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Abstract

Long-chain polyprenol phosphates feature in membrane-associated glycoconjugate biosynthesis
pathways across domains of life. These unique amphiphilic molecules are best known as substrates
of polytopic membrane proteins, including polyprenol-phosphate phosphoglycosyl and glycosyl
transferases, and as components of more complex substrates. The linear polyprenols are
constrained by double bond geometry and lend themselves well to interactions with polytopic
membrane proteins, in which multiple transmembrane helices form a rich landscape for
interactions. Recently, a new superfamily of monotopic phosphoglycosyl transferase enzymes has
been identified that interacts with polyprenol phosphate substrates via a single reentrant membrane
helix. Intriguingly, despite the dramatic differences in their membrane-interaction domains, both
polytopic and monotopic enzymes similarly favor a unique c/s/trans geometry in their polyprenol
phosphate substrates.

Herein, we present a multipronged biochemical and biophysical study of PglC, a monotopic
phosphoglycosyl transferase that catalyzes the first membrane-committed step in N-linked
glycoprotein biosynthesis in Campy/lobacter jejuni. We probe the significance of polyprenol
phosphate geometry both in mediating substrate binding to PgIC and in modulating the local
membrane environment. Geometry is found to be important for binding to PgIC; a conserved
proline residue in the reentrant membrane-helix is determined to drive polyprenol phosphate
recognition and specificity. Pyrene fluorescence studies show that polyprenol phosphates at
physiologically-relevant levels increase the disorder of the local lipid bilayer; however, this effect
is confined to polyprenol phosphates with specific isoprene geometries. The molecular insights

"To whom correspondence should be addressed imper@mit.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Entova et al. Page 2

from this study may shed new light on the interactions of polyprenol phosphates with diverse
membrane-associated proteins in glycoconjugate biosynthesis.
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1. Introduction

Glycoconjugates constitute a diverse and complex class of macromolecules that play a wide
variety of essential roles in both prokaryotic and eukaryotic biology. The assembly of many
complex glycans is associated with cellular membranes (e.g. the endoplasmic reticulum
membrane in eukaryotes and the cell membrane in prokaryotes). In such biosynthetic
pathways, a series of integral membrane-bound phosphoglycosyl transferases (PGT) and
glycosyltransferase (GT) enzymes catalyze the stepwise addition of monosaccharides from
glycosyl donor substrates to amphiphilic polyprenol phosphate (PrenP) acceptors in the
membrane (Fig. 1A). PrenPs are linear, long-chain products from the same terpene
biosynthesis pathway responsible for the biosynthesis of farnesyl- and geranylgeranyl
diphosphate for post-translational protein prenylation, as well as cholesterol and other
steroids. However, unlike cholesterol, which can make up as much as 30% of the plasma
membrane in eukaryotes [1], polyprenol phosphates have been estimated to comprise only
<1% of bacterial and eukaryotic membranes [2-4].

The precise structural features of the PrenPs used in glycan assembly vary by species (Fig.
1A). Archaea and eukaryotes utilize a-saturated polyprenol phosphates, called dolichols,
which range in length from as few as eight isoprene units in some archaea, to 20 or more in
mammals and plants [5-9]. Archaeal PrenPs can be additionally saturated at other isoprene
units [10, 11]. Bacteria, on the other hand, generally feature a-unsaturated polyprenol
phosphates. The PrenP found in most bacteria investigated to date, including model
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organisms Escherichia coli and Staphylococcus aureus, is the 11-isoprene undecaprenol
phosphate (UndP) [2, 12], however, a preference for shorter PrenPs has also been reported
for some bacterial species [13-15].

Despite the apparent diversity of PrenP structures across domains of life, both the unique
linear polyisoprenoid character and the preference for cis (2) double-bond geometry in the
isoprene units proximal to the phosphoryl group are strictly conserved in all glycan
assembly pathways. Furthermore, although there exist linear polyprenols composed
exclusively of trans (£) isoprene units, such as the nine-isoprene solanesol abundant in
tobacco and other solanaceous crops (Fig. 1B) [16], these molecules do not serve as carriers
in glycan assembly pathways [17]. The structural conservation of a series of c¢is
configuration isoprene units suggests that the unique geometry of the PrenPs may play a
more purposed role in membrane-associated glycoconjugate biosynthesis, beyond that of a
hydrophobic membrane anchor on which glycan assembly can occur. In this context, a
variety of roles in mediating substrate-enzyme binding and multi-enzyme complex
formation, as well as in modulating the biophysical properties of the membrane, have been
proposed [18-25].

PrenPs are best known as substrates for polytopic membrane proteins. Prominent examples
include PGTs such as MraY and GPT, which catalyze the first membrane-committed step in
bacterial peptidoglycan and mammalian N-linked glycoprotein biosynthesis respectively [26,
27], and polyprenol-phosphate GTs, such as Dol-P-mannose synthase, which is important
for the biosynthesis of glycosyl donor substrates in the endoplasmic reticulum (ER) [28-30].
Recent structural analyses have beautifully revealed how the constraints imposed by double
bond geometry in the PrenPs make them well-suited for interactions with polytopic
membrane proteins, in which the multiple transmembrane helices provide complex surfaces
for substrate binding [28, 31, 32]. Complementary molecular dynamics simulations of
PrenP-linked substrates in lipid bilayer models have also provided further insight into the
conformational dynamics of PrenP [20, 33].

Recently, a new superfamily of monotopic PGTs, has been defined. Unlike the polytopic
PGTs, the superfamily of monotopic PGTs appears to be found exclusively in prokaryotic
glycoconjugate biosynthesis pathways [34]. The most extensively studied member of this
second superfamily is PgIC, a monotopic PGT that initiates the N-linked protein
glycosylation (pgl) pathway in the Gram-negative enteropathogen, Campylobacter jejuni.
The recently reported structure of the PgIC homolog from Campylobacter concisus, which
shares 72% sequence identity with the C. jejuniPgIC, revealed a unique membrane
architecture [35]. An N-terminal hydrophobic domain of PgIC forms a reentrant helix-break-
helix that penetrates the membrane to a depth of 14 A and associates with several
amphipathic helices to anchor this integral membrane protein into the cytoplasmic face of
the inner membrane. The enzyme active site, formed by one of the amphipathic helices and
part of the soluble domain, is positioned at the membrane interface, allowing for efficient
transfer of the phosphosugar, in this case N, N-diacetylbacillosamine (diNAcBac) phosphate,
from a soluble nucleotide sugar donor to the membrane-anchored PrenP via a covalent
phosphosugar intermediate [36] (Fig. 1C). In the structure, the putative PrenP-binding site,

Arch Biochem Biophys. Author manuscript; available in PMC 2020 October 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Entova et al.

Page 4

located adjacent to the active site, was proposed based on electron density attributed to a co-
crystallizing PEG molecule (Fig. 2).

Based on extensive homology, all of the PGTs in the monotopic superfamily share the PgIC-
like functional core with a single, reentrant membrane helix (RMH) domain. However,
despite the dramatic differences in their membrane-interaction domains, both polytopic and
monotopic enzymes similarly favor a unique c/s/trans geometry in their PrenP substrates.
Additionally, a conserved proline (Pro24 in C. concisus PgIC), located at the break in the
reentrant helix domain has been shown to be important for PgIC activity (Fig. 2) [34, 37].
Based on the position of Pro24 within the only membrane-resident domain of PglIC, and on
the known conservation of prolines in polyisoprenol-recognition sequences (PIRSS) in
diverse proteins [19, 24, 38], it has been hypothesized that Pro24 may play a key role in
recognition and binding of PrenP substrates in the membrane, both in the context of PgIC
and in other members of the monotopic PGT superfamily [27, 34].

Herein, we apply a range of biochemical and biophysical approaches to identify and
quantify PrenPs in C. jefuni membranes, and to assess binding of PrenP to PgIC, both /n
vitroand in a native-like model membrane environment. Further, we probe the importance of
proper cis/trans geometry of PrenP both for substrate recognition by PglC and for
modulating the local membrane environment. The significance of this work in the broader
understanding of PrenPs in glycan assembly across domains is also discussed.

2. Materials and Methods

C. jejuni growth

C. jejunistrain 81-176 from a glycerol stock was streaked on selective blood agar plates
(BD, Franklin Lakes, NJ; cat. 221727) at 37 °C under microaerophilic conditions (10% CO»,
5% 05, 85% N»). After 20-24 hr of growth cells were resuspended in a small volume of
Mueller-Hinton broth. A 500 pL aliquot of resuspension at an OD600 of 0.5 was used to
inoculate a 0.5 L culture of Mueller-Hinton broth + 10 pg/mL trimethoprim (selection
antibiotic) in a 1 L Erlenmeyer flask. Cultures were grown at 37 °C under microaerophilic
conditions (see above) with shaking at 200 rpm. In preliminary experiments, cultures were
sampled periodically to determine a growth curve under these conditions; log-phase growth
was found to occur at an OD600 of 0.15-0.35. In subsequent experiments, cultures were
harvested at an OD600 within this range and stored at =80 ‘C until analysis.

Total lipid extraction

Lipids were extracted using a modification of the protocol by Bligh and Dyer [39]. Cells
from 250 mL of C. jejuni culture were washed once with Tris-buffered saline (25 mM Tris,
150 mM NaCl, pH 7.5) and resuspended in 2 mL of water acidified to a pH of 1-2 by the
addition of concentrated HCI (a low pH facilitated the partition of UndP into the lower
organic phase during extraction). Next, 4 mL of 2:1 (v/v) CHCI3:MeOH were added to the
cell suspension and samples were vortexed for 15-30 sec and centrifuged at 1,000 x g for
5-10 min. The organic phase was removed and the aqueous phase was extracted three
additional times with 1-2 mL CHCI3. All organic phases were pooled, concentrated under
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N> and washed with an additional 3 mL of water acidified with HCI to a pH of 1-2. Final
lipid extracts were dried completely under N5 and stored at =20 °C until analysis.

Quantification and alkaline hydrolysis of total lipid extracts

Lipid extracts were quantified by a modification of the ammonium molybdate method for
microdetermination of total phosphate described previously [40] against a phosphorus
standard solution (Sigma-Aldrich, St. Louis, MO).

Prior to LC/MS quantification of total PrenP, lipid extracts were subjected to mild alkaline
hydrolysis [41] to release PrenP from PrenPP and PrenPP-linked glycans. Dry lipids (~500
nmol) were resuspended in 4 mL of a single-phase Bligh-Dyer mix containing 0.2 M NaOH
(1:2:0.8 (v/v) CHCI3:MeOH:0.95M NaOH) and incubated at 60 °C for 1 hr with periodic
vortexing. The addition of 1 mL CHCI3 and 0.8 mL 1 M HCI neutralized the solution and
converted the solvent mix to two phases. The organic phase was removed and the aqueous
phase was extracted three additional times with 1 mL CHCl3. All organic phases were
pooled, concentrated under N, and washed with an additional 2 mL of water acidified with
HCl to a pH of 1-2. Total hydrolyzed lipids were divided equally into five aliquots (~100
nmol each) and supplemented with 0-100 pmol of pure UndP standard (see below). Samples
were dried under N5 and stored at =20 °C until analysis.

Purification of an UndP standard for LC/MS

Synthesis of UndP by phosphorylation of plant-derived undecaprenol was described
previously [42]. This method yields a mixture of Cgy-Cgg PrenP (predominantly UndP, Csgg)
which was used for activity and thermal denaturation assays. For use as a standard for PrenP
quantification, this mix was purified further by ion-pair reverse-phase HPLC to give only the
UndP [43]. Separation of Cgg, Cs5 and Cgg PrenP was successfully performed on a YMC-
Pack ODS-A RP-18 column (4.6 x 250 mm, 5 um, 120 A) under isocratic elution in
76:19:5:2 (v/v) EtOH:CH3CN:hexanes:ion-pair reagent (ion pair-reagent prepared as 8 g
85% H3PO4 + 45 mL 40% aq. tetrabutyl ammonium hydroxide). The fraction containing
pure UndP (Css) was quantified by the ammonium molybdate method described above,
dried under N, and stored at - 20 °C until analysis.

Quantification of total polyprenol-P by LC/MS

Each dried lipid extract was resuspended in 0.5 mL 2:1 (v/v) CHCIl3:MeOH and 10 pL of
sample was injected for normal-phase LC/MS analysis. Normal-phase LC was performed on
an Agilent 1200 Quaternary LC system equipped with an Ascentis Silica HPLC column, 5
um, 25 cm x 2.1 mm (Sigma-Aldrich, St. Louis, MO). Mobile phase A consisted of
CHCl3:MeOH:ag. NH4OH (800:195:5, v/v); mobile phase B consisted of CHCl3:MeOH:aq.
NH4O0H (600:340:50:5, v/v); mobile phase C consisted of CHCl3:MeOH:ag. NH,OH
(450:450:95:5, v/v). The elution program consisted of the following: 100% mobile phase A
was held isocratically for 2 min, then linearly increased to 100% B over 14 min and held at
100% B for 11 min. The LC gradient was then changed to 100% C over 3 min and held at
100% C for 3 min, and finally returned to 100% A over 0.5 min and held at 100% A for 5
min. The LC eluent (with a total flow rate of 300 pl/min) was introduced into the ESI source
of a high resolution TripleTOF5600 mass spectrometer (Sciex, Framingham, MA).
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Instrumental settings for negative ion ESI and MS/MS analysis of lipid species were as
follows: 1S= -4500 V; CUR= 20 psi; GSI= 20 psi; DP= -55 V; and FP=-150 V. The
MS/MS analysis used nitrogen as the collision gas. Data analysis was performed using
Analyst TF1.5 software (Sciex, Framingham, MA).

PrenP abundance is reported as total PrenP (determined by LC/MS) as a percentage of total
extracted lipids (determined by total phosphate quantification, described above). Data were
plotted using Graphpad Prism 8 (GraphPad Software, La Jolla, CA).

PglC variants and expression

PgIC from C. jejunistrain 11168 was cloned into the pET24a vector to insert a C-terminal
Hisg-tag[37] or into the pE-SUMO vector [34]. P24A variants of both constructs were
generated using QuikChange Il Site-Directed Mutagenesis (Agilent Technologies, Santa
Clara, CA) as described previously [37].

PglC-Hisg and SUMO-PgIC variants were expressed in BL21-CodonPlus (DE3)-RIL E. coli
cells (Agilent Technologies) using the Studier auto-induction method.[44] Overnight
cultures grown in 3 mL MDG media (0.5% (w/v) glucose, 0.25% (w/v) sodium aspartate, 2
MM MgSOyq, 25 mM NayHPO,4, 25 mM KH,PO4, 50 MM NH4CI, 5 mM Na,SO4 and 0.2x
trace metal mix (from 1000x stock, Teknova, Hollister, CA)) with kanamycin and
chloramphenicol (30 pg/mL each) were used to inoculate 0.5 L auto-induction media (1%
(w/v) tryptone, 0.5% (wi/v) yeast extract, 0.5% (v/v) glycerol, 0.05% (w/v) glucose, 0.2%
(W/v) a-D-lactose, 2 mM MgSOy, 25 mM NayHPOy, 25 mM KHoPOy4, 50 mM NH4CI, and
5 mM NayS0y4, 0.2x trace metal mix) containing kanamycin (90 pg/mL) and
chloramphenicol (30 ug/mL). Cells were grown for 4 hr at 37 °C followed by an additional
16-18 hr at 16 °C and then harvested at 3700 x g for 30 min. Cells were stored at —80 C
until purification.

SMA and DIBMA solubilization and Ni-NTA purification of PgIC-Hisg variants

All purification steps were carried out at 4 °C. Cells from 0.5 L of autoinduction culture were
resuspended in 20 mL lysis buffer (50 mM Tris, 150 mM NaCl, pH 7.5) and lysed by French
Press at 25 psi. Lysate was supplemented with 0.5 mg/mL lysozyme (Research Products
International, Mount Prospect, IL), 1:1000 dilution of EDTA-free protease inhibitor cocktail
(EMD Millipore, Burlington, MA) and 1 unit/mL DNase | (New England Biolabs, Ipswich,
MA) and incubated on ice for 15 min, then centrifuged at 9,000 x g for 45 min. The
resulting supernatant was further centrifuged at 140,000 x g for 65 min to yield the cell
envelope fraction (CEF), which was homogenized into 20-30 mL solubilization buffer (50
mM Tris, 150 mM NacCl, pH 8.0) to a final protein concentration of 50 mg/mL, as assessed
by absorbance at 280 nm.

Homogenized CEF was mixed 1:1 with a 5% (w/v) solution of XIRAN SL40005 styrene-
maleic anhydride copolymer (Polyscope, Geleen, Netherlands) or 5% (w/v) of Sokalan CP 9
diisobutylene-maleic acid copolymer (Basf Corporation, Florham Park, NJ) in solubilization
buffer (50 mM Tris, 150 mM NacCl, adjusted to a final pH 8.0) and tumbled on a rotating
mixer for 3 hr at room temperature. Solubilized lysate was centrifuged at 100,000 x g for 45
min to remove any insoluble material. Approximately 1/10 of the clarified supernatant
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volume was retained as a “background” sample, while the remaining supernatant was
incubated with 5 mL Ni-NTA resin (Thermo Fisher Scientific, Waltham, MA) pre-treated
with equilibration buffer (50 mM Tris, 150 mM NaCl, 10 mM imidazole, pH 8.0) overnight
at 4 °C on a rotating mixer. Resin was washed with 10 column volumes of wash buffer (50
mM Tris, 150 mM NaCl, 20 mM imidazole, pH 8.0). SMA lipoparticles carrying PglC-Hisg
were eluted in 2 column volumes of elution buffer (50 mM Tris, 150 mM NaCl, 500 mM
imidazole, pH 8.0). The purity of eluted particles was assessed by SDS-PAGE with
Coomassie staining. A 30 kDa MWCO centrifugal filter was used to exchange eluted SMA
and DIBMA lipoparticles into solubilization buffer (50 mM Tris, 150 mM NacCl, pH 8.0)
and to concentrate to ~1 mL. PglC-Hisg in DIBMA lipoparticles was quantified by
absorbance at 280 nm. PgIC-Hisg in SMA lipoparticles was quantified by gel densitometry
relative to DIBMA lipoparticles.

Total lipid extraction from SMA lipoparticles

The extraction protocol for SMA lipoparticles was adapted from Dorr et al [45]. For
extraction, 1 mL Ni-NTA enriched or “background” lipoparticles were added to 3.4 mL
10:23:1 (v/v) CHCIl3:MeOH:1 M Tris pH 8.0 to make a single phase and vortexed
intermittently for 30 min at room temperature. Phase separation was induced by the addition
of 0.5 mL 0.1 M Tris, pH 8.0 and 0.5 mL CHCl3; samples were vortexed for 15-30 sec and
centrifuged at 1,000 x g for 5-10 min. The organic phase was removed and the aqueous
phase was extracted three additional times with 1 mL CHCl3. All organic phases were
pooled, concentrated under N5 and washed with 1 mL ion-switch buffer (50 mM Tris, 100
mM NaCl, 100 mM EDTA, pH 8.2). Approximate lipid composition and concentration were
estimated by TLC against a commercial £. coli polar lipid extract (Avanti Polar Lipids, Inc.,
Alabaster, AL), mobile phase 65:25:4 (v/v) CHCl3:MeOH:water, visualization with
molybdenum blue stain. Final lipid extracts were dried completely under N, and stored at
—20 °C until analysis.

Purification and activity assays of SUMO-PgIC

SUMO-PgIC variants were purified by Ni-NTA affinity as described in detail previously
[37]. Activity assays were performed using the UMP/CMP-Glo assay (Promega, Madison,
WI1) on a 10 pL scale using UndP as the PrenP acceptor, as described previously [37]. Data
were plotted using Graphpad Prism 8 (GraphPad Software).

Thermal denaturation assay

Thermal denaturation assays were based on a protocol described previously [28]. Aliquots of
3 UM purified SUMO-PgIC in assay buffer (50 mM HEPES, 100 mM NacCl, 0.1% Triton
X-100, 5 mM MgCly, pH 7.5) were supplemented with 300 uM UndP or SolP (synthesis and
purification described previously) [17] from a 10x stock in DMSO, or with 10% DMSO
(vehicle control), and heated for 10 min at 30-99 °C in a thermocycler (MJ Mini Thermal
Cycler; Bio-Rad, Hercules, CA). Precipitate was immediately removed by centrifugation at
16,000 x gfor 10 min at 4°C. The resulting supernatant, containing protein that remained
soluble, was analyzed by SDS-PAGE with Coomassie staining and quantified by gel
densitometry using a Molecular Imager Gel Doc XR+ System with Image Lab software
(BioRad). Data were fitted using Graphpad Prism 8 (GraphPad Software).
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Pyrene fluorescence in liposomes

Lipids (3:1 POPE:POPG, Avanti Lipids, Inc.) from chloroform stocks, supplemented with
UndP or SolP as necessary, were dried first under N, and then overnight under vacuum.
Lipids were hydrated in PBS at 42 °C for at least two hours, with intermittent vortexing. The
final lipid concentration was 50 uM. Pyrene was added to a final concentration of 0.5 pM
from a 100x stock in ethanol and allowed to incubate with liposomes for at least 30 min at
room temperature.

Fluorescence was measured on a FluoroMax-P (Horiba, Kyoto, Japan), with excitation at
335 nm and emission at 350-500 nm with 4 nm bandwidth in both. Although background
fluorescence was low, a blank liposome sample (from which pyrene was omitted) was read
and subtracted from each pyrene-containing sample.

3. Results

Quantification of PrenP abundance in C. jejuni

Quantification of PrenP abundance in C. jejuniwas performed by NPLC/MS analysis of
total lipids extracted from log-phase C. jejuni cultures. Lipid extraction was performed using
a modified Bligh-Dyer method [39]. High-resolution MS was performed in the negative ion
mode, and showed that the predominant PrenPs in C. jejuniare decaprenol phosphate
(DecP) and UndP, whose [M-H]" ions were detected at /7/2777.6 and 845.6, respectively.
The total PrenP in extracts was quantified by spiking in an internal UndP standard. The total
pool of PrenP in Gram-negative bacteria is distributed between free PrenP and PrenPP-
glycoconjugate biosynthetic intermediates, including PrenPP-linked glycans and PrenPP. A
preliminary analysis of extracted lipids identified PrenP but no pathway intermediates,
suggesting that these moieties might only be present in very low abundance, or they are not
extractable by the Bligh-Dyer method. For quantification of the entire PrenP pool, lipid
extracts in subsequent analyses were first subjected to a mild alkaline hydrolysis, a step
shown previously to release PrenP from PrenPP and PrenPP-linked glycans [41]. The
abundance of PrenP in lipid extracts is reported as the percentage of PrenP relative to the
total lipids, which were quantified by microdetermination of total phosphate (Fig. 3A).

As UndP is the most common PrenP identified in bacteria studied to date, previous reports
have also ascribed UndP the role of glycan carrier in C. jejuni[46, 47], and analyses of PgIC
catalytic activity and mechanism have successfully utilized the UndP substrate [17, 34, 36].
Indeed, some UndP is identified in the lipidic fraction of C. jejuniextracts. However, the
majority of PrenP identified in the extracts was actually DecP, the shorter 10-isoprene PrenP
homolog (Fig. 3B). The total abundance of PrenP (DecP + UndP) in C. jejuni lipid extracts
was found to be ~0.1%, with DecP accounting for over 80% of the total PrenP.

Enrichment of PrenP in the local membrane around PgIC

Quantification of PrenP levels in native extracted lipids provides valuable insight into the
identity and average abundance of these species in the bulk C. jejuni membrane, but it does
not describe the abundance of PrenP in the membrane local to PgIC and other PrenP-binding
enzymes. For example, it is possible that specific interactions with such enzymes may result
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in PrenP enrichment in the local membrane environment. In particular, Pro24 in PgIC [34]
and similarly conserved prolines in polyisoprenol-recognition sequences in various enzymes
were previously proposed to contribute to PrenP binding [19, 24, 38].

The local concentration of the PrenP substrate in the membrane surrounding PgIC was
investigated using styrene maleic acid lipoparticle (SMALP) technology [48-50], which
exploits a styrene-maleic acid polymer to solubilize membrane proteins and lipids directly
from cell membranes to make SMALPs. The application of SMA-based solubilization
obviates the need for detergent or other non-native surfactants, and importantly, solubilizes
proteins together with phospholipids and other lipidic species from their native membrane
environment. For this reason, extraction and quantification of the lipidic fraction from
SMALPs has been used to provide insight into the lipid composition of the local membrane
environment surrounding membrane proteins [45, 51]. To this end, PgIC from C. jejuni with
a C-terminal Hisg tag was heterologously overexpressed in £. coli and solubilized into
SMALPs; particles containing PglC-Hisg were then isolated by Ni-NTA affinity
chromatography (Fig. 4A-B). Lipids extracted both from the Ni-NTA-purified PglC-
SMALPs and from SMA-solubilized membranes not enriched on Ni-NTA for PgIC-Hisg
(“background™) were assessed qualitatively by TLC, and determined to be congruent with
commercially-available £. cofilipid extracts (Fig. 4C). The extracted lipids were subjected
to mild alkaline hydrolysis and quantified by LC/MS against a pure UndP standard as
described above; notably, in this case only UndP was quantified, as this is the only PrenP
found in E. coli.

The UndP abundance in background lipid extracts was ~0.075%, similar to the bulk
abundance of PrenP determined in native lipid extracts from C. jejuni membrane (Fig. 4D).
Importantly, UndP was found to be 1.91+0.35-fold more abundant in PgIC-SMALPs,
relative to SMA-solubilized membranes alone, indicating an enrichment of UndP around
PgIC in the local membrane environment. In these experiments, PglC-Hisg concentration in
SMALPs could not be quantified directly by absorbance at 280 nm due to absorbance of the
SMA copolymer. Therefore, PgIC-Hisg was first quantified by Coomassie gel densitometry,
using PglC-Hisg lipoparticles isolated with a non-absorbing, diisobutylene-maleic acid
(DIBMA) copolymer [52] to create a standard curve using absorbance at 280 nm. This
standard curve was then used to rigorously quantify PglC-Hisg in SMALPs. polyisoprenol-
recognition sequences (PIRSs) in SMALPs. The ratio of total recovered UndP to PgIC-Hisg
in purified SMALPs was less than unity, supporting that some SMALPs contained PgIC-
Hisg not bound to UndP substrate. This finding reflects the low overall native abundance of
free PrenP in the bacterial membrane relative to the total PgIC-Hisg overexpressed in the £.
coli, and recapitulates the native membrane environment, in which enzymes must compete
for a single pool of PrenP.

To probe the role of conserved PgIC Pro24 in the observed localization of UndP, the same
experimental protocol was applied to a P24A PglC-Hisg variant. P24A PglC-Hisg SMALPs
of similar purity and quantity to the wild-type PglC-Hisg variant were obtained (S| Fig. 2)
and protein quantification was carried out as described for wild-type PglC-Hisg. In this case,
UndP was found not to be significantly more abundant in PglC-SMALPs relative to
background. Thus, the enrichment of UndP around PgIC is largely abrogated by the
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mutation of Pro24 to Ala, supporting a role for this conserved residue in binding PrenP in
the native membrane environment.

The role of Pro24 in recognition and binding of PrenP substrate

The putative role played by Pro24 in binding PrenP was investigated further in vitro by
comparing the stabilities of wild-type and P24A SUMO-PgIC variants. Previously,
incorporation of an N-terminal SUMO-tag was shown to significantly improve detergent
solubilization, stability and purification of PgIC [34, 35], and SUMO-PgIC was shown to
adopt a native membrane topology [37] and be catalytically active [34, 36]. The interactions
between SUMO-PgIC variants and the UndP substrate were assessed both by circular
dichroism (CD) spectroscopy and by a thermal denaturation assay without removal of the
coexpression tag.

CD studies revealed that wild-type and P24A SUMO-PgICs adopt very similar, a-helical
secondary structures (Fig. 5A), and show similar cooperative unfolding upon heating, when
monitoring ellipticity at 222 nm (Fig. 5B). Additionally, the two variants demonstrated
comparable thermal transitions in the presence of 300 uM of UndP substrate, indicating
secondary structure stabilization by UndP.

As it has been reported that unfolding of a-helical membrane proteins is often driven
through loss of tertiary contacts rather than secondary structure [53, 54], the effect of UndP
on PgIC tertiary structure stability was also investigated, using a thermal denaturation assay
reported previously to assess the thermal stability of PgIC [37] and the membrane protein,
DPMS [28]. In this assay, thermal stability was measured as a function of resistance to
denaturation and precipitation upon heating: following heating, precipitated protein is
removed by centrifugation and the remaining soluble fraction quantified by gel
densitometry. Both wild-type and P24A SUMO-PgIC exhibited complete, cooperative
denaturation in a similar temperature range (Fig. 5C). However, the two variants were
affected differently by the presence of UndP. Wild-type SUMO-PgIC showed cooperative
denaturation in the presence of 300 uM UndP, with a significant (22.3+1.9 “C) increase in
thermal stability indicating stabilization of the native fold via substrate binding. In contrast,
although P24A SUMO-PgIC showed apparent stabilization at higher temperatures in 300
UM UndP, this variant no longer exhibited cooperative denaturation and remained partially
soluble even at elevated temperatures. This atypical thermal denaturation behavior suggests
the observed stabilization is not due to native substrate binding, but rather results from non-
specific stabilization of PgIC in non-native, likely partially denatured, tertiary
conformations.

Indeed, a very similar behavior was observed for both wild-type and P24A SUMO-PgIC in
the presence the non-substrate all-#rans nonaprenol, solanesol phosphate (SolP) [17]. Again,
although wild-type and P24A SUMO-PgIC both appeared more stable in the presence of 300
UM SolP, both variants no longer exhibited cooperative denaturation, and remained partially
soluble at high temperatures (Fig. 5D), suggesting that interaction with SolP stabilized non-
native or partially denatured conformations.
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PrenP modulation of lipid bilayer fluidity depends on isoprene geometry

NMR and molecular modeling studies of PrenPs in membranes have previously suggested
that these amphiphilic molecules modulate the fluidity of the membrane and induce changes
in membrane structure [19, 21-23], similarly to the known effects of “kinked” unsaturated
fatty acid acyl chains [55, 56]. We investigated this effect further using pyrene, an aromatic
membrane probe that embeds in the lipid bilayer proximal to the head-group region [57].
The characteristic fluorescence spectra of pyrene are reported to change with the polarity of
the surrounding environment, with an increase in the ratio between two vibrionic peak
intensities, /;//3 corresponding to an increase in polarity. Pyrene fluorescence has
previously been used to characterize changes in membrane fluidity as a function of
membrane composition, for example, as a result of lipid acyl chain saturation in bacterial
membranes [55] and cholesterol depletion in hippocampal membranes [58]. Within the
context of the lipid bilayer, an increase in fluidity is thought to allow greater penetration of
water molecules into the membrane interior, resulting in an increase in polarity that is sensed
by the pyrene probe.

The ratio between the first (372 nm) and third (384 nm) emission peaks of pyrene was
measured in liposomes composed of 3:1 POPE:POPG and increasing amounts of UndP (Fig.
6A). The /;//zratio in the liposomes was found to increase with UndP concentration,
indicating that UndP caused an increase in polarity in the local membrane environment. The
evident trend was approximately linear up to 10% UndP, but a modest effect was observable
even at 0.5% UndP, the lowest concentration studied. Pyrene fluorescence was also
measured in POPE/POPG liposomes with increasing amounts of the all-#rans SolP (Fig. 6B).
In this case, no change in membrane polarity was observable, even at 10% SolP, the highest
concentration tested.

4. Discussion

PrenP abundance in C. jejuni is consistent with that of E. coli and eukaryotes

Previous work to quantify PrenP levels in bacteria has focused on model bacteria such as £.
coli. One such study determined levels of ~350 ng UndP per gram of dry cell weight in £.
coli; we estimate that this corresponds to ~0.3% of the total lipid pool [59]. Thus, the current
quantification of ~0.1% PrenP abundance in C. jejuni approximately agrees with what has
been determined for £. coli. Differences in methodology and interspecies variability likely
account for deviations in the numbers. The total dolichol phosphate content of eukaryotic
membranes has similarly been estimated to be ~0.1% [3, 4], suggesting that the abundance
of polyprenol phosphate in membranes may be similar across domains of life.

Although the PrenP utilized for glycoconjugate assembly in C. jejuniwas previously
presumed to be UndP, the use of alternate PrenP lipid carriers is not unprecedented: DecP is
the preferred PrenP in Mycobacterium tuberculosis, and even shorter PrenPs are observed in
other prokaryotes [13-15]. A previous study of PrenP substrate specificity in PgIC and other
enzymes from the pgl pathway demonstrated that while a series of ¢/s double bonds and
unsaturation at the a-isoprene unit of PrenP play important roles in substrate recognition,
the length of the chain (e.g. 8-11 isoprenes) plays a minor role [17]. Thus, the bacterial PgIC
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reacts with DecP and UndP with similar efficiency and, use of UndP as the more available
PrenP for biochemical and biophysical studies is well supported.

Enrichment of PrenP in the local membrane environment

Quantification of PrenP abundance in C. jejuniand other bacteria are an important step
towards understanding the role of PrenP in glycan assembly. However, several lines of
evidence suggest that PrenP is not uniformly distributed throughout the membrane, but
instead enriched in the local membrane environment of enzymes involved in glycoconjugate
assembly. PrenP is utilized in biosynthetic pathways leading to different bacterial
glycoconjugates including lipopolysaccharide (LPS) and peptidoglycan within the same
organism; thus, multiple pathways must compete for a single pool of PrenP in the membrane
[60, 61]. Indeed, the occurrence of both polytopic and monotopic PGTs at the inception of
different glycoconjugate biosynthesis pathways may play a role in the coordinated use of the
limited PrenP pool. Early studies of bacterial glycoconjugate biosynthesis pathways
suggested that these pathways function in large multi-enzyme complexes that assemble
completed glycoconjugates without releasing pathway intermediates into the membrane
[62-64]. Such a strategy would capitalize on limited PrenP resources and facilitate efficient
flux of PrenP-linked intermediates through biosynthetic pathway as needed.

Prior studies have suggested that enzymes in the C. jejuni pgl pathway associate into a
macromolecular complex [42]. Additionally, significant levels of PrenPP-glycoconjugate
intermediates were not observed in the current analysis of membrane extracts, consistent
with a model of glycoconjugate assembly in which enzymes in close proximity function
sequentially to minimize the release of intermediates. In such a model, the local
concentration of PrenP-linked substrates is expected to be higher in the membrane
surrounding the glycoconjugate biosynthesis machinery than in the bulk membrane. This
effect is expected to be particularly significant with respect to PGTs, due to their pivotal role
in the initiation of glycan biosynthesis. Furthermore, PgIC and other members of the
monotopic PGT superfamily feature a reentrant membrane helix with a conserved proline,
previously predicted to be a key player in PrenP substrate recognition. Using the SMA
copolymer to solubilize PgIC together with the local lipid constituents, we quantified the
abundance of PrenP in the membrane surrounding PgIC relative to the rest of the solubilized
membrane (Fig. 4). We note that the current study is the first to reconstitute a PGT into
SMA lipoparticles, although reconstitution of PgIC into lipid Nanodiscs was reported by our
group previously [42].

For wild-type PgIC that was heterologously expressed in £. coli membranes, we observed an
almost two-fold enrichment of UndP relative to background. This finding supports a model
of glycan assembly in which PrenP becomes enriched in areas of the membrane where
glycan biosynthesis is occurring. In light of the otherwise low abundance of PrenP in the
membrane, local enrichment of PrenP substrate likely promotes flux through downstream
pathway enzymes. In addition, local enrichment of PrenP has the potential to modulate the
biophysical properties of the surrounding membrane.

We note that in this £. coli model, the C. jejuni-specific phosphosugar substrate for PgIC,
UDP-diNAcBac, as well as the other enzymes of the pgl pathway, are not present, allowing
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us to study enrichment of PrenP around PgIC separately from catalysis and pathway flux. In
a native C. jejuni system, with the all of the pgl pathway enzymes participating in glycan
assembly present, we would anticipate an even greater enrichment of PrenP in the local
membrane environment.

Pro24 in PgIC plays a key role in PrenP binding and specificity

Whereas UndP was found to be almost two-fold enriched around SMA-solubilized wild-type
PgIC relative to background, the lipids surrounding a P24A PgIC variant did not show
significant enrichment in UndP (Fig. 4D), strongly supporting a critical role for Pro24 in
PrenP binding. Importantly, although Pro24 is part of a conserved two-residue motif that
was previously found to drive folding of the reentrant membrane domain of PgIC, the P24A
PglC variant was found to adopt a native-like reentrant topology [37]. In addition, both CD
spectroscopy and thermal denaturation assays of wild-type and P24A SUMO-PgIC in the
absence of UndP indicate that the two variants have very similar intrinsic thermal stabilities
(Fig. 5A-C). Thus, although minor changes in structure between the wild-type and P24A
PgIC variants cannot be ruled out, the available data suggest that loss of UndP binding in
P24A PgIC reflects an inability of the variant to recognize the PrenP substrate, rather than a
global misfolding event.

In vitro thermal stability studies provide additional insights into key molecular determinants
of PrenP recognition and binding by PgIC. Thermal denaturation assays of wild-type and
P24A SUMO-PgIC in the presence of 300 uM UndP revealed two very different behaviors
(Fig. 5C). Wild-type SUMO-PgIC exhibited a complete, cooperative denaturation in the
presence of UndP, and was significantly more stabilized, corresponding to a AT, >20 °C,
indicating stabilization due to substrate binding. In contrast, P24A SUMO-PgIC in the
presence of UndP no longer exhibited cooperative denaturation, and remained partially
soluble even at elevated temperatures, suggesting non-specific stabilization of non-native
states of PgIC.

The thermal stability studies suggest that P24A SUMO-PgIC does not bind the PrenP
substrate in the active site; instead, interaction with UndP may stabilize P24A SUMO-PgIC
in a non-native conformation upon heating. Due to the amphiphilic nature of PrenPs, it is
possible that such molecules have a detergent-like solubilizing effect in solution, stabilizing
the hydrophobic portion of the PgIC fold even as tertiary structure is lost during thermal
denaturation. Indeed, CD spectroscopy studies of wild-type and P24A SUMO-PgIC indicate
that the secondary structures of both variants are significantly stabilized by the presence of
UndP (Fig. 5B). Importantly, unfolding of a-helical membrane proteins has been reported to
occur through loss of tertiary, rather than secondary, structure [53, 54]. Thus, while UndP
stabilizes the secondary structure of both wild-type and P24A SUMO-PgIC, and contributes
to increasing the solubility of both, only the wild-type PgIC tertiary structure appears to be
stabilized in a native, UndP-binding conformation. Such a model agrees well with the
observation that the P24A SUMO-PgIC variant is inactive (SI Fig. 1) and further supports a
key role for Pro24 in mediating PrenP substrate binding.

Non-cooperative and incomplete denaturation was also observed for both wild-type and
P24A SUMO-PgIC in the presence of 300 uM SolP (Fig. 5D), indicating that both variants
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are similarly unable to bind the all-frans PrenP. These findings are corroborated by previous
reports of the importance of the geometry of the internal ¢is double-bonds of PrenP for PgIC
activity [17]. Thus, only interaction between wild-type SUMO-PgIC and the UndP substrate
resulted in stabilization of a native conformation of PglIC. These findings further support the
significance of Pro24 as a key mediator of PrenP recognition and binding, and suggest an
additional role in discerning substrate PrenP from phospholipid acyl tails and non-substrate
isoprenoids in the membrane, on the basis of double-bond geometry.

A structural basis for substrate specificity mediated by Pro24

NMR and molecular modeling studies of polyprenol phosphates have previously suggested
that the c/s-isoprene units of UndP and dolichol phosphate chains create a coiled structure
within the membrane, while the #rans-isoprene units form a non-coiled “tail” [19]. Structural
models predict that peptides containing polyisoprenol-recognition sequences (PIRS) bind to
the coiled, cis-isoprene region of PrenPs [19, 65]. In addition, as PIRS often contain
conserved proline residues, it has been hypothesized that the ability of these sequences to
distinguish PrenP substrate is due in part to the unique structure of the pyrrolidine side chain
of proline. Proline residues are known to disrupt a-helices by perturbing peptide-backbone
hydrogen bonding [66]; thus, it has been suggested that the change in peptide-backbone
hydrogen bonding around conserved prolines in polyisoprenol-recognition sequences
facilitates interactions between PrenP and PrenP-binding proteins [65]. Indeed, recent
structural and molecular dynamics analyses of PgIC show an extensive and dynamic network
of madified hydrogen bonds in the peptide backbone surrounding Pro24 in the hydrophobic
domain of PgIC [35, 37]. The current work similarly supports key roles in substrate
recognition for both Pro24 and the cis PrenP geometry, and provides a first account of how
monotopic PGTs use a single reentrant helix to recognize this scare substrate in the
membrane. A more precise understanding of the molecular mechanisms underlying PgIC
substrate specificity remain to be elucidated by later structural and modeling studies.

In the reported structure of PglIC, a co-crystallized PEG molecule reveals the putative PrenP-
binding site, which is near the active site and directly above Pro24 (Fig. 2). Thus, we can
envision a model of PrenP binding wherein Pro24, buried within the membrane, associates
with the unique coiled structure of the PrenP substrate and facilitates positioning of the
phosphate group of PrenP at the active site, which is located at the membrane interface, for
catalysis. Notably, unlike members of the polytopic PGT superfamily, which have 10- or 11-
transmembrane helices that may provide an interaction surface for PrenP, members of the
monotopic PGT superfamily rely on a single reentrant helix, carrying the conserved Pro24,
to facilitate PrenP binding.

Increased concentrations of PrenP modulate the local membrane environment

The exact consequences of PrenP enrichment in the membrane are unclear, although several
hypotheses have been advanced. It has been proposed that PrenP may serve as a structural
scaffold for the organization of complexes with downstream glycosyl transferases [19, 65].
In addition, it has been found that PrenP alters the biophysical properties of the local
membrane, increasing fluidity and modifying membrane structure [19, 21-23]; such local
changes may also be important for promoting multi-enzyme complex formation or for
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increasing substrate flux through the pathway [18]. Analogous roles in modulation of local
membrane fluidity and organization of membrane proteins have been proposed for other
membrane components, including cis-geometry unsaturated fatty acid acyl chains [56] and
cholesterol [1, 67].

Our studies using the membrane polarity probe, pyrene, confirm earlier reports that UndP
modulates the biophysical properties of the membrane (Fig. 6). However, whereas prior
studies were carried out with high levels (5-10%) of PrenP, the effect observed in the pyrene
fluorescence studies is observed at much lower, and more physiologically relevant, UndP
concentrations. As little as 0.5% UndP in liposomes is found to increase the polarity of the
local membrane environment resulting from increased water penetration into the membrane
due to loss of membrane order surrounding UndP [58]. Our findings support the proposed
model wherein increased local concentrations of PrenP modulate the biophysical properties
of the membrane to facilitate multi-enzyme complex formation and support substrate flux
through the pathway.

In contrast, pyrene fluorescence studies show that polarity in the membrane environment
does not increase in the presence of up to 10% of the all-frans SolP, indicating that double-
bond geometry plays a key role in the reported ability of PrenP to disrupt lipid membranes.
Notably, the all-#rans SolP cannot adopt the unique coiled conformation predicted for the
cis-isoprene portion of UndP; it may be that this coiled structure of UndP is more disruptive
to local lipid packing than the all-trans linear structure of SolP. Thus, in addition to
promoting recognition by PgIC, the specific cis-trans geometry of the isoprene units of UndP
allows this PrenP to play a distinct secondary role in modulating the local membrane
environment.

5. Conclusion

The elusive role of PrenP in glycan assembly in the bacterial pgl pathway is explored with
respect to both its effect on the local membrane environment and interactions with PgIC, a
monotopic PGT that acts at the initiation of A~glycan assembly. The specific cis-trans
double - bond geometry of PrenP is found to be essential both to interactions with the local
membrane and with PgIC. We also confirm a role for the conserved Pro24 in PgIC in binding
to the PrenP substrate, and propose an additional role in driving specificity for the unique
cis-isoprene geometry of the PrenP substrate. Therefore, although the membrane topology of
PgIC and the broader monotopic PGT superfamily is distinct from that of the various
polytopic PGTs, both enzyme superfamilies favor PrenPs with comparable structural
features. This key observation is intriguing and suggests that the two distinct PGT
superfamilies, may be the result of convergent evolution achieving two different structural
and mechanistic solutions to the common goal of initiating glycan assembly on a common
membrane resident amphiphilic PrenP.

Finally, it is poorly understood how a single limited pool of PrenP in bacterial membranes
simultaneously supports multiple glycoconjugate biosynthesis pathways including those
leading to lipopolysaccharide (LPS), peptidoglycan and glycoprotein biosynthesis and the
occurrence of both polytopic and monotopic PGT superfamilies at the inception of different
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glycoconjugate biosynthesis pathways may be important in the coordinated use of the
limited PrenP pool.
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Highlights

. Polyprenol phosphates make up ~0.1% of total C. jejuni bacterial membrane
lipids

. Phosphoglycosyl transferases (PGTs) enrich polyprenol substrates in the
membrane

. The PGT reentrant membrane helix is critical for substrate recognition and
specificity

. Polyprenol phosphates modulate the fluidity of the local membrane
environment

. Polyprenol phosphate geometry dictates functional interactions
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Fig. 1 —. Structures of relevant terpenes.
A. Top: Generalized structure of bacterial polyprenol phosphate. For bacterial UndP, 7= 2

and m = 8. (Note: the double-bond geometry of the plant-derived UndP used for /in vitro
assays described herein is 7= 3 and m =7 for bacterial UndP). [17]. Bottom. Generalized
structure of dolichol phosphate (DolP); 7= 2 and m = 5-17.

B. Structure of the all-#rans nonaprenol, solanesol phosphate (SolP); n= 8.

C. The phosphoglycosyl transfer reaction catalyzed by PglC from C. jejuni.
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cytoplasm

—
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periplasm

Fig. 2 —. Structure of PgIC.
The reported structure of PgIC (PDB 5W?7L) [35]. The N-terminal reentrant helical domain

is shown in dark pink. Pro24 in the membrane-resident domain is shown as sticks. The Mg2*
in the active site is shown in cyan. A co-crystallized PEG molecule marking the putative
PrenP-binding site is shown in yellow. The location of the membrane, as calculated in [35],
is represented in gray.
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Fig. 3 —. Quantification of PrenP in C. jejuni membranes.
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A. Schematic showing work flow for extraction, alkaline hydrolysis and quantification of

PrenP in C. jejuni membranes.

B. Total abundance of DecP and UndP as a percentage of the total lipidic extract from C.

Jejuni. Error bars are given for mean £ SD, n = 3.
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Fig. 4 —. Quantification of PrenP enrichment around SMA-solubilized PgIC.
A. Schematic showing work-flow for solubilization and purification of SMA-solubilized

PglC-Hisg and extraction and quantification of the surrounding lipids.

B. Coomassie-stained SDS-PAGE gel showing purification of SMA-lipoparticles with PgIC-
Hisg, purified by Ni-NTA affinity chromatography. Lanes: 1 = load, 2 = flow-through, 3 =
wash, 4 = elution.

C. Thin-layer chromatography analysis of extracted lipids. Lanes: 1, 2 = E. colf lipid
commercial standard, 5 nmol and 10 nmol respectively. Lanes 3, 4 = extracted lipids from
SMA-lipoparticles, ~4 nmol and ~8 nmol respectively. CL = cardiolipin, PE =
phosphotidylethanolamine, PG = phosphotidylglycerol.

D. Left: Quantification of UndP in lipid extracts from PglC- and background SMA-
lipoparticles. * p=0.02; n.s. = not significant. Right: Fold-enrichment of UndP, calculated
as the UndP abundance in PgIC SMA-lipoparticles over UndP abundance in background
SMA-lipoparticles. Error bars are given for mean + SD, n = 3.
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Fig. 5 —. Thermal stability studies to support PrenP substrate binding.
A. CD spectroscopy scans of wild-type and P24A SUMO-PgIC show that wild-type and

P24A SUMO-PgIC adopt very similar secondary structures. Mean residue ellipticity is
reported.

B. CD spectroscopy thermal melts of wild-type and P24A SUMO-PgIC with and without
UndP. TmwTt =59.7£1.5 C; Tmpoan =57.4£1.5 C; TmwT+Undp = 72.2+0.9 C;
Tm,p24A+Undp = 66.7£0.7 ‘C. Mean residue ellipticity at 222 nm is reported.

C. Thermal denaturation assays of wild-type and P24A SUMO-PgIC variants with and
without UndP. T, wt = 41.9+1.3 C; Tmpoap =47.4%1.1 C; To,wT+Undp = 64.2+1.4 C;
Tm,p2aA+Undp NOt determined. Error bars are given for mean + SEM, n = 4.

D. Thermal denaturation assays of wild-type and P24A SUMO-PgIC variants with and
without SolP. Ty, wT = 41.9£1.3 C; Tmp2ap =47.4%1.1 C; TmwT+Undp and T p24A+UndP
not determined. Error bars are given for mean = SEM, n = 4.
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Fig. 6 —. Pyrene fluorescence reflects changes in membrane environment.
A. Fluorescence spectra of pyrene in liposomes composed of POPE/POPG and increasing

concentrations of UndP. Representative data is shown normalized to fluorescence at 372 nm.
B. The ratio of between the first (372 nm) and third (382 nm) vibrionic peaks of pyrene
increases with increasing UndP concentration but is not affected by the presence of SolP.
Error bars are given for mean + SEM, n = 4-8.
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