fig. 2A Expt. 1–3). But several gaps persisted in
ECD, coinciding with Asn(N) or Cys (Fig. 2A Expt. 3). Subse-
quent de-N-glycosylation and Cys-alkylation closed most
ECD gaps (Fig. 2A Expt. 4), indicating: pepsin column and low
TCEP (5–7.5 mM) effectively formed N-glycosylated peptides
and reduced C-C bonds, but needed glycan removal and
alkylation to visualize these residues (Cys rarely detectable as
free (16)). Low TCEP was chosen from empirical screening in
earlier GPCR HDX study (16), here by probing the digest with
a postdigestion alkylation step, we recovered nearly all ECD
Cys as Cys-Cb with many redundant partially overlapping
peptide forms, which ranked among the highest-scored

PSMs. Hence strong ECD Cys coverage confirmed that codi-
gestion low TCEP in enzyme reactor was sufficient, and that
peptide alkylation was necessary and effective to identify Cys.
Missed TM and ICD Cys were likely caused by unknown
modifications or over-digestion. Thus, FDD offered a novel
solution to robustly digest spatially PTM-hindered regions
including the vicinity of bulky N-glycans and intricate C-C
bonds, a long-established challenge (25).

Unlike �1 and �3, �2 intracellular loop 2 (ICL2) displayed a
unique wide gap containing multiple Cys sites (Fig. 2); two of
their equivalents in rat brain were identified with C-palmitoy-
lation using NH2OH-based method (40). NH2OH, but not DTT
or just TCEP, elicited multiple new peptides bearing C-Cb at
these two sites, suggesting C-palmitoylation/acylation at high
occupancy (Fig. 2A Expt. 6 versus Expts. 4–5; peptide
MS/MS shown in supplemental Fig. S3). By now FDD covered
99%, 93 and 88% for �1, �3 and �2, respectively (Fig. 2A
Expt. 6). Searching for K-Cb didn’t recover ICL2 gaps, clari-
fying minimal over-alkylation artifacts (Fig. 2A Expt. 6
). Broad
PTM screening (see Methods) did not further increase the
overall coverage.

FIG. 2. Direct FDD achieved ultradeep coverage of GABAAR, using module 1 in Fig. 1B. A, Closing sequence coverage gaps by targeting
PTMs: N-glycosylation (N-glyco) via PNGase F column, disulfide bond (C-C) and C-palmitoylation (C-palm) via differentiating reducing reagents
(TCEP, DTT and NH2OH: Expt. 4, 5 and 6 respectively). K-modifications were checked for excessive alkylation (K-Cb, Expt. 6
). Color bands
represent sequence covered for each subunit (green, �1; blue, �3; orange, �2L) in each experiment (1 to 6
); gray bands in background,
genomic sequences supplied for overexpression including signaling peptides (black triangle). Key parameters for each experiment are
specified in the table. Expt.3 was partly presented in Ref. 34, and is included here for comparison. TM, transmembrane helix (blue solid line);
ICL, intracellular loop (red dash line); C-C loop (cyan line), used throughout figures. B, SDS-PAGE of GABAAR before (lane 1) and after (lanes
2 and 3) enzyme columns showed complete digestion within 10 s of column residence, and no intact enzymes. Each well contained
one–twofold of the equivalent amount of digest injected to one HPLC run. C, Searching Expt. 6 MS/MS spectra against human proteome
revealed minimal contamination from environment or protease: �1, �3, and �2L subunits of GABAAR were the predominant top 3 by PSMs and
unique peptides. A few PSMs matched to pepsin were from porcine pepsin.
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Other few gaps dotted the TM domain (TM2-TM3 linker
front, multi-F TM3 front), and had pepsin high-preference
sites before/within/after them. Both gaps (such as AF, YA,
LRL, and WRL) and identified TM peptides were peculiarly
short (Fig. 2A Expt. 6 and supplemental Fig. S1). Rather than
common under-digestion, these TM and ICL2 gaps likely
stemmed from peptides escaping HPLC MS/MS capture,
caused by low ionization efficiency and over-digestion be-
cause of high pepsin preference, similar to that seen in TM1 of
GPCR �2AR (16), as well as from unknown modifications. This
can be improved partly by longer HPLC gradient, colder or
faster digestion.

Efficient digestion assisted deep PTM mapping. First, for
PTM-enzyme-based site marking, such as PNGase F-specific
deamidation, PTM-enzyme access to peptides is likely less
confounded by spatial hindrance thus more reliable and ef-
fective than access to intact proteins. Second, forming mul-
tiple overlapping peptides for each site—rather than com-
monly applied single peptide sequence—increased the
redundancy and power for accurate PTM measurement.
Third, these glycopeptides at currently small yet tunable
lengths, may further suit iterative direct ETD and HCD MS/MS
to sequence both amino acids and modifiers.

However, typical to bottom-up proteomics, short discrete
peptides often lose isoform-specific combinatorial PTM infor-
mation that can be retained in top-down analysis of intact
proteins: FDD’s potential to tune for longer overlapping pep-
tides might suit additional middle-down analysis to alleviate
this problem. Unlike laborious, day-long, aggregation-
plagued paradigm, FDD’s instant leak-free and automatable
protein-peptide pipeline may allow real-time bottom-up inte-
gration with top-down, to refine isoform-precise membrane
protein PTM maps.

Digestion Coverage of Spatially Hindered N-glycosylation
Sequences—Importantly, FDD’s design—DDM-facilitated,
flow-propelled, sequential multiple digestions through tan-
dem high-concentration immobilized protease- and PNGase
F-reactors, codigestion TCEP reduction, and peptide alkyla-
tion—resolved the challenge to robustly digest and identify
spatially intertwined N-glycosylation sequences—using, re-
markably, minutes, not 1–2 days. This helped refine a com-
mon speculation that PNGase F does not react at certain
NXS/T sequences of N-glycopeptides.

Substrate sequence bias of PNGase F was raised using
synthesized small glycopeptides (1–5 amino acids, 18–24 h):
reaction with NXS/T was much faster than other sequences,
though differed less between NAS/T (41). But a later pro-
teomic study found prior (versus post) guanidine-reduction-
alkylation treatment of soluble antibodies removed such se-
quence bias against NCG in 2-h PNGase F reactions (42),
indicating minimal effect of primary sequence once higher-
order spatial hindrance was solved. Consistently, Plummer et
al. and Chu reported more bias at protein conformation than
at peptide level. They found although PNGase F broadly rec-

ognizes N-GlcNAc-GlcNAc and immediate amino acid resi-
dues, native-folded full-length (soluble) proteins were much
slower and less complete than detergent-spread versions
(43–47). PNGase F didn’t mandate residues before or after
N-glycan though reaction could be much slower (41, 46, 47),
but became nonreactive when the first N-GlcNAc was fuco-
sylated via �133 (not �136), a link rare in mammals (48).

We noticed both human Cys-loop LGICs and hGPCRs con-
tain NX(!P)S/T canonical N-glycosylation motifs that colocal-
ize with C-C bonds at their most critical structural features
(hLGIC Cys-loop, hGPCR ligand pocket lid), despite literature
that C-C bond rigidity obstructed N-glycan occupancy (49).
Our earlier in-gel study found weak evidence of two de-N-
glycopeptides for the NCT on Cys-loop (common site to all
GABAAR � subunits of human, mouse and rat), proving this
N-glycosylation existed though occupancy was unclear (34).
However, � NCT sequences were not covered in previous
glyco-proteomic studies using mammalian tissue lysates or
purified LGIC proteins (29, 50), which tends to suggest a
PNGase F reaction bias over local sequence of glycosylated
NXS/T at both protein and peptide levels despite hours of
reaction. Yet direct analysis of lectin-enriched glycopeptides
without PNGase F did not cover � NCT either (it found several
NCS/T sites for non-GPCR non-Cys-loop-LGIC proteins) (51),
suggesting the biased coverage might be caused by common
upstream steps, but not the PNGase F-glycopeptide reaction
per se.

Now FDD recovered multiple strong de-N-glycopeptides for
NCT and other NXS/T sites. Although partly attributable to the
higher efficiency of its peptide-level PNGase F column format,
this suggests earlier biased weak or missing coverages likely
originated collectively from ineffective upstream membrane
protein reduction, alkylation and digestion, often following
denaturation by urea, guanidine, boiling SDS, and protein
precipitation, each of which severely damages access to hy-
drophobic and Cys sequences for subsequent steps. These
contrasts highlighted the importance for membrane proteom-
ics to think outside the box of denaturation (destabilization-
aggregation) and to emphasize downstream compatibility in
pipelines, as it zooms into the function- and therapeutic-
pivotal sequences often involving intricate PTMs.

Strikingly, both N-version and D-version (PNGase F-specific
deamidated original N-glyco version) of the same peptide
sequences were identified for multiple N sites, permitting finer
peptide peak area-based estimation of % occupancy (sup-
plemental Table S3) and suggesting FDD is a highly efficient
digestion machine despite N-glycans. We initially speculated,
because N-glycans may pose spatial hindrance for protease
access, the N-glyco peptides should be more difficult to form
than the nonmodified N-peptides for all N sites, even though
N local sequences appear regular in FWLMC density and
multispecific pepsin alleviates the concern that PTMs prevent
specific cleavage. If FDD pepsin column at current 25 �l/min
overdigested, then N-peptides would be under-represented
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because of more loss to overdigestion than the N-glyco ver-
sion, then N-glyco % occupancy would be over-estimated
across all N-glyco sites. However, the relative peak abun-
dance between the N and D pair varied widely across sites but
remained largely consistent within the multiple peptide se-
quences for a given site (supplemental Table S3), suggesting
N-peptides were unlikely random remains from disordered
overdigestion. Nonetheless, both over- and under-digestion
can be further probed by varying digestion flow rate. Because
N-glycopeptides were visualized as de-N-glycopeptides, if
PNGase F column reaction were incomplete, then % occu-
pancy would be under-estimated. Because FDD solved other
confounders (TM protein aggregation, ineffective Cys-reduc-
tion, digestion of intertwined regions, and Cys-alkylation), the
performance of PNGase F-glycopeptide per se may be em-
pirically tweaked apart by tuning PNGase F column flow rate
and temperature.

Superior Metrics Satisfied Deep Sequencing, Peptide-cen-
tric Quantitation and Structural mapping—Using sub-10 s
digestion time and sub-2 �g GABAAR for each run, FDD
achieved: high sequence coverage including multiple new
PTMs for all subunits (88–99%), abundant unique peptides at
useful length (mostly 4–20 residues) (Fig. 3A, 3B, 3D and
supplemental Fig. S1), and under HDX conditions, high pep-
tide reproducibility (Fig. 3E), superior to traditional methods
(Fig. 3F). Merits were preserved in Ox-TMT using module
selection 3 in Fig. 1C (Fig. 3G; shorter peptides attributable to
higher temperature). TMT labeled over 98% identified pep-
tides (Fig. 3H). DDM, eluted in the end of HPLC, and CHS,
added for human proteins, didn’t interfere with peptide elution
or TMT (supplemental Fig. S1D and S2D).

Comprehensive PTM Inventory with % Site Occupancy:
Critical for Function Insights—FDD enabled comprehensive
identification and % occupancy quantitation of multitype
PTMs (Fig. 4 and supplemental Table S3), a critical advantage
for assessing whether PTM functions as structural hardwire or
transient regulator. High-resolution MS/MS enhanced accu-
racy in identifying deamidation, decoy deamidation search on
PNGase F nontreated sample helped eliminate non-PNGase
F-specific sites (false positive), and minutes—not overnight
digestion plus hours in PNGase F—of total preparation time
for deglycosylated peptides likely reduced occurrence of non-
enzymatic deamidation, together obviating H2

18O that com-
plicates spectra. We discovered 3–5 major N-glycosylation
sites and 1–3 clusters of K-Me/Me2/Me3/Ac in each subunit
type, and two potential Cys-palmitoylation (acylation) sites
exclusive to �2. Without phosphatase inhibition, peptide en-
richment and cell stimulation, ubiquitination, phosphorylation
and R-Me/Ac were largely undetected at peptide FDR �1%.
The exhaustive quantitative inventory revealed subunit-spe-
cific PTM signatures—mid-ECD high-occupancy N-glycosy-
lation and ICD partial K-Me/Ac (Fig. 5). They likely drive sub-
unit-biased assembly and ligand response in human Cys-loop
LGICs, by redefining ECD inter-subunit and ligand interac-

tions, and by mediating ICD ion passage and protein interac-
tions as a feedback loop for signaling cascade, respectively.
Further, complex PTMs of human TM receptors highlighted
the edges of structural proteomics such as HDX to map their
physiological states, because high-resolution crystallogen-
esis of TM receptors routinely requires truncation of flexible
domains, PTM removal or control, and often resolves zero or
a few residues of glycans (8, 9, 52), whereas NMR’s reach for
large, PTM-bearing TM receptors is limited despite mutagen-
esis, metabolic and chemical labeling tools.

A First Complete Quantitative Inventory of GABAAR N-gly-
cosylation—FDD covered and quantified N-glycosylation %
occupancy of all N residues, and found over ten mid-to-high-
occupancy sites (Fig. 4A, 4B and supplemental Table S3),
only two or four of whose equivalents were previously identi-
fied in rat (two in �1) or mouse (one in �1; three in �2) (29, 50).
Most N-glycosylation sites obeyed the canonical NX(!P)S/T
motif and resided in ECD at high % site occupancy, but
exceptions emerged (Fig. 4B). A few S/TX.NX(!P)X sites were
found modified, including a high-occupancy Asn222VV in �3-
ECD and multiple low-occupancy sites in �1 and �3. Besides
ECD, several partial-occupancy sites were found in ICL2 of �1
(one, �1-Asn373NT at 44%) and �3 (four), yet Asn401AT in
�2-ICL2 was unmodified. Unlike all other ECD sites that
showed near-full occupancy, �3-Asn33MS in ECD was mod-
ified to only 32% (two copies of the same subunits in the
pentamer were undistinguished).

Noncanonical motifs NXV, NXC, and NGX were reported in
mouse, using overnight urea trypsin, Glu-C or Lys-C diges-
tion, 1-h lectin-glycopeptide enrichment and 3-h H2

18O-
PNGase F release (50). Importantly, direct ETD MS/MS of
glycopeptides, lectin-enriched from mouse brain synapto-
some trypsin digest, identified the mouse version of GABAAR
�3-Asn222VV bears (GlcNAc)2(Man)5 (51), directly proving a
noncanonical NVV glycosylation, and explained it with the
S/TX.NXX reverse motif, which was proposed earlier for hu-
man antibodies based on CID and ETD MSn of lectin-enriched
endoglycosidase-trimmed glycopeptides and CID of de-N-
glycopeptides from H2

18O-PNGase F-treated proteins (42,
53). However, most other ECD domain S/TX.NXX sites re-
mained unmodified here (Fig. 4B), suggesting reverse motif
requires further constraints. Multiple noncanonical NS/TX and
NXXS/T sites (54), near-200 XX.NPS/T and XX.NXX sites (55),
and NXC (56) were also observed in human breast (54), pros-
tate (55) and lymphocyte (56) cancer tissue or cell culture
respectively, using classical de-N-glycopeptide approaches
via: overnight denaturation-based digestion, glycopeptide en-
richment by periodate-oxidation/hydrazide-beads or lectin,
and PNGase F release in H2O or H2

18O (54–57). However,
extensive bead washing combined with sugar-specific enrich-
ment couldn’t exclude all non-PNGase-caused false posi-
tives, hours of H2

18O-PNGase F couldn’t distinguish sponta-
neous deamidation that occurred during this incubation (58),
and the reliance on glycopeptide enrichment and PNGase F
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FIG. 3. FDD demonstrated superior metrics for deep sequencing, quantitation and structural mapping. A, Robust 90–99% sequence
coverage for all three subunits (combined search on spectra of Expt. 4, 5, and 6 in Fig. 2), using sub-2 �g GABAAR for each run. PSM distribution
over sequence and HPLC-MS traces are shown in supplemental Fig. S1. B, Abundant and reasonable distribution of unique peptides for �1, �3,
and �2 subunits. C, Peptide reproducibility was 79 � 3% between run 4, 5, and 6 (aliquots of the same deglycosylated digest treated with three
different reducing regents), which served as a basal level of HPLC MS/MS run-to-run reproducibility. D, Peptide length fell mostly in the useful 4–20
residues range, and controllable by flow rate. Error bars represented standard deviations from runs 4, 5, and 6. E, HPLC and MS traces of two
independent digestions under HDX conditions (module 2 in Fig. 1B), showed high reproducibility in both peptide form and abundance, suitable for
HDX structural proteomics. F, Less is more: FDD metrics, critical for peptide-centric quantitative and structural proteomics, contrasting current
literature. G, Superior metrics—high sequence coverage, abundant unique peptides, high peptide reproducibility (78 � 2%) close to basal level,
and desired peptide length distribution—were preserved in Ox-TMT quantitative structural mapping (module 3 in Fig. 1B), unaffected by DDM. Four
aliquots of GABAAR were independently H2O2 oxidation-labeled, digested (24–30 °C), TMT2-labeled, and randomly paired as three TMT2plex
samples for direct HPLC runs. PSM distribution over sequence and HPLC-MS traces are shown in supplemental Fig. S2. H, Streamlined TMT
method effectively labeled over 98% of identified peptides in each sample, and 85–87% peptides were reproducibly formed, labeled, and detected
between two samples. I, HPLC MS traces (total ion counts) contrasting peptide sensitivity in 2010 DLT-HDX-trap-ESI (upper, apo hGPCR �2AR)
and in current FDD-no-trap-nanoESI pipeline (lower, hLGIC GABAAR), under similar concentrations of proteins and DDM.
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FIG. 4. Artifact/bias-minimal FDD enabled comprehensive profiling of GABAAR PTMs with % site occupancy: N-glycosylation and
endogenous M-oxidation. A, Representative peptide sequence coverage map of GABAAR acquired from one run (Expt. 6 in Fig. 2A) at peptide
FDR�1% by PD 1.3 SEQUEST. Each thin line represents one unique peptide ion (modified versions combined). % coverage excluded expected
signaling sequences. Green NXX highlights identified ECD N-glyco sites. Key domains were located by sequence alignment with C. elegans GluCl
(3RHW) (8) (Methods and supplemental Fig. S5). B, Complete inventory of N-glyco % site occupancy. Top blue dot designates canonical NX(!P)S/T
motif. Green, blue, and yellow bars, N-glyco % occupancy for �1, �3, and �2 subunits, respectively; cream bars in background, N sites covered
in PD1.4 quantitation. C, Inventory of Mox % site occupancy (red bar) using TCEP, TCEP�NH2OH, or TCEP�DTT for peptide reduction (Expt. 4,
6, and 5 in Fig. 2A respectively). Cream bars in background, covered in PD1.4 quantitation; brackets, not covered. D, Sequence coverage used for
quantitation mapped to 3RHW-based 3D structures (Expt. 4–6 combined search at peptide FDR�1% by PD1.4 SEQUEST-HT). Green, �1; blue,
�3; orange, �2; silver, n/c, not covered; ICD was not shown. E, Endogenous Mox % site occupancy (sphere) by FDD-TCEP mapped to 3D models
of individual �1, �2, and �3 subunit (cartoon), and whole complex (surface). One �3 subunit was removed from the pentamer to show inner surface.
N-glyco and Mox % occupancies were quantified by summing MS isotopic peak areas extracted at 2 ppm mass precision of the unmodified and
modified version of the same peptide sequences: %(D/(N�D)), and %(Mox/(M�Mox)), respectively (Methods).
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FIG. 5. Novel subunit-distinctive PTM signatures discovered herein likely underpin high subunit-biases in hGABAAR assembly and
ligand interactions. A, Novel PTM signatures for GABAAR subunits include: high-occupancy N-glycosylations in nontop-surface mid-ECD,
and tentative diverse partial-occupancy K-Me/Ac in ICL2, in nonstimulated cells. TM Cys also displayed subunit-specific distribution patterns
(supplemental Fig. S4C). 3D locations of mid-ECD N-glycosylations in GABAAR subunits were proposed by sequence alignment with 3RHW
and 2QC1. N-glycans were superimposed to mid-ECD sites identified with high occupancy. B, Top and side views of proposed physical form
of functional (�1)2(�3)2(�2L)1 GABAAR pentamer completed with mid-ECD N-glycosylations. Top-surface N-glycans were not shown. C,
Glycans shown for mid-ECD sites in hGABAAR/HEK293 were deduced by trimming that resolved in 2QC1 to (GlcNAc)2(Man)5. Immediate
ligand-interacting saccharides resolved in 2QC1 were shown in red. D, Subunit interfaces in classic representation of clockwise �����
GABAAR (left) can be upgraded with mid-ECD N-glycans (right, red border) to illustrate concepts of heterogeneity. E, Screening Cys-loop
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release made a nontreated control difficult. Because FDD has
proved robust to instantly form glycopeptides at small sizes
likely analyzable by direct ETD to reveal both glycan and
peptide sequences, FDD coupled with large-scale sampling
and endoglycosidase may provide a tool to further refine
these important noncanonical motifs.

Critically, upon sequence alignment with resolved crystal
structures of analogs (3RHW and 2QC1), we discovered: not
all ECD N-glycosylation sites resided on top surface, but each
subunit contained one (�1 and �2) or two (�3) sites intriguingly
buried amid ECD (Fig. 5 and supplemental Fig. S4A and S5).
Uniquely, �1-Asn146MT lined the mid-ECD inner surface of
central pore, on a �4-�5 loop that is highly diverse among C.
elegans GluCl, mouse �1 AChR-ECD and other Cys-loop
LGIC subunits (8, 38). The high-occupancy �3-Asn174CT
glycosylation, on Cys-loop arm, was unknown until FDD ro-
bustly covered Cys-loop (weak evidence in our in-gel study
(34)), but its counterpart in a single-subunit mouse �1 AChR-
ECD/yeast was resolved by crystallography as N-(GlcNAc)2
(Man)9 to mediate protein-ligand binding and connect Cys-
loop with loop C (38) (three saccharides of its counterpart in
an ICD-truncated (�3)5 hGABAAR/HEK293-GnTI� were also
resolved by crystallography to interact with adjacent protein
(9) during earlier editorial review of this manuscript). This
reminded us that both modifications can be cotranslational
and dynamic, and highlighted the impact of resolving this
digestion bottleneck. A second site �3-Asn222VV (absent in
other � subunits and not resolved by crystallography) was
located on upper-�9 sheet, right preceding loop C—the pro-
totypic agonist pocket in C. elegans GluCl (8) and Aplysia
acetylcholine binding protein (AChBP) (52). The �2-Asn247TT
sat on mid-�9 sheet preceding loop C, lower than �3-
Asn222VV but more involved in protein grooves. Mid-ECD
N-glycan was absent in bacterial analogs and Aplysia AChBP/
HEK293-GnTI� (one N-hepta-saccharide on top-surface) (52),
and was partially resolved at a single site on lower-�9 sheet in
C. elegans GluCl/Sf9 (8) (Fig. 5B).

Mid-ECD N-glycosylations May Underpin Subunit-biased
hLGIC Assembly and Ligand Response—Most of the protein/
ligand-interacting saccharides in mouse �1 AChR-ECD/yeast
(38) are conserved in mammalian cells, where the basic N-
glycan may carry myriad further decorations (24) (Fig. 5C).
Apparently by volume, ECD central pore is reluctant to fit two
adjacent, or more than two, N-glycans while still maintaining
stable subunit-subunit contacts (Fig. 5B). Thus we propose
�’s unique central-pore mid-ECD N-glycan may decide the
long-enigmatic �X�XX assembly of hGABAAR pentamers (X

represents non-� subunit); it further creates asymmetry on
the central pore surface thus may bias ligand passage and
interaction there. Sequence alignment screening across hu-
man Cys-loop LGIC subunits for NX(!P)S/T motif pinpointed
8 tentative mid-ECD coding regions (four majors for ���-
GABAAR described above, and four minors), supporting sub-
unit-specific mid-ECD N-glycosylation as a general coding
principle (Fig. 5A, 5E and supplemental Fig. S4B). Although
absent in �1�3�2-GABAAR, the four minor regions include:
�8-�8 loop (D, outer-surface counterpart of �4-�5 loop, dif-
ferent within � and � subtypes), �8-�9 lower-loop F (E, unique
to 5HT3R �), upper �10 (F, GABAAR �) and lower �10 sheet
(G, GABAAR �1, �2, 	). Further, single-nucleotide variation
analysis of human proteome found only two gains (one in �3,
one in 	) and zero loss of NXS/T motifs in GABAAR subunits
(59), suggesting functional essentiality of N-glycosylation for
hGABAAR. Subunit-Western blot saw N-glycosylation shifts in
several GABAAR subunits (sites unknown) in human Schizo-
phrenia brains, despite constant protein levels (60). Antibody
N-glycans proved powerful to enhance antibody-target bind-
ing (61). Thus beyond conventional roles for ER-cell surface
trafficking, these mid-ECD N-glycans, as receptor’s architec-
tural hardwire, create enormous diversity at subunit interfaces
beyond genomic sequence, likely redefine subunit-subunit
and ligand-protein interactions—via relay or disruption, and
provide a PTM means to strictly yet dynamically control het-
eromeric assembly and ligand response. The bulky presence
of these subunit-distinct, strategically-positioned, interaction-
rich mid-ECD glycans suggests the concept of heterogeneity
at subunit interfaces in ����� GABAAR can at least be up-
graded to include N-glycans (Fig. 5D). Engineering these mid-
ECD N-glycosylation signatures might achieve pentameric
assemblies of design, a crucial yet long-elusive tool to clarify
structural mechanisms of human Cys-loop LGICs.

Intriguingly, although absent in most Cys-loop hLGIC sub-
units (including hGABAAR �, � and �) and not reported by
proteomic literature, besides ECD, the TM domain (TMD) se-
quences of a few subunits also contain the NX(!P)S/T motif,
spatially likely protruding to the ECD-TMD interface: on TM2/
TM3 linker (GABAAR �1, �2, 
, and 5HT3R �), or TM4 tail
(nAChR �2), again all absent in the resolved bacterial, C.
elegans or fish analogs (T1 and T2 in Fig. 5E). If indeed these
TMD-based ECD-TMD-interface N-glycans occur at high oc-
cupancy, they may interact with receptor ECD and similarly
serve as novel levers to couple TM helix (thus TM ion channel)
movement with N-glycan-mediated ECD subunit-ligand and
subunit-subunit interactions.

LGICs for NX(!P)S/T motif pinpointed 8 human mid-ECD coding regions from ECD sequence, based on alignment to 3RHW (diagram). Four
mains involving ���-hGABAAR (red) are: A1, �4-�5 loop on inner surface (�); B, C-C loop (�); C1, preloop C mid-�9 (�); C2, upper-�9 (�3 s
site NVV). Four minors: D, �8-�8 loop; E, �8-�9 lower-loop F; F, upper-�10; G, lower-�10. TMD-originated sites for ECD-TMD interface regions:
TM2/TM3 linker (T1) and TM4 tail (T2) (supplemental Fig. S4B). Red box, high-occupancy sites identified herein or by 3RHW and 2QC1; pink
box, NVV. Gray, A2 is likely back to top surface (�5-�6, supplemental Fig. S4A) and T0 (TM1 front) is yet unseen though a potential site (** 0,
because one NPS in ELIC). * One NAS in C. elegans GluCl � subunit but not in the 3RHW crystallized �-based construct. # One NGT on tip
of loop C in fish Tm nAChR chain C (2BG9), absent in human.
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Further, several 7TM human GPCRs (UniProt sequences)
also exhibit non-N-terminal NX(!P)S/T motifs on TM/TM link-
ers, including TM4/TM5 extracellular loop 2 the prototypic lid
of TM ligand pocket (such as NET.CC in original �2AR), and
TM6/TM7 linker (such as in serotonin type 2 receptor), each
intertwined with C-C bonds. The motif’s presence differs be-
tween species and GPCR subtypes, yet most of current
hGPCR crystallography, EM and NMR structures had genet-
ically (Asn187ET to EET (62–65)) or enzymaticly (66) removed
N-glycosylation, or resolved no TM/TM modification in Sf9
(67). Indeed, nonproteomic mutagenesis-function studies of
hGPCR protease-activated receptor 1 showed its extracellu-
lar loop 2 N-glycosylation existed and affected ligand-regu-
lated activity and internalization, functionally distinct from N-
terminal ones that dictated surface expression (68).

Thus we speculate, these heretofore unconsidered mid-
ECD, ECD-TMD and TM/TM N-glycosylation structural hard-
wires, may be a widespread strategy across human cell sur-
face TM receptors (LGICs and GPCRs), to dynamically form
species-selective diversity in subtype assembly and ligand
regulation; once clarified with % occupancy, they may pro-
vide an urgently needed key to precisely fine-tune pharmaco-
therapy for humans. FDD’s potential to cover both TMD and
spatially intricate N-glycosylation affords proteomics a robust
platform to quantitatively map N-glycosylation across TM re-
ceptors to further decode new functions.

Subunit-specific ICL2 K-PTM May Code Ion Flux Regulation
via Charge and Volume Changes—PTM screening discovered
clusters of subunit-variable K-methylation/acetylation in ICL2
at partial occupancy, in nonstimulated cells (Fig. 5A and sup-
plemental Table S4). Unlike N-glycosylation, these K-dense
sequences were covered without searching for K-PTMs, sug-
gesting low occupancy. Most modified Ks exhibited multiple
versions: Me1, Me2, Me3, Ac, Fm and free (K-Me/Ac). Subunit
�1 contained three K-clusters (I, II and III) each spanning
10–20 residues: one (densest) in the first half of ICL2, and two
in the second half; all showed K-Me/Ac. Subunit �3 had two
K-clusters, one on each half of ICL2 at similar distances from
TM domain, but only the first (denser) cluster carried modifi-
cations. By contrast, �2 had only one K-cluster, densely mod-
ified, in the first half of ICL2 close to TM3, but instead multiple
Cys in remaining ICL2. Previous high-urea Lys-C and trypsin
in-solution digestions of five rats identified one peptide bear-
ing two K-Ac in GABAAR—�5 in testis, but zero in brain, other
tissues, or other Cys-loop receptors (69). These preliminary
K-Me/Ac sites filtered at peptide FDR �1% can be further
validated in future work, as PSM b and y ions covered partial
peptide sequences (partly caused by charge sequestration
effect of Ks in collision-induced HCD MS/MS), despite high
mass accuracy of high-high MS/MS, exclusion of artifacts-
prone reagents, multiple peptides (over 20 for �2 ICL2 K-clus-
ter), and search criteria comparable to previous studies.

ICL2 K-Me/Ac PTMs likely regulate Cl� ion passage by
changing ICL2 volume (K-Me) or charge state (K-Ac). Dense

ICL2 K/R-clusters in large excess over D/E are common to Cl�
channels hGABAAR and hGlyR, but rare in cationic hAChR
and h5HT3R (supplemental Fig. S6). Chemically or genetically
changing the charges and volumes of �1-ICL2 Ks in GABAAR/
HEK293 altered Cl� flux functions, particularly desensitization
to agonist stimulation (70). The ICL2 K-Me/Ac discovered
herein suggested evidence for this regulation mechanism in
vivo, and upon further examining dynamics with ligand stim-
ulation, may afford K-Me/Ac pathway intervention as a novel
strategy for GABAAR therapy. Uniformly controlling ICL2 K-
PTMs, instead of ICL2 removal, may assist structural studies.

A Method to Map hLGIC Endogenous Mox Site Occu-
pancy—Minimizing artifacts, FDD conferred the sensitivity to
differentiate peptide forms between TCEP, NH2OH and DTT
(Fig. 4C), and allowed using oxidation to label structures. DTT
reduced both C-C and Mox to near completion; NH2OH (0.7
M) partially reversed Mox besides C-de-palmitoylation (Fig.
4C). By contrast, TCEP specifically reduced C-C at high effi-
ciency, while leaving Mox intact. These Mox modifications
identified with TCEP were likely endogenous to GABAAR, and
not protein or peptide processing artifacts, because: they
showed high occupancy at selected sequences, most sur-
face-exposed Ms remained unmodified (Fig. 4E), and peptide
artifacts are typically ubiquitous (34). Broad Ox screening
confirmed minimal hits in other locations, except for �2-
Trp295IN in TM1 end, and �2-Tyr46EAsp48Tyr49ASNLys53
TTrp55 preceding ECD helix �1 (supplemental Table S5).

Rapidly reversible by peptide-methionine-sulfoxide reduc-
tase (Msr, abundant in selected brain regions), Mox recently
emerged to modulate ion channel permeation functions (71),
and to engage in aging and neurodegeneration. However,
because of extensive Mox artifacts in traditional protein and
peptide sample preparations (such as loss to DTT, loss to
reaggregation, and gain from O2), measuring in vivo Mox
has relied on tedious Mox-differential CNBr cleavage,
chemical labeling, or complicated controls. In contrast, by
minimizing oxidation artifacts and preserving original Mox,
FDD with TCEP presented a simple robust method to di-
rectly map endogenous Mox for TM receptors, and can
measure consequent conformational changes using the
HDX module (Fig. 1B). Most residues covered by FDD-
TCEP, particularly those on channel inner surface and ECD/
TMD interface, are unlikely accessible (let alone evenly) to
bulky chemical labels applied to cells, membrane pellets, or
intact proteins.

Bacterial to Human LGICs: Sophistication and Precision via
PTMs—Discovering extensive subunit-specific PTMs likely
resolved a critical paradox: striking ECD/TMD genetic or
structural similarity, against prominent subunit-biases in as-
sembly and ligand responses, among mammalian Cys-loop
LGICs and their homomeric analogs in bacteria and C.
elegans lacking such PTMs. Beyond conserved ECD/TMD
scaffolds that perform essential ion flux functions, subunit-
specific PTMs of hLGICs afford dynamic control of channel
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motions, by creating myriad diversities in protein-protein/
ligand interactions in ECD and ICD—absent in bacterial ana-
logs. Further complexity may reside in the subunit-distinct TM
helical Cys distribution, again missing in bacteria (supplemen-
tal Fig. S4C). These PTM-conferred diversities had remained
unknown and unconsidered in modeling subunit-biased li-
gand interactions of hLGICs using homomeric bacterial, C.
elegans or Aplysia analogs (11, 72), hence they provide crucial
guidance for future modeling.

Direct Ox-TMT is Viable for Conformation Clues on
GABAAR—Although vexed by reactive residues’ sporadic yet
often function-relevant distributions, and by slow reactions
(labeling and quenching), side-chain chemical structural label-
ing nonetheless provides an independent means to partially
cross-examine HDX study. Our platform appeared viable for
direct streamlined TMT-quantitation of chemical structural
labeling without detergent removal (Fig. 1B). Proof-of-princi-
ple experiments of Ox-TMT on GABAAR showed that over
98% of identified peptides contained 127/126 peak pairs in
MS/MS usable for quantitation, though contributed partly by
overlapping isolation at 2 Da width. This platform can readily
adopt multinotch MS3 acquisition to enhance TMT quantita-
tion accuracy.

For structural relevance, oxidized sites in Ox-TMT of apo
GABAAR were first pinpointed and occupancy approximated
by precursor ion MS abundance. High H2O2 oxidized multiple
residues besides M, including P, F, W, C, N, and D, promi-
nently on ECD inner surface lining central pore, and around
Cys-loop at the ECD-TMD interface (supplemental Fig. S7A).
Oxidation also labeled mid-ICL2. Most H2O2-oxidized sites
were detected at high occupancy or exclusively—highlighting
the dilemma of comparing peptides between separate analy-
ses without TMT. TMT could allow comparing all sample
states for both ox and nonox fractions. The abundance ratios
of MS/MS reporter ions 127/126 in the GABA-incubated
(127)/apo (126) Ox-TMT2 sample were then distributed
against protein sequence, and marked for oxidized peptides
(supplemental Fig. S7B). Compared with apo 7
 (127)/apo 4


(126) control (supplemental Fig. S7C), tentative regions with
increased 127/126 ratio included: ECD �1 helix and �1-�2
sheets, particularly in subunit �3. Structural validity of oxida-
tion labeling can be improved by using faster oxidation and
quenching, such as OH radicals triggered by UV laser from
lower-concentration H2O2, as applied in fast photochemical
oxidation of proteins (FPOP) (73–75).

DISCUSSION

This pilot study established platform methods for system-
atic ultradeep-sequencing-based quantitative-structural
mapping of human LGIC complex and its dynamics. Targeting
enzyme-substrate contact and PTMs, we presented a novel
ultradeep peptide preparation method for PTM-intricate
membrane proteins—FDD, flow/detergent-facilitated diges-
tions with tandem pepsin/PNGase columns and Cys-selective

reduction/alkylation. FDD achieved ultradeep coverage by
maximizing the efficiency to both form and detect endoge-
nous peptides while minimizing artifacts. FDD reduced time
from day(s) to minutes, cleared most bottlenecks long ham-
pering membrane proteomics, and enabled automatable, in-
stant quantitative-structural integration. Using sub-2 �g
DDM/CHS-purified hGABAAR interactome, FDD demon-
strated fast complete digestion, high peptide reproducibility,
low bias, and minimal artifact contamination. Robust deep
coverage afforded a first comprehensive view of hGABAAR
pan-PTM with % site occupancy—including N-glycosylation,
endogenous Mox and tentative K-Me/Ac, and discovered
PTMs as novel subunit signatures that likely drive the subunit-
biases in assembly and ligand responses of human Cys-loop
LGICs, long-standing puzzles critical to precise drug discov-
ery. These methods could adapt to complex samples such as
cell lysates and biofluids.

Conceptually unique from laborious days-long paradigms,
FDD’s radically but necessarily distinct procedures solved
multiple conundrums accepted largely for granted yet exactly
causing current impasses to membrane proteins. Contrary to
common denaturation-based digestions, applying activity/
TMT/HPLC/MS omni-compatible DDM avoided centrifugation
and desalting, and critically enabled instant automation for
both quantitative (label-free and TMT) and structural (HDX)
proteomics. For PTM-intricate membrane proteins, the FDD
machine systematically tackled ultradeep peptide sample
preparation via a novel dual strategy: (1) first form peptides
efficiently by sequential micro-digestions through the TCEP/
detergent-facilitated, protease-excessive plug-flow reactor,
(2) then visualize PTM- and Cys-peptides using PNGase re-
actor and Cys alkylation, postprotease.

Both FDD reactors iteratively digest solubilized substrates:
using ever-present TCEP and detergent as tools for diges-
tions, substrates grow progressively simpler, more accessible
and less spatially biasing. FDD pepsin column lifted digestion
into the high-efficiency region, unrestricted by protein relative
abundance or total sample size (supplemental Note S2), and
pepsin reactor can strictly control and tune peptide lengths
with flow rate, column size and temperature. Crucial for PTM-
intertwined membrane proteins, peptide-stage reactions for
C-C reduction, alkylation and PNGase enhanced efficiency
and minimized spatial bias. When these reactions treat whole
TM proteins predigestion, reagent accesses to substrates are
often spatially hindered and biased, which is exacerbated by
protein denaturation/aggregation causing polarized nonreac-
tion versus over-alkylation. Given the scan-limited, fixed-total,
data-dependent MS/MS acquisition defined by instrument
scan speed, FDD uniquely deepened sequencing further by
minimizing pre-HPLC contaminant and oxidation artifact pep-
tides—that waste MS/MS scans, obscure endogenous pep-
tide states yet plague paradigms—thus focusing scans on
meaningful peptides; this approach complements down-
stream HPLC MS/MS optimization, faster-scan instruments
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and open data search. FDD matched the ultradeep peptide
sample with higher-sensitivity readout by nondesalting capil-
lary HPLC nanoESI high-high MS/MS.

This form-and-see dual-strategy fundamentally advances
proteomics toward charting precise actionable hLGIC pan-
PTM maps. It enabled FDD to robustly cover Cys-loop LGIC’s
N-glycosylation sites intertwined with C-C bond—an intrigu-
ing feature located at the most function-critical regions in both
mammalian LGICs and GPCRs—that had escaped nearly all
previous proteomic reports reliant on conventional prediges-
tion denaturation, reduction and alkylation regardless of ana-
lyzing de-N-glyco- or glyco-peptides. FDD broke this diges-
tion barrier and suggests: the common speculation that
PNGase F may not cleave N-glycans at some amino acid
sequences of N-glycopeptides can be refined, as inefficient
upstream digestion may mask the effects of PNGase-glyco-
peptide reaction per se; technically high-confidence high-
coverage bottom-up N-glycosylation mapping of membrane
proteins is achievable.

For N-glycosylation that applies PNGase-deamidation to
mark sites, FDD pipeline enabled ultradeep N-glycosylation oc-
cupancy mapping—a first/best-in-class for human TM recep-
tors hLGICs/hGPCRs. Coupled with upstream effective glyco-
peptide formation, sequential multiple digestion chances along
the PNGase F column enhanced reaction efficiency, contrasting
in-solution or protein-stage reaction formats; FDD’s tandem
fast cold reactors minimized spontaneous deamidation arti-
facts during both protease (seconds at low pH) and PNGase
F (minutes) treatments; the modular design simplified �

PNGase F comparison and easily provided a nontreated con-
trol of otherwise equal-state peptide samples. This initial N-
glycosylation sitemap provides clear leads for next in-depth
analysis of glycopeptides. Further, because the entire fast
cold protein-peptide-injection pipeline limits spontaneous
deamidation, FDD may suggest a potential means to unveil
TM receptors’ cell- and protein-endogenous deamidation—a
modification involved in neurodegeneration and reversible by
specific enzymes, but largely untapped to proteomics be-
cause of severe artifacts in the warm day(s)-long high-pH
processing.

For Ox-modification (M, C), by avoiding both artificial Mox
gain and losses, FDD-TCEP instantly unmasked protein-
endogenous Ox landscape, a first for full-length hLGICs/
hGPCRs. Fast cold enclosed reactors without peptide
cleanup or concentration minimized artificial Mox gain from
O2 and loss to reaggregation; choosing TCEP for C-C reduc-
tion—not DTT that reduces both C-C and Mox—avoided Mox
erase; peptide-stage reactions eliminated protein conforma-
tion bias during the TCEP/DTT/NH2OH comparison. The Mox
occurrence in hGABAAR appeared intriguingly location-selec-
tive yet unrelated to outer surface exposure, suggesting po-
tential function relevance rather than artifacts incurred at the
protein- or peptide-stage. FDD-TCEP affords a simple novel
alternative to elaborate Ox-specific chemical tagging/enrich-

ment approaches that presumed overwhelming oxidation ar-
tifacts from membrane protein-peptide sample processing
are unsolvable.

The pan-PTM discovery is crucial to guide the next-level
species- and subtype-precise hLGIC therapeutics. FDD ul-
tradeep sequencing enabled proteomics to unveil concrete
hLGIC pan-PTM landscapes to deduce novel structure-func-
tion clues inaccessible to conventional methods. Current
hLGIC efforts toward heterogeneous precision rely on
genomic homology, ignore PTMs (11, 72), and permit pro-
teomics limited if any role—hampered by low, sporadic un-
reliable peptide coverage/reproducibility and severe artifacts
despite elaborate costly procedures.

This timely discovery of hLGIC subunit-biased PTM signa-
tures debuts PTMs besides phosphorylation—particularly
mid-ECD N-glycosylation as variable integral hardwires, en-
dogenous Mox, and ICD K-Me/Ac that switches K volume/
charge—to decipher how hLGICs dynamically assemble
and function. Unconventional nontop-surface N-glycosyla-
tions likely redefine subunit and ligand interfaces, constrain
assembly, and connect different function domains. Protein-
endogenous Mox map suggested a first tangible structural
basis to explain the long-observed oxidation effects on
channel ion flux function. Original evidence of subunit-bi-
ased ICD K-methylation and K-acetylation landscape pro-
vided a lead to examine the in vivo version of emerging
function modulation by K-modifications. Therefore, FDD-
proteomics starts to bridge the gap between genomic sim-
ilarity and function diversity among species and hLGIC sub-
types—decades-long enigmas critical to drive precise
therapeutic breakthroughs. This pilot pan-PTM report pro-
vides both directions and platform methods for subsequent
studies to refine the dynamic structure-function roles of
each PTM in hLGIC.

In summary, FDD demystified PTM-intricate membrane
proteins and offered a novel paradigm of peptide sample
preparation to achieve real-time integrated ultradeep quanti-
tative-structural membrane proteomics. This study estab-
lished platform methods for human LGICs to systematically
examine PTM states and dynamic interactions with ligands
and other proteins, at ultradeep coverage and atomic clarity
to guide next-level precise drug discovery.
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