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Free-Radical Membrane Protein Footprinting by Photolysis of
Perfluoroisopropyl Iodide Partitioned to Detergent Micelle by
Sonication
Ming Cheng, Chunyang Guo, Weikai Li, and Michael L. Gross*

Abstract: A free-radical footprinting approach is described for
integral membrane protein (IMP) that extends, significantly,
the “fast photochemical oxidation of proteins” (FPOP) plat-
form. This new approach exploits highly hydrophobic per-
fluoroisopropyl iodide (PFIPI) together with tip sonication to
ensure efficient transport into the micelle interior, allowing
laser dissociation and footprinting of the transmembrane
domains. In contrast to water soluble footprinters, PFIPI
footprints both the hydrophobic intramembrane and the
hydrophilic extramembrane domains of the IMP vitamin K
epoxide reductase (VKOR). The footprinting is fast, giving
high coverage for Tyr (100%) and Trp. The incorporation of
the reagent with sonication does not significantly affect
VKORQs enzymatic function, and tyrosine iodination does
not compromise protease digestion and the subsequent anal-
ysis. The locations for the modifications are largely consistent
with the corresponding solvent accessibilities, recommending
this approach for future membrane protein footprinting.

Introduction

Integral membrane proteins (IMPs) play essential roles in
cellular signaling, transport, and catalysis. Although they
represent & 30 % of the open reading frames of many
genomes and an increasing number of important drug
targets,[1] high-order structural information for IMPs is sparse
and difficult to achieve. Less than 1% of all protein crystal
structures are of IMPs, and structures of only & 200 human
IMPs are known.[2] Furthermore, X-ray crystallography and
Cryo-EM often fail to interrogate protein dynamics that is
crucial for IMPs function.[3] Thus, a strong need exists for new
methods.

Approaches based on mass spectrometry (MS) bridge the
gap between low-resolution (e.g., circular dichroism, dynamic
light scattering) and high-resolution methods (e.g., X-ray
crystallography, Cryo-EM, NMR) and provide a broad read-
out of not only stoichiometry, conformation, dynamics but
also the location of interactions.[4] Although MS-based foot-
printing is growing rapidly for soluble proteins, its application
to IMPs has been slow and under-represented.[5] Its limita-
tions are no longer instrumental[6] or determined by protein
solubilization (e.g., in native vesicles, lipid nano- and pico-
discs,[7] and MS-compatible surfactants), but rather chemical.
A strategy is needed to introduce appropriate footprinters to
the lipid phase where they can react with IMPs.[8]

“Footprinting” characterizes protein structure by using
chemical reactions whose extent is a measure of solvent
accessibility of the protein backbone or side chains and
environment. Most current “footprinters” for soluble proteins
are hydrophilic (e.g., D2O for HDX or COH) and label protein
surfaces according to solvent-accessibility.[9] IMPs, however,
contain hydrophobic regions, buried in lipid bilayers.

In previous research, Konermann[10] and Gross[11] found
that COH (from photolysis of H2O2) selectively labels extra-
membrane regions of IMPs in vesicles and nanodiscs (Fig-
ure 1). Radford and co-workers[12] identified that amphipol
A8–35 reduces COH labeling for OmpT and enhances the
labeling efficiency for the boundary of the membrane-water
interface. In a special case, Chance used X-ray mediated
hydroxyl radical footprinting to define the outer membrane
region of IMPs[13] by ionizing ordered, water molecules,
leading to COH footprinting of some transmembrane re-
gions.[14] Implementing a carbene from an amphipathic
source, Oldham and co-workers effectively labelled the outer
surface of the bacterial membrane protein, OmpF.[15]

Although residue-specific reagents (e.g., EDC,[16]

NEM[17]) can also be applied to IMPs to footprint single,
accessible residues (e.g., Cys, Glu, and Asp), the reactions run
the risk of perturbing protein high order structure.[18]

We reasoned that photolyzable reagents with high parti-
tion coefficients (P) into nonpolar solvents would be well-
suited for transmembrane labeling. We chose PFIPI because
it has a high positive logP (Figure 1), small size, ready
availability, and suitability to form radicals upon 248 nm laser
photolysis on the fast photochemical oxidation of proteins
(FPOP) platform.[19] FPOP, in its original conception, is
a hydroxyl radical (COH) protein footprinting approach that
utilizes a pulsed KrF laser (248 nm) to homolyze hydrogen
peroxide in solution to COH. The free radicals subsequently
modify the side chains of proteins in situ. FPOP uses a flow
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system and scavenger to limit the exposure of the reactive
species to sub-milliseconds, thus enabling a fast “snapshot” of
protein events in solution. Because membrane regions are
buried in a “sea” of C@H bonds from lipids or detergent tails,
a reagent with C@F bonds, similarly sized as C@H bonds but
with higher hydrophobicity,[20] should not only be accommo-
dated in the hydrophobic phase but also introduce biorthog-
onal modifications.

Results and Discussion

Motivated by “like dissolves like”, we set out to achieve
efficient incorporation of PFIPI into a micelle and minimize
its perturbation on the micelle environment. PFIPI is stable in
the “dark”, whereas the C@I bond in PFIPI can be dissociated
on the FPOP platform in nanoseconds (likely limited by the
width of the laser beam)[21] to generate simultaneously
perfluoroisopropyl and iodine radicals for footprinting. Un-
der these conditions, the PFIPI undergoes homolytic cleavage
with a quantum efficiency of nearly 100% at 248 nm laser
light, a quantum yield that is greater than that for photolysis
of alkyl iodides.[21] Further, the laser serves as a “switch” to
pulse on footprinting, a characteristic of FPOP.

Herein, we implement these ideas in a proof-of-principle
transmembrane footprinting of an IMP, using the most
hydrophobic IMP footprinter applied thus far (Figure 1a).
We also address whether the PFIPI perturbs the native
protein structure in the lipid environment by taking advant-
age of the enzymatic nature of our test protein. Furthermore,
we evaluate the effectiveness of tip sonication to enhance
PFIPI partition into the lipid bilayer.

We first tested the PFIPI reactivity with a derivatized and
hydrophobic amino acid. We chose a protected tyrosine (PT,
N-acetyl-L-tyrosine ethyl ester monohydrate) because it
reacts with the iodine radical.[22] PT was mixed with different
equivalents of PFIPI in 1:1 (v/v) acetonitrile/water and
submitted to 248 nm laser irradiation. MS analysis showed
mono- and di-iodinated PT but no perfluoropropylated PT

(we are investigating the mechanism of this surprisingly
highly specific reaction). Encouragingly, 50 equivalents PFIPI
are enough to give 22 % product yield with a single laser shot,
suggesting that PFIPI is an appropriate choice for fast
footprinting (Figure S2 compares the fractional conversion
of the PT to product with increased concentration of PFIPI).
The footprinting reaction ultimately provides 70 % conver-
sion to mono-iodinated PT and 11% di-iodinated PT when
using 103 equivalents of the PFIPI.

With vitamin K epoxide reductase (VKOR) as a model,
we next determined whether PFIPI can diffuse into DDM
(n-dodecyl-B-D-maltoside) detergent micelles and label
transmembrane residues. In vertebrates, VKOR resides in
the endoplasmic membrane and sustains blood coagulation.
VKOR homologs in bacteria and archaea reside in the
periplasmic membrane and promote oxidative protein fold-
ing. The bacterial homolog protein from Synechococcus sp.
consists of a membrane-embedded domain carrying the
VKOR activity, connected via a linker segment to the
extracellular thioredoxin-like (Trx) domain. The VKOR
domain contains five transmembrane helices, with four helix
bundles that create a central pocket occupied by vitamin K or
ubiquinone, and one helix passes through the membrane to
connect to the fused periplasmic Trx-like domain.[23]

Herein, VKOR was solubilized in micelles consisting of
DDM, a commonly used detergent for membrane proteins.
We treated VKOR with several concentrations of PFIPI
(Supporting Information, Table S1) and determined the sites
of modification by LC-MS/MS after digestion with chymo-
trypsin, selected because there is a dearth of tryptic sites. The
sequence coverage achieved in the analysis, importantly, was
& 97% for VKOR. The method is sensitive to residues
containing an X@H bond in aromatic rings (i.e., Tyr, Trp,
sometimes His). Based on MS analysis, we identified nine
amino acids that were iodinated in the transmembrane region,
including seven Tyr and two Trp (residues from 16–180 are
assigned to be transmembrane based on X-ray crystallogra-
phy). Notably, all TyrQs in that region were labeled to different
extents, giving 100 % reactivity coverage of Tyr. With higher

Figure 1. a) Analysis of reagents and their logP values for utility in protein transmembrane footprinting. LogP values were simulated using the
web-based interactive software from Molinspiration Cheminformatics. b) Enhanced partition of PFIPI into a micelle with tip sonication showing
improved yields of transmembrane footprinting (blue +). The region in magenta is the water-accessible extramembrane domain, whereas the
region in cyan is the hydrophobic transmembrane. The blue dashed line is the boundary dividing the two domains.
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concentrations of the reagent, the modification ratio in-
creased (Table S2). This behavior sharply contrasts with
results of previous studies[10,11, 24] where both COH and the
water-soluble Langlois precursor to the CCF3 footprinter did
not label transmembrane residues, and a carbene produced
only low modification extents.[15]

Next, we explored whether sonication can further en-
hance the reagent partitioning into a micelle to improve the
labeling efficiency. We used tip sonication pulsed to reduce
heating the sample. For each cycle, we pulsed on sonication
for 2 s, then off for 10 s (Supporting Information, Figure S1).
The sonication led to increased footprinting of 9/16 residues
(i.e., Y4, Y36, Y39, Y117, Y120, Y132, Y207, Y262 and
Y277). Four of 16 residues (i.e., W99, Y163, Y178, and Y204)
underwent comparable modification, whereas three of 16
residues (i.e., W64, Y228 and Y252) were slightly less
modified (Figure 2). Noteworthy, all transmembrane residues
underwent relatively greater modification with tip sonication
(except W64, which is not transmembrane but in a loop on top
of the transmembrane domain). The results support tip
sonication as an effective means of partitioning a suitable
reagent to a lipid-like phase (of some relevance is a previous
study[25] that shows pulsed tip sonication partially disrupts
membrane vesicles, allowing an MS-compatible buffer into
a vesicle lumen).

Despite widespread use of sonication for protein extrac-
tion, there is always concern that sonication perturbs high
order structure or induces protein aggregation.[26] To address
these issues, we submitted VKOR to different rounds of
sonication and used an enzyme assay to assess any critical
change in activity. The assay, dithiothreitol (DTT)-dependent
conversion of vitamin K to vitamin K hydroquinone (Fig-
ure S4, a plot of vitamin K hydroquinone fluorescence
intensity vs. reaction time) showed that sonication does not
significantly affect the protein activity. The reaction rate for
1 cycle of sonication, as measured by the slope of reaction

curve, is nearly identical with that of the control where no
sonication was applied. With 2 cycles of sonication, the
reaction rate decreased by & 10 %, which is nearly the same
as that produced by four cycles of sonication. Although no
significant decrease of enzymatic activity occurs upon soni-
cation, we do not know if other structural properties of the
protein are affected.[25]

Given that footprinting of any given residue of soluble
proteins depends in part on solvent accessibility, we examined
the relationship between the modification extent and the
accessibility of IC to the residues, measured as the accessible
surface area (%ASA; Table S3). In this evaluation, instead of
using the radius of water (1.4 c), we utilized the radius of the
reactive iodine radical (1.98 c) to probe the surface area of
VKOR (Table S3 for the ASA calculations).[27]

We classify residues in the transmembrane region accord-
ing to their reactivities (Figure 3; Figure S3) and locations in
the transmembrane region. Category 1 residues are close to
the aqueous interface in an “aromatic belt”.[28] They are at the
end of transmembrane helices, adjoining loops or turns.
Examples are Y120, Y132, Y178 and W99 (marked in red
color). Their location imparts considerable reactivity that is
reflected in their high modification extents, approaching
nearly 100% for Y120, Y132, and W99. Y178 is also located
near the interface, but its %ASA is nearly zero, yet its
modification extent is & 20%. Like the other residues in this
category, the reactivity is higher than expected because the
side chain is also dynamic.

Category 2 residues are deeper in the “aromatic belt” and
more remote from the aqueous interface. Hence, they are less
reactive. Examples are Y36, Y39, and Y117 (marked in green
color), which are in stable helices, more remote from loops,
comprising an interface with the polar moieties on lipids and
micelles. The reactivities of these three residues correlate
nearly linearly with the %ASA (Figure S3). Indeed, this
region has properties intermediate to those near the bulk
aqueous phase and those that make up the uniformly
hydrophobic region of the protein interior. Furthermore,
their aromatic side chains point to the exterior of the VKOR
protein, where they are poised to react with iodine radicals
formed in the photolysis.

Category 3 residues are buried in the transmembrane
region, and their key residues (-OH or -NH) whose HQs react
with radicals point inward and may be stabilized by H-
bonding. Only one residue so far is in this category (i.e., Y163
marked in blue color). Although it has reasonable exposure to
an iodine radical (as reflected by its %ASA, its inward-
pointing side chain points is H-bonded with Thr112 (Fig-
ure 3), stabilizing the side chain and retarding removal of HC
with respect to Category 1 and 2 residues.

Although the categorization of the transmembrane resi-
dues underpins an explanation for their reactivities, we cannot
rule out specific interactions of the perfluoroisopropyl iodide
precursor. Although it is risky to extrapolate from one study,
these correlations may serve to locate residues in an unknown
transmembrane region and provide insights on protein
dynamics that cannot be seen in crystal and CryoEM
structures.

Figure 2. PFIPI membrane modification increased by tip sonication.
The two bars in each cluster represent 500 equiv of PFIPI without (left
bar) and with (right bar) two cycles of tip sonication, respectively.
Mono- and di-modified residues are in blue and red, respectively.
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Turning to footprinting of residues that are extramem-
brane (Figure S3), we note that their reactivity is likely due to
a high local concentration of the reagent at the interface of
the protein and the micelle (and possibly to traces of PFIPI in
the aqueous phase). PFIPI can attach to the protein surface by
taking advantage of fluorine as a hydrogen bond acceptor.[29]

For those residues, Y4 near the N-terminus is most heavily
labeled (94 % modification), likely reflecting a highly solvent-
exposed and dynamic region, consistent with the need to
remove the N terminus to enable VKOR crystallization.
Residue Y277 near the C-terminus is much less modified
(13 %), consistent with tight folding of the soluble C-terminal
domain, whereas Y228 and Y262 (Figure S3) are highly
reactive. The high reactivity of Y228 may reflect its location in
a poorly structured, flexible loop that serves as a dynamic
connecter for secondary structural elements, whereas Y262,
appears to be less sterically hindered.

Because protein 3D structure is a network of residue
interactions, the chemical reactivity of a footprinter is
determined by not only intrinsic chemical reactivity and
ASA but also the protein microenvironment[30] (e.g., hydro-
gen bonding, reagent local concentration). Correlations of
reactivity, structure, and ASA will require more detailed
studies, and these should be productive and are planned in the
future.

Turning now to a practical consideration, we asked
whether iodinated tyrosine compromise chymotryptic diges-
tion, needed for these transmembrane regions that have
sparse tryptic sites. Although we found no detectable negative
effect of iodination on digestion, several PTM-based proteo-
mics analyses reveal that modification of a cleavage site or
a proximal position can reduce proteolytic efficiency. We
analyzed the cleavage frequency using a nonspecific search
setting, which enables us to calculate the number of unique
peptides for all potential cleavage sites. Based on MS analysis,
we find that chymotrypsin is not a highly specific enzyme as it
cleaves at the C-terminal of 18 different amino acids. The

preferred cleavage sites are Tyr, Leu, Phe, and Trp (Figure 4,
the cleavage frequency is greater than amino acid percent
composition). This result is consistent with those previously

Figure 4. Comparison of VKOR digestion between a) non- and b) iodi-
nated forms of VKOR. The amino acids compositions for VKOR were
calculated using the Protparam tool, and the cleavage frequency was
obtained with the workflow described in Figure S5.

Figure 3. Footprinted residues as mapped on the crystal structure (PDB file 3KP9). Labeled residues, indicated by circles in the central structure,
include 16 residues: 8 transmembrane residues, 1 residue (W64) on the water-micelle interface, and 6 extramembrane residues. The region
containing Y4 is not marked, as the N-terminus is not seen in the crystal structure but can be footprinted, underscoring one of its advantages.
The values in parentheses are %modification/%ASA (e.g., (100/29) for Y132 (&100% modification/29%ASA)).
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reported by Heck[31] who also observed this nonspecificity.
Iodination does not decrease the digestion efficiency (com-
pare Figure 4a and b) and, if anything, enables a slightly
higher cleavage frequency.

Another advantage of the approach is that with MS/MS,
we can locate the modification sites of amino-acid residues.
For example, LC-MS/MS analysis of peptide 197–204 (Fig-
ure 5) convincingly reveals 1) that iodinated tyrosine does not
interfere with chymotryptic proteolysis (Figure 5b,c), and
that mono- and even di-iodinated tyrosine can be enzymati-
cally cleaved and measured by MS. 2) Iodination of tyrosine is
stable and tolerant of CID given observation of both mono-
and di-iodinated tyrosine as confirmed by the product Y ions
and as immonium ions. These “signature” ions further
confirm the modification on tyrosine, enabling peptide
identification. 3) The reversed-phase LC elutions shift to
longer times (Figure 5a) compared to those of unmodified
peptides as the number of iodine substitutions increase (e.g.,
for Tyr204). This behavior is consistent with our study on CF3

footprinting[24] and contrasts with the effects of hydrophilic
footprinters (e.g., COH). Because iodine substitution increases
retention time in reversed-phase LC and improves slightly
digestion with chymotrypsin, which cleaves C-terminal to

hydrophobic amino acids, iodination clearly increases hydro-
phobicity of the peptides from digestion.

Conclusion

In summary, this novel approach extends protein foot-
printing to transmembrane residues, as demonstrated for the
IMP VKOR in DDM footprinted by the most hydrophobic
reagent applied thus far. The gentle tip sonication enhances
reagent partitioning into lipid-like media without significant
protein high-order structure perturbation. The outcomes
establish the strategic merits of this approach: 1) it utilizes
PFIPI, a small reagent that mimics the hydrophobic tails of
lipids and detergents that constitute the transmembrane
environment. The reagent can be introduced by gentle
sonication that does not significantly perturb the protein as
measured by a sensitive enzymatic assay. 2) This novel
chemistry can be combined with COH labeling, enabled by
the same 248 nm laser on a standard FPOP platform, to
footprint both the transmembrane and extramembrane
domains. 3) Modification by CI is both stable for canonical
bottom-up MS/MS analysis and non-perturbing for proteol-

Figure 5. Representative LC-MS/MS spectra for peptide 197–204 (+2). a) Extracted ion chromatogram for the peptide. The incorporation of I
increases the elution time in reversed phase HPLC. b) Product-ion (MS/MS) spectrum of mono-iodinated 197–204, and c) di-iodinated peptides.
Chymotrypsin continues to cleave at the C-term side of Tyr bearing iodination. Iodinated Tyr was assigned by Y and immonium ions (Tyr
immonium ion = Yimm).
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ysis, a key advantage when exploring transmembrane
domains that are often sparse in Arg and Lys for tryptic
digestion. 4) The dissociation of the C@I bond is rapid
(0.5–3 X 10@13 s),[21] and its quantum yield for bond homolysis
is nearly 1.0 at 248 nm.[21] One piece of evidence supporting
this latter feature is that iodination of transmembrane Tyr can
occur with only 50 equivalents of PFIPI with respect to the
protein and one pulse of the laser to enable chemistry that is
complete presumably in submilliseconds.

An intriguing observation is that only iodination, not
perfluoropropylation, occurs even though PFIPI presumably
photolyzes to generate both CI and CC3F7. The CC3F7 does not
label transmembrane residues, likely because it is consumed
in the first step by generation of protein-centered radicals to
form C3F7H. Nevertheless, the incorporation of only CI
reduces the complexity of the footprint and of the data
interpretation but with a sacrifice of coverage. The mecha-
nism is a subject of ongoing research.

The outcome extends, considerably, a novel paradigm
suggested in previous articles in this journal on footprinting
membrane proteins[15] and on the use of fluorine chemistry in
structural proteomics.[19,24, 32] Our design steps include 1) re-
agent selection in terms of LogP, 2) reagent transfer to the
membrane domain, 3) reagent photochemistry in the lipid-
like medium to give free radicals (or other reactive species),
and 4) tailored radical specificity/reactivity design to address
the biochemical question at hand. The results suggest that this
approach represents a productive means to achieve adequate-
coverage footprinting for membrane proteins, to report
dynamic regions and residue location, and to accommodate
expansion in many ways to include new reactive species,
including free radicals from reagents modeled on the
perfluoroalkyl system, carbenes,[15] and possibly carbocations.
Extension of the concept and evaluation of its generality are
underway.
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