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ABSTRACT. In the prokaryotédcholeplasma laidlawjimembrane bilayer properties are sensed and regulated

by two interface glycosyltransferases (GTs), synthesizing major nonbilayer- (alMGS GT) and bilayer-
prone glucolipids. These enzymes are of similar structure, as many soluble GTs, but are sensitive to lipid
charge and curvature stress properties. Multivariate and bioinformatic sequence analyses show that such
interface enzymes, in relation to soluble ones of similar fold, are characterized by high cationic charge,
certain distances between small and cationic amino acids, and by amphipathic helices. Varying surface
contents of Lys/Arg pairs and Trp indicate different membrane-binding subclasses. A predicted potential
(cationic) binding helix from aIMGS was structurally verified by solution NMR and CD. The helix
conformation was induced by a zwitterionic as well as anionic lipid environment, and the peptide was
confined to the bilayer interface. Bilayer affinity of the peptide, analyzed by surface plasmon resonance,
was higher than that for soluble membrane-seeking proteins/peptides and rose with anionic lipid content.
Interface intercalation was supported by phase equilibria in membrane lipid mixtures, analy#&d by
NMR and DSC. An analogous, potentially binding helix has a similar location in the structurally determined
Escherichia colicell wall precursor GT MurG. These two helices have little sequence conservation in
alMGS and MurG homologues but maintain their amphipathic character. The evolutionary modification
of the alMGS binding helix and its location close to the acceptor substrate site imply a functional importance
in enzyme catalysis, potentially providing a mechanism by which glycolipid synthesis will be sensitive to
membrane surface charge and intrinsic curvature strain.

For the function of integral as well as peripheral membrane The small, cell wall-less prokaryofecholeplasma laidlawii
proteins, several properties of the lipid bilayers must be seems to control both the surface charge density and
maintained, for example, (i) a liquid-crystalline state, (i) a curvature properties by two consecutively acting, membrane
critical thickness (chain length), (iii) a certain surface charge surface-bound lipid glucosyltransferasgy synthesizing two
density (potential), given especially by the anionic lipids, major, nonbilayer-prone and bilayer-forming glucolipids,
and (iv) a fraction of nonbilayer-prone lipids, yielding a respectively 4, 5), by adding sugar headgroups to a
curvature elastic stress. The exact mechanisms by whichdiacylglycerol acceptor backbone. The strongly varying
these features are sensed and regulated are unknown in mosholar fractions of these, that is, monoglucosyl-diacylglycerol
instances. IfEscherichia colplasma (inner) membrane there  (MGIcDAGY) and diglucosyl-diacylglycerol (DGICDAG),
is a more or less constant composition of zwitterionic and and acylated variants thereof, largely determine the phase
anionic lipid polar (headgroup) species, whereas the liquid equilibria and curvature properties of timevivo lipid bilayer
state and curvature properties are both regulated at the acymixture 6, 7). The mechanism seems to respond to several
chain level () and where temperature is a key facta). (
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membrane “packing” stimuli, such as type of acyl chains, with specific target lipids in bilayers, more or less hydro-
various foreign guest molecules, and ionic environm8hpt ( phobic loops extending from helices d¢i-strands are
The importance of this nonbilayer-prone lipid was recently frequently involved. By extensive bioinformatic and multi-
highlighted by MGIcDAG restoring several malfunctioning variate approaches, we show here that membrane-bound
protein-mediated membrane processes in a cripplecbli glycosyltransferases (GT-B fold without TM segments)
mutant lacking its major nonbilayer-prone lipid phosphati- generally have high pl values for the N-domain and certain
dylethanolamine (PE) by genetic introduction of the property relationships along the aa-sequence, including
MGIcDAG glucosyltransferase (alMGS) yielding large potential amphipathic helices. A potential helix segment from
amounts of the “foreign” MGIcDAG (50 mol %)9j. the alMGS lipid glycosyltransferase was selected, corre-
Fold recognition, followed by modeling using two soluble sponding to a proposed membrane-binding segment in the
and one membrane-associated glycosyltransferase as temestablished structure of tHe coli cell-wall-precursor gly-
plates, yielded similar structure models for both the MGIcDAG cosyltransferase Mur@{) and parts of the substrate-binding
and DGIcDAG glucosyltransferases (alMGS and alDGS) region in structurally related but soluble glycosyltransferases
(10). The two-domain Rossmann folds, of the so-called GT-B such as Gtf-A, -B, and -D18—20). With several methods
type (1), both have high isoelectric points especially for for structural and binding analyses, it is shown to have
the N-domain, which may be important for the established conformational and lipid-binding features strongly dependent
surface binding to anionic phospholipid bilaye®s 10, 12). on the surrounding lipid matrix.
Both enzymes, and related variants in other bacteria, also
clearly lack (hydrophobic) transmembrane segments, but EXPERIMENTAL PROCEDURES
detergents are still needed for their solubilization. Analogous  Bioinformatic MethodsSequences related to tie laid-
features and similar structures apply to the plant galactosyl-lawii MGIcDAG synthase (lipid glucosyltransferase
transferases, synthesizing the major chloroplast galactolipidsalMGS) @1) were searched by PSI-BLAST at NCBI
(Kelly, Wieslander et al., unpublished work). Binding of (www.ncbi.nlm.nih.gov/BLAST/). Selected hits with experi-
purified aIMGS enzyme to lipid bilayersn witro was mentally established functions, and/or at leas27%
stimulated by the presence of anionic phospholipids and alsoidentical aa sequences (e-30), were aligned with ClustalW
by nonbilayer-prone (neutral) lipids, mainly affecting the (www.ebi.ac.uk/services/). Prediction of secondary structure
association and dissociation phases, respectively, and theand fold recognition were done by 3D-Jury using many
kinetics were typical for a two-step process involving a methods from the MetaServer (http://bioinfo.pl/meta/). Con-
conformational changé ). The overall dissociation constant  servation and variation of aa residues in the obtained alMGS
(Kp) was low enough (at least 18—10712 M), correspond- ~ 3D-structure model, in relation to the related enzymes
ing to an essentially permanent presence of the enzyme orretrieved by BLAST, were analyzed at the ConSurf server
the bilayer surface (interface). Binding to liposomes de- (http://consurf.tau.ac.il/). Potential transmembrane segments
creased acyl chain ordering in the bilayer as analyzed by ain the proteins were searched by TMHMM (www.cbs.
lipid bis-pyrene probel@), indicating an interface penetration dtu.dk/services/), and potential bilayer interfacial seg-
for part(s) of the enzymdn vivo, membrane binding was  ments 22) were analyzed by Membrane Protein Explorer
substantially quenched by increasing intracellular NaK™* (Jaysinghe, S., Hristova, K., Wimley, W., Snider, C., and
concentrations 9), typical for electrostatic interactions. White, S. H. (2006); http://blanco.biomol.uci.edu/mpex).
Together, these data support an association of the alIMGSHydrophobic moment (“amphipathicity”) was analyzed at
enzyme to the bilayer interphase with electrostatic and http://www.doe-mbi.ucla.edu/. Amino acid residues poten-
hydrophobic interactions, intercalating in between the lipid tially involved in substrate binding were analyzed at the
headgroups, and also involving conformational changes. SEARCH GTr database (for GTs in natural product biosyn-
However, the low activity of the enzyme when bound to a thesis) (http:/linux1.nii.res.infpankaj/gt/gt_DB/html_files/
zwitterionic lipid bilayer is strongly stimulated by increased searchgtr.html).
anionic lipids (L2, 14), indicating that the enzyme somehow Multivariate Sequence AnalysiBeriodic physical features
is activated or conformationally modified by such an inthe GT protein sequences that may identify them according
environment. This may constitute part of the principles for to localization, that is, soluble or membrane-bound, were
how bilayer properties can control the activity status of these analyzed by multivariate methods. Amino acid properties can
lipid GTs, maintaining correct bilayer packing properties by be described and characterized in many ways. To decrease
“feedback loops” to the two synthesizing enzymes. For the number of parameters that descrieeshamino acid,
alMGSin vitro, activity is strongly stimulated by increasing so-calledz-scaleswere used here. These are derived from
amounts of anionic lipids but activity is then retarded at very 29 physicat-chemical experimental parameters with prin-
high amounts4, 14). Curvature has a modest stimulatory cipal component analyse3) and can approximately be
effect on alMGS, whereas the consecutive synthesis of translated ag, hydrophobicity/hydrophilicityz, bulk of side-
DGIcDAG is strongly affected, in combination with stimula-  chain, andz; polarizability/charge Property periodicities in
tion by anionic lipids 8). the GTs were described lauto-cross-coariance(ACC) in
Membrane binding regions of aIMGS potentially should the z-values, yielding many interaction terms within long
have some of the features observed for the full size enzymesliding windows (“lags”) (cf. Figure 1 in re24). For large
(cf. above). In general, protein segments interacting with lipid polypeptides such as the glycosyltransferases here, the
bilayer interfaces reveal essentially no consensus sequenceptimal lag seems to be between 15 and 25 aa (data not
features 15, 16), but amphipathic helices enriched in cationic shown).
amino acids are common surface anchors in many proteins, This is followed bypartial least-squares projections to
yielding more or less strong associations. For interactions latent structures discriminant analysi®LS-DA), which
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Table 1: Soluble and Membrane-Bound Glycosyltransfefases

calculated pl
organism function full/N-/C-domairf UniProt identifier
membrane
Acholeplasma laidlawii MGIcDAG synthase 9.5/9.8/5.5 Q93P60_ACHLA
Acholeplasma laidlawii DGIcDAG synthase 9.4/10.0/6.4 Q8KQL6_ACHLA
Arabidopsis thaliana DGalDAG synthase 1 7.6/8.4/6.8 Q9S7D1_ARATH
Arabidopsis thaliana DGalDAG synthase 2 8.7/8.8/6.4 065264 _ARATH
Arabidopsis thaliana MGalDAG synthase C 8.5/8.8/6.6 Q9SI193_ARATH
Arabidopsis thaliana sterol GT 6.3/7.2/5.4 023649 _ARATH
Arabidopsis thaliana sulfolipid synthase 8.6/9.8/4.8 Q8S4F6_ARATH
Arabidopsis thaliana SQDAG synthase 7.1/9.4/14.7 QI9LFB4_ARATH
Avena satia sterol GT 5.8/6.1/5.2 022678 _AVESA
Bacillus subtilis processive lipid GT YpfP 8.5/9.3/5.6 YPFP_BACSU
Borrelia burgdorferi MGalDAG synthase 9.7/10.0/8.8 051410 BORBU
Cucumis satius MGalDAG synthase A 9.2/9.5/8.2 P93115 CUCSA
Escherichia coli cell-wall GT Mur@ 9.7/10.8/5.9 MURG_ECOLI
Escherichia coli Lps heptosyltransferase 7.219.7/5.6 RFAF_ECOLI
Neissera meningiditis cell-wall GT MurG 8.8/9.9/5.5 MURG_NEIMA
Pseudomonas aeruginosa rhamnosyltransferase 8.8/8.9/8.0 Q51560 _PSEAE
Pseudomonas paucimobilis glucoronosyltransferase GelK 8.7/10.0/5.2 Q9APE1_PSEPA
Staphylococcus aureus processive lipid GT YpfP 8.9/9.0/7.9 086492_STAAU
Streptococcus pneumoniae MGIcDAG synthase 6.1/9.1/4.6 Q97QX1_STRPN
Streptococcus pneumoniae GalGIcDAG synthase CpoA 6.7/9.3/5.2 006452_STRPN
soluble
Agrobacterium tumefaciens glycogen synthase 1 6.0/5.3/8.7 GLGA1_AGRTS5
Amycolatopsis orientalis vancomycin GT GtfAR 4.8/4.7/5.1 P96558 AMYOR
Amycolatopsis orientalis vancomycin GT GtfD 5.0/4.7/5.9 Q9AFC7_AMYOR
Arabidopsis thaliana trehalose phosphate synthase 6.7/6.5/7.8 P93653_ARATH
Aspergillus niger trehalose phosphate synthase 5.4/5.0/6.3 TPSA_ASPNG
Bacillus subtilis glycogen synthase 5.3/5.3/5.3 GLGA BACSU
Bacteriophage T4 DNA B-GT? 9.1/9.3/7.1 GSTB_BPT4
Candida albicans trehalose phosphate synthase 6.3/6.3/6.4 Q9HEPO_CANAL
Escherichia coli epimerase 5.9/6.1/5.8 WECB_ECOLI
Escherichia coli glycogen synthase 6.1/6.4/5.4 GLGA_ECO57
Escherichia coli maltodextrin phosphorylage 7.3/6.4/8.5 PHSM_ECOLI
Escherichia coli trehalose phosphate synthase 6.4/5.8/8.8 OTSA_ECOLI

aGTs of GT-B fold with established localization and function, several determined 3D structures, and from various CAZy families are included.
The membrane group contains no transmembrane segments according to predictions and stristai#ished 3D-structuréOnly two digits
shown for pl. C-terminal sequence tail included in N-domain according to structures and fold recognition (cf. Figures 2 andadization
predicted here.

finds the relationships between the X-matrix (periodic enzymes with too similar aa-sequences, was important. The
sequence properties) and the Y-matrix (group membership),isoelectric points for full size GTs and their N- and
also involvingcrosswvalidation (24). PLS-DA was used with  C-domains (according to the MetaServer) were calculated.
the assumption that sequences belonging to the sameSeveralin silico mutants of these, with swapped helical
localization class have common features and therefore will segments and N/C domains, were also constructed and
behave similarly in the analysis, as visualized in fitere included in the calculations.
plot. This method can also be used fedict class- Materials. The peptide corresponding to the potential
belongings for unclassified sequences. The PLS modelalMGS membrane-binding segment (65-SLKGFRLVLF-
contains information both regarding the relationship among VKRYVRKMRKLKL-87) was synthesized and purified
the objects gcore$ and the contribution of the variables to (immunograde) by NeoMPS SA, France. The lipids 1,2-
the model PLS weights The objects best separated, hence dimyristoylsn-glycero-3-phosphocholine (DMPC), 1,2-
localized far away from the center of the plot, are the ones dihexanoylsn-glycero-3-phosphocholine (DHPC), and
best described by the variables with the largest weight. Such1-palmityl-2-steroyl-(5-DOXYL)sn-glycero-3-phosphocho-
variables are therefore most likely to be identified at the line as well as chain-deuterated DHIIg;-and DMPCéls,
sequence level in these proteins. @(cum) value is were all purchased from Avanti Polar Lipids, USA, and 1,2-
calculated, which describes how much of the variance in the dimyristoyl-snglycero-3-[phospho-rac-(1-glycerol)] (DMPG)
Y matrix can be predicted by the model. To obtain a perfect and chain-deuterated DMP@, were from Larodan AB,
score of 1, all objects should be predicted back to the exactSweden.
position given by the Y matrix. AQ?(cum) larger than 0.1 Bicelle PreparationBicelles were produced by vortexing
corresponds to a 95% significance of the model. the long-chain lipid DMPC together with the peptide isCH
Glycosyltransferase Reference SequenEesthe multi- DHPC dissolved in KO was then added and vortexed,
variate analyses, a set of GTs with GT-B fold and experi- rendering a sample with 1 mM peptide, 50 mM DMPC, and
mental verification of membrane (or lipid bilayer) localiza- 200 mM DHPC. The size of the bicelles can be roughly
tion, plus a set of soluble ones were selected (Table 1). Here estimated by the ratig = [long chained lipid]/[short chained
a distribution from various CAZy GT-families and ones with lipid], and in these experiments, bicelles witk= 0.25 were
established 3D-structures as well as avoiding bias from used. Acidic bicelles were prepared by exchanging 10% or
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30% of DMPC for DMPG. In the bicelle experiments, the
pH was adjusted to 5.7 with a 100 mM phosphate buffer. In
all samples, 10% of BD was added for field/frequency lock
stabilization during the NMR experiments. The samples

Biochemistry, Vol. 46, No. 19, 20056667

Structure CalculationResonance assignments for S65-
L87 in DHPC, zwitterionic bicelles, and in 10% acidic
bicelles were obtained using a combination of the TOCSY
spectra and sequential NOESY cross-peaks. A solution

containing peptide together with DHPC were prepared by structure of the peptide in 100 mM DHPC was calculated

mixing 1 mM peptide with 100 mM of DHPC.
CD SpectroscopyAll CD spectra were recorded in the

on the basis of NOESY-derived distance constraints. The
NOESY cross-peaks were categorized into three different

wavelength range between 190 and 250 nm on a JASCOgroups depending on intensity. These groups were classified

J-720 CD spectropolarimeter using a bandwidth of 0.2 nm.

A quartz cuvette with a path length of 0.05 mm was used,
requiring approximately 150L per sample. The spectra were
recorded at 37C with 10 scans each. The-helix content

as strong, medium, and weak intensities and were assigned
the upper distance limits:3.5 A, < 45 A, and<6 A. In

total, 188 upper distance constraints were used to calculate
structures. The upper limits were adjusted iteratively during

was estimated by measuring the mean residue ellipticity at structure calculation. Fifty structures were calculated using
222 nm. From assuming a two-state equilibrium between the program DYANA (version 1.5)30), and the 24 best

a-helix and random coil conformation, the percentage of
o-helical conformation can be estimatezby.

Preparation of Liposomed.ipids in chloroform solutions
were mixed to contain DOPC from 100 mol % to 60 mol %
and DOPG from 0 mol % to 40 mol %. The solvent was
removed under Nflow overnight. Dried lipids were resus-
pended to 10 mM in 1 mL of 10 mM HEPES at pH 7.4, 150
mM NaCl, and 0.1% DMSO. Hydration of lipid films was
done at room temperature by extensive vortexing. Lipid

structures, as judged from violation energies and DYANA
target function, were selected. The quality of the final
ensemble of structures was evaluated by examining Ram-
achandran maps, bond geometry, and secondary structure by
using the program PROCHECK-NMRY).

Positioning Studiedl-Palmityl-2-steroyl-(5-DOXYL)sn
glycero-3-phosphocholine was dissolved in methanol and
added to the S65-L87 peptide dissolved in neutral bicelle
solution and to the peptide dissolved in 10% acidic bicelle

solutions were then pushed through double polycarbonatesolution (to a concentration of 0.75 mM 5-DOXYL-labeled

filters, 0.1 um pore size, 21 times using a 1-mL extruder
(Avestin LiposoFast) to yield unilamellar vesicle26).
Liposomes were stored &t8 °C.

Binding Analysis with Surface Plasmon ResonaisfeR
was carried out on a BlAcore 3000 instrument (Biacore

lipid in a sample with 1 mM peptide and 250 mM total lipid).
This procedure has previously been demonstrated to be useful
in both micellar systems3@) and in bicelles 33, 34). The
spin-labeled phospholipids have been used to investigate
membrane penetration depths in bilaye3s, 36), and at the

AB, Sweden) using Sensor Chip L1 and 10 mM Hepes at low molar fractions used here, no bilayer perturbation has

pH 7.4, 150 mM NacCl, and 0.1% DMSO as running buffer.
The chip surface was cleaned with 40 mMoctyl-3-
glycoside (20uL, 20 uL/min) and running buffer (5Q.L,

20 uL/min). Liposomes with varying lipid composition were
injected (3QuL, 3 uL/min) giving a response of 20664500
response units (RU). Ten millimolar NaOH (2@, 50 uL/
min) was injected to remove multilamellar vesicles. The

been observed. Two-dimensional TOCSY speatsa & 30

ms) were recorded before and after the addition of the spin-

labeled lipid, and by measuring peak intensity reduction in

the H'—H® fingerprint region, the positions of the residues

in the peptide relative to the spin-label were estimated.
3P NMR. The 3P NMR spectra were measured using

suspensions containing 25 mg of DOPE/DOPG 7:3 (mol/

resulting membrane surface was then coated with 3 mM mol). Films were made from a solution of lipid in chloroform/

DOPC liposomes (1@L, 2 uL/min) to obtain a similar
level, 4006-7000 RU, of liposome immobilization. Re-
moval of multilamellar vesicles was repeated by injecting
10 mM NaOH (50uL, 50 uL/min). Injection of running
buffer (50 uL, 5 uL/min) was done to obtain a stable
baseline. Peptide was injected (2b, 5 uL/min) using the
KINJECT command; both association and dissociation
were followed for 5 min. Regeneration was done by double
injection of 50% 2-propanol in 50 mM NaOH (14L, 5
uL/min).

Solution NMR Spectroscoppll *H NMR spectra were

methanol (2:1, v/v) with or without the addition of a
methanolic solution of the S65-L87 peptide to attain the
desired lipid-to-peptide ratio. The lipids and peptide were
deposited as a film by evaporation of the solvent with
nitrogen and then hydrated by vortexing with 200 of 20
mM PIPES, 1 mM EDTA, and 150 mM NaCl with 0.002%
NaN; at pH 7.40. The suspension was then frozen and thawed
three times to ensure equilibration and then loaded onto a
5-mm Shigemi NMR tube.

Spectra were obtained using a Bruker DRX-500 spec-
trometer operating at 202.45 MHm ia 5 mmbroad band

recorded on a Varian Inova NMR spectrometer operating at probe over a 48.6 kHz sweep width in ¥61024 data points.

a'H frequency of 600 MHz at 37C. NOESY spectra?)

A 90° pulse width of 9.4us was used. Composite pulse

and TOCSY spectr&2@) were recorded in order to calculate decoupling was used to remove any proton coupling. Spectra
the secondary and tertiary structure of the aIMGS peptide were referenced to phosphoric acid assigned a chemical shift
in membrane mimetic environments. The NOESY spectra of 0 ppm. Generally, 800 free induction decays were
were recorded with a mixing time of 100 ms, while the processed using an exponential line broadening of 100 Hz
TOCSY spectra were recorded with 20, 30, and 80 ms; 2048 prior to Fourier transformation. Probe temperature was
data points were collected in thedimension and 512 data maintained to+/—0.2 °C by a Bruker BVT 3000 variable
points in the {-dimension. The water signal was suppressed temperature unit. Temperatures were monitored with a
with the WATERGATE method 29). The spectra were calibrated thermocouple probe placed in the cavity of the
processed with FELIX (Accelrys, version 2001.1), and the NMR magnet.

processing included zero-filling to 4096 2048 data points Differential Scanning Calorimetry (DSCEach sample
prior to Fourier transformation. contained 10 mg of DPoPE in chloroform/methanol (2:1,
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Class separation Segment swapping
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Ficure 1: Separation of membrane-bound and soluble glycosyltransferases on basis of sequence property patterns. (A) Score plot from the
multivariate PLS-DA analysis of all ACC terms (combinationz®friables) within a sliding window of 19 a24). The membrane-bound
enzymes form a clear cluster, with three significant PLS components separating the group®(@nch# value for the model of 0.52
(“predictability”, cf. Experimental Procedures). The two first components (score vectors t1 and t2) are shown. The sequence sets are shown
in Table 1. (B) Domain and helix swapping. N- and C-domains, and the a8®B%5elix in aIMGS (and counterparts in GtfD and MurG),
were exchangeih silico and the hybrids predicted against the model of Figure 1A. (Only the hybrid constructs are shown.) Score vectors
tPS1 and tPS2 are for the prediction set (PS). Symbols: 1, N-GtfD/C-aIMGS; 2, N-aIMGS/C-GtfD; 3, N-MurG/C-alMGS; 4, N-aIMGS/
C-MurG; 5, alMGS/helix-GtfD; 6, aIMGS/helix-MurG; 7, GtfD/helix-alMGS; 8, GtfD/helix-MurG; 9, MurG/helix-aIMGS; and 10, MurG/
helix-GtfD.

v/v), and to some, a small aliquot of a methanolic solution to the coref-strands in the established structures and are
of the S65-L87 peptide solution was also added. The mixturesnot likely to contribute any properties to the protein surfaces
were then made into a film by solvent evaporation and or membrane binding. Hence, it was evident from these
processed essentially as described above foPfAeNMR analyses that established hydrophobicity sequence analyses
samples. The lipid suspension was vortexed extensively andfail to clearly discriminate this group of surface-associated
degassed under vacuum before being loaded into a NanoCaimembrane enzymes from soluble ones. However, the cal-
high sensitivity scanning calorimeter (CSC, Lindon, UT). A culated isoelectric points for especially the N-domain of the
heating scan rate of 0.7/nin was employed. The bilayer membrane GTs seem to be substantially higher than those
to hexagonal phase transition was fitted using a deconvo-for the soluble ones, which should yield a strongly plus-
lution program provided by MicroCal Inc. (Northampon, charged character at physiological pH (Table 1).
MA) with parameters to describel t_aquilibrium with a single Discrimination by Multiariate Sequence Property Analy-
van't Hoff enthqlpy and the transition temperature reported ses. Glycosyltransferases of the GT-B fold attaching the
as that for the fitted curve. donor sugar substrate i or 8 configuration can be
discriminated from each other by multivariate analysis of
RESULTS their sequence property patterns by PLS-DA (partial least-
Sequence and Structur@rsus Membrane Localization. Sguares projections to latent structures discriminant analysis)
Glycosyltransferases (GT) are among the largest groups of(24). An analogous sepa}ratlon of the membrane and §o|uble
proteins; currently, the many thousand genes/proteins (ORFs)CT-B fold ones was achieved here; see Figure 1A. This PLS
are divided into 89 families on the basis of aa similarities Score plot reveals two well separated clusters, and the model
(http:/iwww.cazy.org/CAZY/fam/acc_GT.html). However, has 3 significant PLS components an@#cum) value for
only a limited number of structures have been determined the model of 0.52 (high predictability; cf. Experimental
so far, essentially just two main structural fold groupg)( ~ Procedures). One protein, the coli heptosyltransferase
with only one example of an established membrane-associ-(Table 1) with a _recently established 3D-structure (pdb code
ated GT, theE. coli cell wall precursor GT MurG X7). 1psw) was predicted here to belong to the membrane-bound
According to fold recognition analyses (at the MetaServer, 9roup (data not shown).
cf. Experimental Procedures), the alMGS glucosyltransferase For essentially all GT-B fold GT structures determined,
is predicted to have a structure similar to those of several the -sheet cores of the Rossmann-like domains are the most
soluble glycosyltransferases (with high scores), such assimilar, especially the C-domains, and differences between
glycogen synthase and the vancomycin GT GtfB (pdb codesstructures are more pronounced at the helices and loops of
1rzu and liir, respectively) of the GT-B fold type with two the protein surfaced (, 37). An analysis of the PLS weights
Rossmann-like domains (data not shown). All of the selected behind the sequence differences between the membrane and
membrane and soluble GTs (Table 1) contain several shortsoluble groups (data not shown) were retrieved from the
sequence segments with favorald& for an interfacial major property periodicity guto-cross-coariance ACC)
(hydrophobic) lipid bilayer binding, according to predictions variables important for the separation of the membrane group
at the Membrane Protein Explorer (http://blanco.biomol. in Figure 1A. The top ones were (in rank) pl of N-domain,
uci.edu/), but no transmembrane segments according topl of full enzyme, z1*z:9, z31*239, z31*z3, and z31*z3
TMHMM (data not shown). Especially, single transmem- (being larger for the membrane group), and where the two
brane segments are common for lipid glycosyltransferasesfirst variables were substantially stronger than all the
in, for example, the endoplasmic reticulum. Some of the following ones. z is hydrophobicity/hydrophilicityz, bulk
predicted interfacial segments predicted here were confinedof side chain(volume), and zis polarizability/charge(see
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I- alMGS strongly plus-charged -I
alMGs- N'IR IGI FSEAQLPLISG‘I\-‘TQ.\;"«"NLKEGLE}'\LGHE'\.?WI Té I PSKDKFEN‘L:JPSVZRZ PC—W‘\:’IPRKSLKGFI'QLVLF'\FKRY‘.?T'{KMRKLKLD‘J\}HIHTEFSMGI:(- 100

MuzG- - KRLMVM GGHVF PGLAVAHHLMAQGWQVRWLGTADRMEADLVPKHG T EIDF IR 1 SALTARPLRIFNAWRQARATMKAY K PDVVLG VSG
GtEB--MRVLLA SRGDTEPLVALAVRVRDLGADVRMCAPPDCAERLAEGY PHVE VG e = - A VVTTCLLARAT

alMGS-LGLAVAKKERIPSVYTLHTSYQDY THYVSKLLTRFAPNAAKKLAGK INNQY TKNCHMTIVPTKKIYDKMIRLKHDGEFTI I PSGINLKPFYKSSYTSEQV-200
MurG--PGGLAAWSL VVLHE o LTNEWLA KVMQ EV TDVLA .

N/C domain linker

alMGS-CALKDKLGIRNDEFVAILVARIAKEKS IGDLVEAFVEFYKSYPNSRFIIIGDGPDKPVLDKLIDSKKASKY INTLGFVKNAEVGLYYQIADVFLNASTTE-300
MurG--FLPOORL VREVLVV RILNQTMPQVAAKL VTIWHQ SQOSVEQAYAEA EVT MARAYAWADVVVC
GtfB--SPELAAFLD VYL ADVEVAIDAIRAH VIL CFA HOWVL F AVIH

alM@s-TQGLTYVEALARASLPIIVRYDDVFDAFVEDGKNGIFFNKNEELVEKHLIHIRQNPEILGTLSKNAEISTKPYAKEVYAKSCETLYLDLIDENNEKLNEK- - -398
MurG--. ALTVSEIAAA ALFROOYWNALPLEKAGAAKTI IEQPOLEVDAVANTLASRETLLTMAERARAR DATERVANEVSRVAR
GtfB--GAG. TTHVAARA QILADQPYYAGRVAELGVGVAHDTFDSLSAALATALTPE THARATAVAGT DGAAVAARLLLDAVS

Red color, a-helix; and blue, B-strand in template structures (predicted for aIMGS)

Ficure 2: Comparison of alMGS glucosyltransferase with template structure sequences. Alignment and labels of the sequences are from
the 3D-Jury fold recognition analyses of alMGS at the MetaServer. Bltstrand, and redg-helix, in the structures of MurG and

GtfB, and predicted for aIMGS (by MetaServer). Black letters in MurG and GtfB indicate (few) deleted positions (by MetaServer) to

fit with the aIMGS sequence. Underlined sequences show segments likely to associate with a phosphatidylcholine lipid interface
according to MPEx analyse#td). Gray boxes in aIMGS are predicted helical amphilic segments S65-L85 and Y127-L132, with a
hydrophobic moment4@Q) larger than 0.50. Yellow box in MurG is the potential membrane-binding segment (helix N3), according to
structure determinatioriL). Green boxes in GtfB indicate the hypervariable (substrate-binding) sequence regions (in glycosyltransferase
GtfB, GtfD, and GtfA structures) partially overlapping helices N3 and N&20). The N/C-domain linker region is marked for GtfB. The

aa region 55 to 85 in alMGS, (and the corresponding one in MurG) is strongly enriched in positively charged amino acids, and lacks
negative ones.

Experimental Procedures). Hence, ACC variablez9 is important characteristic features of the membrane-bound
translated as a recurrent correlation between side-chaingroup of GTs.
volume at sequence position 1 with polarizability/charge at  Identification of Amphipathic HeliceJwo strongly cat-
position 9. Of the top 11 ACC variables, 8 dealt with ionic, amphipathic helices with high hydrophobic moment,
correlations between positions 1*6 to 1*19, whereas only above the threshold for interface associatidg)(seem to
three were from short distances, that is, 1*2 and 1*3 positions be present in the alMGS N-domain (Figure 2, gray segments).
(data not shown). From an analysis of the aa-sequences ofThe first is at a sequence position homologous to the
the determined 3D structuresl1*z9 andz1*z:9 seem to suggested membrane-binding region (amphipathic helix) in
be connected to the distribution (positioning) of aa properties the MurG structure (Figure 2, yellow segment). Both of these
in loops (small hydrophobic) versus position 9 downstream segments and the MurG one were indicated by multivariate
(often a plus-charged aa), frequently in another loop or a analyses (data not shown). These positions are analogous
helix (data not shown). Thesl*z3 and z1*z2:3 ACC to two of the (sequence) hypervariable substrate binding
variables correlated to properties on opposite sides of helicesyregions (Figure 2, green segments) of the vancomycin-
here in a typical amphipathic organizationl*z3 is read modifying soluble GTs19). Sugar-DAG lipid GTs closely
aszs (polarizability/chargé at position 1 correlating witly related to alMGS, selected by BLAST analysis (data not
(hydrophobicity/hydrophilicityat position 3, that is, on the  shown), all have a predicted amphipathic helix at a
other side of a helix. These features also include the position corresponding to the first aIMGS, but sequence
magnitudes (“property strength”) of these variables. conservation is much less for this segment than for the rest
Likewise, the z31*z3 term deals with different charge of the alMGS-related enzymes, according to analyses at the
(polarizability) properties on the opposite side of helices. This ConSurf server (cf. Figure 3). However, note the conserved
is analogous to the weak amphipathic character (propertyHis motif just downstream of the amphipathic segment.
periodicity) recorded for many helices in soluble proteins Likewise, sequence conservation for the analogous amphi-
(38) but is stronger here for the membrane GT group. It is pathic segment in MurG (Figure 2, yellow segment; Figure
also noticeable that the strong position 1*5 correlation 3, last row) is low in many MurG homologues, as revealed
occurring for several aa-patterns and the position 1*5*9 from a BLAST comparison (data not shown). This may
aromatic and glycine motifs in interacting transmembrane indicate that these segments are not only involved in binding
helices, that is, all on the same helix face (s88{41)), the acceptor (lipid) substrates, which are essentially identical
were absent here (data not shown). within each of the two sets of MGS and MurG enzymes
By swapping N- and C-domain#n silico and then analyzed, respectively. However, the two helices in alMGS
predicting the class-belonging for the hybrids in the multi- and MurG occupy similar positions in the highly plus-
variate model, it was obvious that the N-domain had a large charged N-domains, as is evident from Figure 4, indicating
impact for the localization grouping but that the sequence similar orientation/positioning of the enzymes with respect
features of the C-domains were different for the membrane to the membrane surfact silico swapping, followed by
and soluble GTs; see Figure 1B. These findings support theprediction against the multivariate model (in Figure 1A),
presence of highly cationic N-domains, unique sequence showed that these segments were important for class assign-
position (property) correlations, and amphipathic helices as ment but slightly less so than the full N- or C-domains; see
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Species E-value® Identical Potential membrane-binding segment” UniProt Accession
aa’s (%)}

Acholeplasma laidlawii* 0.0 100 59 WVIPRKSLKGFRLVLEVKRYVRKMRKLKLOVVHIHTE 95 Q93P60_ACHLA
Cnion yellows phytoplasma 2e-79 40 MPLPFEKIFEDYRWVLSYKKHLFEIKALNLOVIHVHTE Q6YRK6 ONYPE
Treponema denticola 8e-64 36 IPFFEWSEFRIGLFLEHTEAYNEVEALNFDI Q73L31 TREDE
Listeria monocytogenes 8e-59 32 IPFVFFPERRV-AIAGMNKFIKLVGRLDLDI Q4EFHO LISMO
Streptococcus pyogenes 4e-54 34 VPFVSFTDRRV-VYRGLISSYKIAKHYNLDI Q48USE STRPM
Enterococcus faecalis le-53 33 VPEVSFEDRRV-VVRCMWYAYLIAKELELD QB830A6 ENTFA

Streptococcus mutans 2e-51 32 VPEFFAFKDERV-AYAGFTDALKIASRYKLD Q301X1_STRSU
Lactobacillus plantarum 2e-50 31 IPFVSFTDRRI-AVREGLFEAY OVAKDLGLD QBBXDT_LACPL
Streptococcus pneumoniae* 5e-49 31 IPFVSFTDRRI-AFRGLFEATKVAKEVNLD QSFLUD_LACAC
Lactococcus lactis S5e-48 32 IPFVELAERKI-VLEGVFAAYLIAKEYDLD Q9CDS5 LACLA

Clostridium acetobutylicum 3e-46 30 FAIGIYPDARI-MEKPIKNKIVGEIIKWRPDIIHSD

] Q97G35_CLOAB
Borrelia burgdorferi* le-44 29 IQINKELDAVI-AFPNERKISKIIQSYKPDIIHTHSE 051410_BORBU
Thermotoga maritima* le-38 29 IPFPFEPOHRI-SIASTENILEFMRENNVOQIIHSHSP QOWEK3_THEMA
Deinococcus radiodurans* 6e-29 27 VEYPLLPTYRL-AWPGR—===RSFEQR=-YDLIHTHTE Q9RVOS DEIRA
Escherichia coli MurG (PDB-1FCK) BlIRISGLRGEKGIKALIAAPLEIFNAWREQARAIMEAYKEPD 98 MURG_EEOLI

SFor full length proteins. “Black, hydrophobic; green, polar; blue, positive; and red, negative amino acid residues, repectively. *Established enzyme function.

Ficure 3: Similarities to other lipid glycosyltransferases. aIMGS was used as a query in a PSI-BLAST search. The amphipathic segment

is the least conserved region sequence-wise, according to analyses at the ConSurf server (http://consurf.tau.ac.il/). Only selected sequences
with high similarities are shown, and subspecies variants are omitted. All species contain a monoglycosyldiacylglycerol lipid(except

coli), and in *-labeled ones, the corresponding lipid glycosyltransferase gene has been functionally verified. All proteins (enzymes) belong

to GT family 4 of glycosyltransferases in the CAZy database (http://afmb.cnrs-mrs.fr/CAZY/GT.html), except for MurG (GT-28). Sequence
segments are aligned by ClustalW of full-length proteins. The aIMGS predicted amphiphilic helix and MurG &laréNunderlined; the

double lines for MurG indicate exposed aa’s of the proposed membrane-binding patcklirG sequence similarity to alMGS is below

the statistical similarity threshhold (data not shown). Symbols: black, hydrophobic; green, polar; blue, positive; and red, negative amino
acid residues.
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Acholeplasma laidlawii MGS Escherichia coli MurG

Ficure 4: Amphipathic helices and surface charge in alMGS and
MurG. Visualization of the potential membrane-binding helices in
the highly plus-charged N-domains of the aIMGS mod€)) @nd
MurG pdb 1FOK structure (bottom, binding surfaces shown). Blue, 190 200 210 220 230 240 250
cationic; red, anionic; and gray, hydrophobic (cf. aa sequences in Wavelength (nm)
Figure 2). The MurG helix was suggested as a potential binding
one in the structure analysid?). In alMGS, the eight positively
charged residue pairs are marked in yellow (hot to scale). The last
two pairs (K393-K394 and K397K398) are not part of the
stucture model but lie close to the binding peptide S65-L85 C-en
Such pairs are essentially absent in MurG (only one), which instead
contains a number of W residues (yellow label for W85, W116,
W137, and W291) in a predicted interface-associating patch dmol in 30% anionic bicelle solutionq(= 0.30). This
including the helix. In alMGS, a conserved EXmotif for the translates to an estimatethelix content of 43% in the
donor sugar nucleotide is localized in the top right (C-terminal) [pe solution, 31% in a zwitterionic (i.e., PC) bicelle
side of the interdomain cleft, next to the tip of the blue triangular . or i S . g .
area. Anionic lipids may affect the access of the DAG acceptor to S0lution, and 36% in an anionic bicelle solution (i.e., with
this donor site (see Discussion). PG), respectively. A somewhat larger amount of helix is thus
observed in DHPC micelles, which agrees with previous
Figure 1B. On the basis of these findings, the segment 65-observations for peptides in different solveng3)( The
SLKGFRLVLFVKRYVRKMRKLKL-87 (S65-L87)inalMGS absolute amount of helix is, however, difficult to determine
(cf. Figure 3) was selected as a potential membrane-bindingquantitatively because differences in solubility and back-
segment. ground may influence the spectra. Hence, a lipid environment
CD Ana|ysis_ Circular dichroism measurements of a Seems to induce a helix conformation of the peptide, at both
synthetic S65-L87 peptide were performed in several dif- Zwitterionic and anionic aggregate surface charges.
ferent membrane-mimicking environments.( DHPC, Binding Affinity of the Peptide to Lipid Bilayerdhe
zwitterionic bicelles, and acidic (anionic) bicelles) in order affinity of S65-L87 to lipid bilayers was estimated by the
to determine the overall conformation (Figure 5). The CD surface plasmon resonance technique. Biacore L1 sensor
spectra indicate am-helix conformation in all solvents  chips were covered by liposomes according to established
except water, with a mean molar ellipticity at 222 nm of procedures. Because of the inherent anionic character of the
—13307 cm?/dmol in DHPC solution,—8611° crm?/dmol chip surface, the extent of capture was reduced for anionic
in zwitterionic bicelle solutiond = 0.30), and—10492 cnv/ vesicles. Similar features have been observed by oth8)s (

Mean Residue Molar Ellipticity
(mdeg cm?/dmol)
=
|

Ficure 5: CD spectra for the alMGS peptide in different environ-
ments. One millimolar peptide in 100 mM DHPC micell&3)
DMPC/DHPC bicellesd = 0.25) @®); 30% acidic bicellesd =

d. 0.25, and [DMPG]/[DMPCJ= 0.3) (4); and 100 mM phosphate
Jbuffer, pH 5.6 &); all recorded at 37C.
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4000 (44). Estimation of the dissociation constanis) from the
gy —— 100% PC equilibrium states showed th&p (M) for the peptide was

3000 : i ——— 20%PG in the range 10°’—10° for 100% DOPC bilayers, 16—
it | S 40% PG 10 12for 20% DOPG (in DOPC), and 1¢?for 40% DOPG

(in DOPC), depending on experimental conditions. This is
analogous to the differential binding of PC and PG liposomes
to the full size aIMGS enzyme. The latter experiments also
revealed similar affinities, with overalp values between
10°1° (M) for DOPC and 10*-10"*? for 20 and 40%

0 DOPG (12). Hence, the S65-L87 peptide seems to have lipid
bilayer-binding affinities fairly similar to that of the full-
size alMGS enzyme.

Structure of S65-L87 Peptide According to Solution NMR.
Two-dimensional TOCSY and NOESY spectra were re-
Ficure 6: Lipid binding analyzed by SPR. Binding of alMGS corded for th_e peptide in DHPC’ neutral blcelles,_ and in
peptide S65-L87 to liposome-coated Biacore L1 sensor chip surface.(partly) negatively charged bicelles. Backbone assignments

The peptide (5:M) was injected at a flow rate of GL/min over could be made for all but the two N-terminal residues
the different lipid surfaces, containing DOPC only, DOPC/DOPG in the peptide in DHPC (Ser65 and Leu66), and ap-

8:2, and DOPC/DOPG 6:4. Arrows denote the start and stop of proximately 90% of the side chains were assigned. In the

peptide; duplicate experiments are shown. bicelle samples, assignments were made f8y H, and

- — H? protons. A structure was calculated for the alMGS

Table 2: Structure Calculation Data for alMGS Peptide in 100 mM peptide in DHPC, on the basis of 188 NOE-derived distances

DHPC (24 Structures ’ o
( ) No long-range NOEs were observed, but the sequential

2000 1

1000 A

Response Units

-1000

-200 0 200 400 600 800
Seconds

B‘;Zﬁ:;;g%??jgg%ﬁ é%gi 0.01 &2 and medium-range NOEs as well as secondargemical
maximum distance violation 0.1t 0.02 A shifts were consistent with a helical structure for at least
backbone atom rmsd (A) part of the peptide, which made it possible to calculate the
residues 3-23 2.42 structure of the peptide in DHPC. The 24 best structures,
;:2:3325&8&? 8:% with the lowest energies, were chosen to represent the
Ramachandran plot regions (%) final structure (Table 2, Figure 7). From analyses of
most favored regions 75.6 hydrogen bond patterns and backbone torsion angles, it was
allowed regions _ 17.3 found that the peptide adopts a helical structure between
generously allowed regions 50 residues Leu7l and Met82. There is evidence that the

disallowed regions 2.1

helix extends even further toward the N-terminus, but
because of overlap, not many NOE-derived distances
This was compensated for by capturing DOPC vesicles typical for a-helix conformation were found for these
(zwitterionic) in a subsequent second adsorption round, resjdues.
reaching similar final lipid amounts on the chip surfaces for  From thelH NMR spectra in DHPC, neutral bicelle and
all experiments and avoiding binding of the cationic peptide acidic bicelle secondary chemical shifts fot Hrigure 8a-
to the naked chip surface. The amount of peptide bound toc) and H' (Figure 8d-e) were calculated according to ref
the bilayer surfaces rose with increasing peptide concentra-45, |n the DHPC environment, the ®Hsecondary shifts
tions (nano to micromolar range) for both DOPC (zwitteri- indicate a helical structure from at least Phe69 to Met82, a
onic)- and DOPG-containing (anionic) bilayers. Figure 6 region that has extended to also include Arg83 and Lys84
shows binding of S65-L87 at equilibrium conditions (plateu in the neutral and acidic bicelle samples. Line broadening
levels reached) with &M peptide and buffer similar to that  in the bicelle spectra made it virtually impossible to
for the CD experiments. Binding was always fast, but the determine useful structural constraints to calculate a solution
amounts of bound peptide during the association phasestructure in those solvents, but because overall the H
showed a complex dependence on injected concentrationssecondary shifts were fairly independent of changes in
buffer salt strength, and mol % DOPG (data not shown). solvent, we conclude that the structure is similar in the three
Especially at low peptide concentrations, the dissociation environments.
phase was dramatically different for the DOPC (fast) and  The differences between measure¥idtemical shifts and
DOPG (slow) bilayers. Potentially, this may depend on the random coil values for the peptide were also calculated.
competition between the hydrophobic and charge peptide These differences in the acidic and the neutral bicelle spectra
properties for interaction with the lipid interface, which may are almost equaL and 0n|y S||ght differences between the
also involve preferential orientations of the peptide close to pjcelle results and those in DHPC are seen. In all three types
the surface. At the higher peptide concentrations, bilayer of environments, the Msecondary chemical shifts vary with
affinity substantially increased by increasing the content of 3 periodicity characteristic of an amphipathichelical
the anionic DOPG (as in Figure 6). structure. The results further suggest that the C-terminal is
The CD analyses (Figure 5) showed the induction of a localized in a more hydrophilic surrounding (i.e., outside the
helix conformation, from a random, by both a PC and a PG membrane) than the rest of the peptide.
lipid surface environment. Consequently, binding to these Positioning of S65-L87 in Neutral and Acidic Bicell@s.
lipids (Figure 6) is likely to follow a two-state model, with  spin-labeled phospholipid was used to investigate the bicelle
potential formation of the helix at the bilayer surface/interface interaction of the peptide. The residues most affected by
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peptide, stepwise from 0.00114 to 0.00453, the transition

temperature rose as shown in Figure 10. This strongly

indicates that the peptide intercalates in the interface, between
the polar headgroups of DPoPE, and stabilizes the bilayer
phase by promoting a more positive (less negative) curvature
(46).

The morphology and phase equilibria of lipid aggregates
can be assessed B NMR. Spectra were obtained from
suspensions of DOPE/DOPG (7:3 mol/mol), analogous to
the in vivo phospholipid composition oE. coli inner
membranes. This mixture has a transition (two-phase region)
from a lamellar (bilayer) to an isotropic (potentially cubic)
phase between 45 and PC (Figure 11, left column).

At a lipid/peptide ratio of 30/1, that is, substantially more
peptide than in the DSC experiments, this transition was
suppressed and a bilayer organization maintained at all
temperatures; cf. the absence of an isotropic peak in Figure
11, middle column. Here, the amounts of peptide plus charge
and PG minus charge are fairly similar (PE zwitterionic
charges not included). Hence, the nonbilayer-prone DOPE
participates in a lamellar phase (with DOPG) at higher
temperatures with peptide present, according to the chemical
shift anisotropies. Likewise, the bilayer-prone DOPG
participates in the isotropic phase (with DOPE) without
peptide (Figure 11, left column). At a lipid/peptide ratio
of 15/1 (Figure 11, right column), there is a substantial
excess of peptide plus charges (10/peptide) over anionic

Ficure 7: Solution structure of the aIMGS peptide from NMR in DOPG in the mixture, and here, an isotropic phase was

100 mM DHPC as represented by an ensemble of 24 structures. ; P :
The overlay was donch))n backboneyatoms in residues byls&787 present in equilibrium V\.”th a .Iamellar one between 60
(N-terminal to the right). The bottom panels show end views (N- @nd 90°C, although the isotropic component was a small

terminal outward) of the alMGS and the corresponding MurG fraction of the total powder pattern and was broader than
peptide (cf. Figure 5). Positively charged residues are colored bluethat for the lipid alone. Potentially, the cluster of plus
(cf. Figure 4). charges in the C-terminal region of S65-L87 may with-
draw DOPG by complex formation to a lamellar phase in a
the spin label were Gly68, Lys76, Arg80, and Leu85 portion of the sample and thereby allow the formation of an
(Figure 9). In zwitterionic bicelles, the signal corresponding isotropic phase by the remaining DOPE. Hence, the peptide
to Met82 had disappeared. With the exception of the residuesaffects the packing of both zwitterionic and anionic lipids,
between Phe74 and Arg80, a fairly periodic behavior can and at low peptide amounts, this clearly supports an
be discerned, supporting the amphipathitielix character  intercalation of the peptide in the bilayer interphase between
of the peptide residing in the interface between the acyl the polar headgroups, promoting a more positive curvature
chain interior and the headgroup surface region. The residuesstrain.
in the C-terminal part are also less affected than the The middle part of S65-L87 contains a (potential) CRAC
N-terminal ones, indicating that the charged C-terminus is cholesterol binding motif, L/V-(X)(1-5)-Y-(X)(1-5)-R/K,
situated outside of the bilayer. This agrees well with the identified as a common element in proteins that have
secondary chemical shifts for theVHbrotons. The results  interactions with cholesterofiy). Certain peptides with this
also indicate that the N-terminus of the peptide is inserted motif are found to sequester cholesterol into doma#8. (
more deeply in the bilayer of the zwitterionic bicelles as However, analysis with DSC of various SOPG/cholesterol/
compared to the partly charged (anionic) bicelles. peptide mixtures showed that the ability of the peptide to
Influence on Lipid Packing as Monitored by DSC &¥#d cause sequestration of cholesterol was very weak (data not
NMR.Depending on the extent of bilayer lateral penetration shown). The high content of basic residues in this CRAC
by a peptide, the packing features of the lipid constituents segment is not typical for such motifs, and this may relate
will be differently affected. The ability of the S65-L87 to the inability of this peptide to interact with cholesterol.
peptide to modulate the lamellar to reversed hexagonal Still, the presence of a cholesterol-binding motif in a
transition of hydrated DPoPE (zwitterionic) lipids was mycoplasma regulatory protein would potentially be biologi-
analyzed with differential scanning calorimetry. In cally functional because these small bacteria are surface
addition to raising the bilayer to hexagonal phase transition parasites on eukaryotes and incorporate cholesterol in their
temperature, introduction of a second component, the membranes, which affects aIMGS activity vitro as well
peptide in this case, causes loss of cooperativity of the asin vivo.
transition resulting in broadening of the transition. An
accurate bilayer to hexagonal transition temperature cannotDISCUSSlON
be obtained at mole fractions much greater than 0.005 for Features of Bilayer Interface-Binding Glycosyltrans-
this large peptide. With increasing mole fractions of ferasesFrom the combined multivariate and bioinformatic

alMGS peptide N
in DHPC e
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Ficure 8: Secondary chemical shifts. Secondary chemical shifts for the aIMGS peptide in (a) 100 mM DHPC; (b) DMPCH#pHPC (
0.25) bicelles; and in (c) partly negatively charged bicelles ((DMPG]/[DMRQ].1, andq = 0.25). Secondary Mchemical shifts for the
alMGS peptide in (d) 100 mM DHPC; (e) DMPC/DHP@ € 0.25) bicelles; and in (f) partly negatively charged bicelles [DMPG]/
[DMPC] = 0.1; andq = 0.3.
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FIGURE 9: Intensity of H'—H® cross-peaks in TOCSY with spin  Figure 10: Dependence of the bilayer to hexagonal phase transition
label. One millimolar alMGS peptide in neutral DMPC/DHPC  temperature. DPOPE was mixed with different mole fractions of

bicelles @) and in 10% acidic bicelles, [DMPG])/[DMPCF 0.1 the S65-L87 peptide. The positive linear regression of the line
(m), after the addition of 0.75 mM 1-palmityl-2-steroyl-(5-DOXYL)-  joining all of the points provides a measure of the promotion of

snglycero-3-phosphocholingqfx = 30 ms). positive curvature by the peptide.

sequence analyses plus several structural methods heresharacter of soluble C2 domains (with established structures)
certain features for membrane-bound glycosyltransferases ofinteracting with phospholipids at membrane interface}. (
the GT-B fold (lacking transmembrane segments) are evident.The latter study also revealed a higher surface proportion of
(i) Amino Acid Sequence Propertieshe most highly aliphatic (V, L, I, and M) and aromatic aa’s (especially W)
ranked factor according to the PLS grouping in Figure 1 is and also C and K/R on the structures. In re-entrant regions
the high pl of the N-domains, followed by the pl of the full- between TM helices in integral membrane protein structures,
size proteins. This is also clearly indicated from Table 1. It small aa’s, Trp, and Tyr and a certain fraction of hydrophobic
is well established that a high content of positively charged aa’s were recently recordedb). The sequence-based
(cationic) amino acid residues promotes membrane surfacemultivariate method used here ranked volume and charge
binding of both soluble and amphipathic proteins and correlations between positions 1 and 9 (in the sliding
peptides by interactions with, especially, anionic phospho- window) as the third and fourth factor in terms of importance.
lipids. Recently, from a support vector machine analysis, These aa’s were ones with a smaller side-chain volumes
cationic protein surface charge was shown to be the major(such as G, V, I, A, L, and T) and frequently in loops,
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respectively. In addition, both species have a minority
fraction of anionic phospholipids in their membranes.
Alternatively, it reflects differences in how the lipid matrixes
may influence or control the corresponding GT activities.
The latter is supported by the K/R pair versus W content in
two other E. coli GT-B structures with acceptor (lipid)
substrates in the membrane: WaaC and Wa8& %4).
These two both have high pl values and 5/8 and 4/3 K/R
pairs over W, respectively, that is, fairly different from the
1/8 relationship in MurG above. Analogous differences exist
for more GTs in the set analyzed (Table 1), with Bezillus
subtilis and Borrelia burgdorferilipid GTs in the low-Trp
group with 7/0 and 10/2 of KR pairs/W. The latter cell is
very rich in noncharged membrane glycolipids (data not
shown).

Similarities with other proteins are also evident. A recent
compilation of aa ligands binding directly to lipid headgroups
in (mostly integral) membrane protein structures lists K, R,
H, and Y/W as common one$%). These are also found,
including plus-charged doublets/triplets, in binding motifs
of soluble proteins binding to the anionic phosphatidic acid
and phosphatidylserine membrane lipid®)( In secreted
(soluble) phospholipases A2, tryptophan at the binding
surfaces promotes association with zwitterionic phospholipid
interfaces, whereas K and R enhance binding and activity
for anionic lipid membraness{, 58).

Hence, from the multivariate sequence property analyses
of membrane surface-bound glycosyltransferases here (Table

(“membrane mimick”) as a control (left column) and lipids with

peptide (middle and right columns). 1 and Figure 1), we conclude that the high content of

positively charged aa’s, that is, the high pl, is a key signature
correlating in prevalence with, especially, K and R (in a helix factor for this group of enzymes and is likely to attract and
or loop). Likewise, K and R correlated with K and R at anchor the proteins to anionic phospholipids. Furthermore,
position 9 and also often in loops. It may be anticipated that the varying contents of K/R pairs and W are probably related
these loops can intercalate among the lipid headgroups sucho host membrane lipid composition and regulatory demands.
as the re-entrant segments of TM proteins. (i) Amphipathic HelicesVariables describing the amphi-

It is noteworthy that tryptophan content was not a decisive pathicity (“sidedness”) of helices, that is, charge and
factor for the multivariate separation of the membrane- hydrophobicity at position 1 versus position 3 in the window,
associated GT group from the soluble one in Figure 1 (dataranked fifth and sixth in the multivariate analyses. Such
not shown), as it was for the C2 structures and re-entranthelices were clearly identified from the MetaServer fold
segments (above). W is usually enriched in the so-called recognition and MOMENT sequence analyses (Figure 2) and
“aromatic girdle” at the membrane interface of transmem- coincided localization-wise in the predicted structure for
brane segments and is common in surface-associated heliceaMGS with a suggested membrane-binding helix in the
and loops %1). Trp also has the largeAG value of all aa’s MurG structure, as illustrated in Figure 4. However, aa
for interface localization §2). MurG and alMGS, both  sequence conservation for these segments were lower than
localized to the right in the membrane PLS cluster (Figure that for the rest of the proteins when comparing with many
1) and with similar charge (high pl) properties (Table 1), homologues (Figure 3). The N-terminal part of S65-L87 is
may illustrate differences in association for these GTs. Both similar to the amphipathic bilayer-binding helix motif of the
enzymes bind to membranes, but alMGS has only one Trpconserved bacterial cell division protein MinD, which
(W59) in the sequence, whereas MurG has eight (Figure 2).tolerates fairly large amino acid changes as long as amphi-
However, alMGS has 10 positive aa pairs (KK, KR, and RK, pathicity is kept §9). The C-terminal plus-charge cluster of
in addition to all single K and R) and all but one in the S65-L87 (KRYVRKMRK) is present in a humber of other
N-domain, whereas MurG only has one pair in total (Figure prokaryotic/eukaryotic proteins, including an archaeal gly-
2). Three of the Trp’s in MurG (W116, W137, W291) are cosyltransferase (according to a BLAST analysis). The bee
localized fairly close to the potential membrane-binding venom helical peptide melittin also has a similar C-terminal
segment and one (W85) in the potential membrane-binding cluster (KRKR), and deleting these aa’s one by one increased
segment (Figure 4). These are also within the predicted the hemolytic activity §0). Changing K76 and R77 to the
interface-seeking segments (by MPEX; Figure 2). Likewise, negatively charged E in the aIMGS enzyme stimulated
the majority of the aa plus charge pair in the alMGS patch enzyme activityin vitro at higher fractions of PG (data not
on the surface of the S65-L87 peptide region (cf. Figure 4). shown). Together, this may indicate that the overall amphi-
This may be a reflection of the different major lipids in the pathic properties of the helices are overriding the individual
A. laidlawii and E. coli membranes being dominated by aa properties or that the sequence differences reflect different
noncharged glucolipids and a zwitterionic phospholipid (PE), features in helix binding and orientation.
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The NMR and CD analyses clearly support the predicted structures clearly indicates that the bilayer-binding charac-
helical, amphipathic nature of the aIMGS peptide formed at teristics have been evolutionarily introduced by aa modifica-
a bilayer interface. The helicity of the peptide was stronger tions in/close to what is the binding region for acceptor
in zwitterionic lipids than in anionic ones. The latter lipids substrates in soluble glycosyltransferases such as the template
may force a twist/orientation on the peptide because of its GtfB in Figure 2. In GtfB,—A and —D enzyme structures,
many positively charged residues. The peptide also revealeda more or less deep acceptor substrate “bow!” is flanked by
a slight tilt with respect to its orientation along the interface; two helices 18—20) that are the structural analogues to the
the more hydrophobic N-terminal region was located deepertwo amphipathic ones in alIMGS (Figure 2). Likewise, the
into the hydrophobic core than the highly charged C-terminal proposed membrane-binding helix of MurG has a similar
region, which seemed to reside just outside the bilayer. Thislocation (Figure 4).
was also indicated by comparing the MPEx and MOMENT  Surrounding the potential lipid acceptor substrate sites may
analyses, where the latter method showed the amphipathicbe of functional significance, in addition to membrane
character proceeding downstream, outside the more N-binding. This is probably different for the eukaryotic GT-B
terminal interface segment suggested by MPEXx (Figure 2). fold lipid GT enzymes frequently containing one transmem-
Tilted peptides may destabilize bilaye8l), but the end brane segment, where the latter seem to be an attached anchor
view of the aIMGS peptide strongly supports an interface and organelle target segment (e.g., for cerarngidglacto-
localization due to its broad hydrophobic and charged syltransferase (UniProt code CGT_HUMAN)). However,
sectors (Figure 7). The effect of the peptide on the phaseamphipathic interface helices can also be inserted in an
equilibria (“packing properies”) of zwitterionic as well as otherwise soluble enzyme for membrane anchoring, as for
anionic bilayer systems (Figures 10 and 11) substantiatesthe carnitine palmitoyltransferase 2 structus6)( Likewise,
the interface localization indicated from the NMR structural the hydroxysteroid dehydrogenase (of Rossmann fold) has
analyses. two unique membrane-associating helices, not present in the

(iii) Membrane BindingProteins and peptides interacting many soluble homologues, with membrane-anchoring typical
with membrane surfaces can bind permanently or transientlyfor monotopic integral membrane protein§7). Several
to membranes. The latter is typical for phospholipases andsoluble proteins contain cationic, amphipathic segments that
signaling proteins binding to organelle identity lipid markers. act as lids over substrate pockets and that can also be engaged
The dissociation constarkg) for S65-L87 was low enough  in membrane binding and sensing, as in the lipases from
(10°7=10"° M) even for zwitterionic PC bilayers to indicate  Thermomyces lanuginosmd Candida rugosathe OSBP-
an essentially permanent interface presence of the peptiderelated proteins, glycolipid transfer proteins, and certain StAR
this was decreased further by anionic lipids, down t0'40  proteins (data not shown). In several of these segments, and
(Figure 6). Formally, this refers to peptide in relation to in the anchoring interfaces of A2 phospholipases and helices
binding sites in the chip-associated bilayers, and these lipidin monotopic proteins, sequence variations between homo-
sites are not specified. As a compariskg,was in the range  logues are observed, in a manner similar to that for the S65-
107°-10"% M for binding of the cationic (amphipathic) L87 helix segment from aIMGS here (Figure 3). This may
peptides magainin (antibacterial) and melittin (lytic) to PE/ be explained as adaptations to or potential control by the
PG (7/3) bilayers by the SPR technique and L1 chg§®.( local lipid environments in their target membrangs, (68)
Melittin has an oligo-KR cluster similar to S65-L87 (cf. for the latter proteins.

above). Likewise, for five different phospholipases Kp Several monotopic membrane proteins have a substrate
was in the range 13—10!° M for binding to PC and PG channel in between the anchoring interface-oriented helices,
bilayers 63). where the latter have to rotate or move to let substrate up

Hence, the S65-L87 peptide segment has a bilayer affinity into the active site §9). The localization of the two
stronger than that of several membrane-seeking, solubleamphipathic segments in aIMGS enclose the potential
proteins/peptides, and this is enhanced by anionic phospho-acceptor substrate (diacylglycerol) site (Figure 4), and an
lipids, approaching the values recorded for the binding of association of diacylglycerol with the anionic PG in lipid
liposomes to the full-size alMGS enzym&. Furthermore, bilayers has been showi3). PG and a nonbilayer-prone
the calculated\G values from MPEX, for potential interface- — additive also affect the positioning of W59, just preceding
associating segments of alMGS (in Figure 2), are of just S65-L87 (2). Could PG affect the orientation of the S65-
slightly smaller magnitude than for several interface-anchor- L87 helix and bring in the acceptor diacylglycerol? Given
ing helices in monotopic integral membrane proteins such the localization and flanking loop sequences, and strong
as prostaglandin synthase. For the corresponding segmentsharge and amphipathic properties, a displacement coupled
in the consecutive alDGS enzymAG values were even  to sensing and activity is potentially possible.
closer to the monotopic proteins (data not shown).
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