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ABSTRACT Short modified oligonucleotides that bind in a sequence-specific way to messenger RNA essential for bacterial
growth could be useful to fight bacterial infections. One such promising oligonucleotide is peptide nucleic acid (PNA), a synthetic
DNA analog with a peptide-like backbone. However, the limitation precluding the use of oligonucleotides, including PNA, is that
bacteria do not import them from the environment. We have shown that vitamin B,, which most bacteria need to take up for
growth, delivers PNAs to Escherichia coli cells when covalently linked with PNAs. Vitamin B4, enters E. coli via a TonB-depen-
dent transport system and is recognized by the outer-membrane vitamin B,»-specific BtuB receptor. We engineered the E. coli
AbtuB mutant and found that transport of the vitamin B;>-PNA conjugate requires BtuB. Thus, the conjugate follows the same
route through the outer membrane as taken by free vitamin B,,. From enhanced sampling all-atom molecular dynamics simu-
lations, we determined the mechanism of conjugate permeation through BtuB. BtuB is a $-barrel occluded by its luminal domain.
The potential of mean force shows that conjugate passage is unidirectional and its movement into the BtuB g-barrel is energet-
ically favorable upon luminal domain unfolding. Inside BtuB, PNA extends making its permeation mechanically feasible. BtuB
extracellular loops are actively involved in transport through an induced-fit mechanism. We prove that the vitamin B, transport
system can be hijacked to enable PNA delivery to E. coli cells.

SIGNIFICANCE Short sequences of nucleic acid analogs show promise as programmable antibacterial compounds.
Such oligonucleotides bind to bacterial DNA or RNA and block the expression of essential genes. However, for
antibacterial activity, they must enter the bacterial cell. Unfortunately, bacteria do not import oligonucleotides from the
environment, and noninvasive delivery methods have not been found. To sustain life, most bacteria need to take up
vitamins, including vitamin B1,. We demonstrate that vitamin B, connected to peptide nucleic acid oligonucleotides
delivers them to Escherichia colicells using the vitamin B4, uptake system and describe this mechanism at atomistic detail.
Our work paves the way to use bacterial transport systems to deliver oligonucleotides into bacteria.

INTRODUCTION phospholipid bilayer or pore-forming (-barrel proteins.
Hydrophobic drugs tend to follow the lipid-mediated
pathway, whereby their permeation rate depends on the
LPS structure that varies among the strains. If a full-length
LPS is expressed, the passage of hydrophobic drugs is
virtually excluded. On the other hand, the porin-mediated
nonspecific transport is utilized only by small (<600 Da)
hydrophilic drugs; thus, the outer membrane is imperme-

Limited permeability of the two-membrane cell envelope
of Gram-negative pathogens is the primary factor underly-
ing their resistance to classical antibiotics (1). The outer
membrane selectively permits free diffusion through
either an asymmetric lipopolysaccharide (LPS)-glycero-
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transport of most amphiphilic drugs. However, the inner
membrane possesses efflux pumps that cooperate with
periplasmic fusion proteins and outer-membrane channel
proteins to actively expel xenobiotics from the cell. In
addition, some bacteria produce and secrete enzymes that
inactivate antibiotics through their structural modifications
before even entering the cell. The mechanisms of bacterial
defense against antibiotics are not only intrinsic but can
also be acquired, which often leads to multidrug-resistant
strains. Therefore, some unconventional ideas of devel-
oping novel antibacterial agents are urgently needed to
crack the security codes of pathogens.

One of the most promising and innovative strategies pro-
posed to treat bacterial infections is based on the inhibition
of gene expression using antigene or antisense oligonucle-
otides complementary to, respectively, selected bacterial
genes or gene transcripts (2—4). If the oligonucleotide tar-
gets an essential gene, bacterial growth is suppressed.
Furthermore, silencing the expression of genes responsible
for bacterial resistance to classical antibiotics could restore
their clinical efficiency. Because natural oligonucleotides
are enzymatically cleaved in bacterial cells and serum,
three generations of their synthetic analogs have been
developed. Indeed, many modified oligonucleotides,
including locked nucleic acids, bridged nucleic acids,
phosphorodiamidate morpholino oligonucleotides, and
peptide nucleic acids (PNAs), have shown improved bio-
stability and affinity to their targets (4). For example, in
PNA, a ribose-phosphate backbone was replaced by a scaf-
fold composed of neutral N-(2-aminoethyl)glycine units
linked by peptide bonds (5). This ensures effective hybrid-
ization of PNAs with DNA and RNA even at low salt con-
centrations (6) and elevates PNA stability in the acidic
environment. On the other hand, the uncharged backbone
diminishes PNA solubility in water as compared to DNA
or RNA, which may lead to sequence-dependent PNA
aggregation.

Despite the advances in the chemistry of modified oligo-
nucleotides, their medical application as antibacterial
agents has not been achieved. The major reason is the dif-
ficulty in noninvasive delivery of oligonucleotides to bacte-
rial cells (7,8). To alleviate this problem, covalent coupling
of oligonucleotides to various transporters was proposed.
For PNA, the most common approach is its conjugation
with cell-penetrating peptides, such as (KFF);K (9), that
are believed to disintegrate the cell membrane (10).
Despite a reasonable delivery efficacy of (KFF);K
in vitro, its activity is considerably reduced in serum
(11). Furthermore, (KFF);K was shown to possess hemo-
lytic activity (10) and induce allergic reactions in mamma-
lian cells (12); thus, it is unlikely to have future clinical
applications. Other transporters used to introduce oligonu-
cleotides to bacterial cells were steroids (13), antibodies
(14), and lipids (15), but none have been effective enough
to warrant practical applications.
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Recently, we have demonstrated that vitamin B, (B;;)
efficiently delivered PNA and 2'O-methyl RNA oligomers
to Escherichia coli and Salmonella Typhimurium cells
(16—-19). However, the delivery route has not been resolved.
Vitamin Bj,, also known as cobalamin, is an enzymatic
cofactor critical for mammals and bacteria. Most bacteria
cannot produce vitamin B, and must take it up from the
environment. We thus hypothesize that vitamin B, uses
its own transport system to introduce PNA into bacteria.
Because cobalamin is a bulky molecule present at low con-
centrations in the environment, it cannot freely diffuse
through the outer-membrane porins or lipid bilayer. There-
fore, vitamin By, is actively imported into bacterial cells
by an orchestra of membrane and periplasmic proteins
(Fig. 1). In E. coli, vitamin B, permeates the outer mem-
brane via the BtuB receptor protein (20,21) with the support
of the inner-membrane protein TonB. Once in the periplasm,
vitamin B, is captured by the BtuF protein (22). Subse-
quently, the vitamin B{,-BtuF complex is delivered to the
inner-membrane BtuCD complex (23), which catalyzes
the ATP-hydrolysis-driven transport of vitamin B, across
the inner membrane to the cytoplasm.

BtuB belongs to the family of TonB-dependent trans-
porters (TBDTs). TBDTs facilitate uptake of vital but scarce
nutrients such as vitamin B, (BtuB), iron siderophores
(FhuA, FhuE, FecA, and FepA), heme (HasR and HemR
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FIGURE 1 Vitamin By, transport system in E. coli. Protein models were
based on the crystal structures with PDB: 1NQG (only BtuB), 2GSK (BtuB
with Cbl and TonB), IN4A (BtuF), 6TYI (ExbB-ExbD), and 4FI3 (BtuCD).
The structure of the periplasmic domain of TonB is unknown, so it was
drawn schematically. IM, inner membrane; OM, outer membrane. To see
this figure in color, go online.



outer-membrane receptors), sucrose (SuxA), and maltodex-
trin (MalA) (24,25). TBDTs also serve as a gateway to
bacterial cells for colicins (26), bacteriophages (27) and side-
romycins (28). BtuB comprises two domains — a 22-
stranded (-barrel domain and N-terminal globular-like
luminal domain (also termed a hatch or plug domain) that
fills the interior of the BtuB barrel. In the holo state of
BtuB, cobalamin is bound to the two apices of the luminal
domain, where it is partially enclosed by extracellular loops
(29,30). Recently, using enhanced sampling molecular dy-
namics (MD) simulations, we demonstrated that the BtuB
loops engage in the induced-fit mechanism during association
and subsequent permeation of vitamin Bj, through BtuB
31).

Binding of vitamin B, to BtuB triggers disordering of the
N-terminus of the BtuB luminal domain, termed the Ton box
(32-35), so it can extend into the periplasm and be recog-
nized by the TonB protein (36). TonB is fixed in the inner
membrane by a single N-terminal helix. The transmembrane
region of TonB comprises the extended proline-rich peri-
plasmic domain, whose C-terminus allows TonB to
approach the outer membrane (37) and assemble a noncova-
lent complex with the Ton box of BtuB (30). According to
the mechanical pulling model (32), upon the interaction
with TonB, the BtuB luminal domain is rearranged to permit
the passage of cobalamin through a tunnel that appears in-
side BtuB. Conformational remodeling of the luminal
domain is believed feasible, as long as TonB in the complex
with its accessory ExbB and ExbD proteins mediates the
proton-motive force generated across the inner membrane
(38,39). The noncovalent interaction between the BtuB
Ton box and C-terminal domain of TonB is stable under ten-
sion up to an ~200 A extension of the luminal domain,
which was recently demonstrated (40). This corresponds
to the unfolding of ~50 amino acids within the luminal
domain, which results in the formation of a channel tailored
for vitamin B, permeation through BtuB (40,41). This also
prevents the entry of undesired solutes, such as antibiotics,
into the cell, thereby enhancing the specificity of vitamin
B, transport (40).

In this work, we show that the transport of vitamin B ,-
PNA conjugates across the outer membrane of E. coli oc-
curs through the BtuB protein. For this, we produced the
AbtuB E. coli mutant and compared the delivery of vitamin
B1,-PNA into the mutant and wild-type cells. We also pro-
vide the details of the permeation mechanism of the
vitamin B,-PNA conjugate through BtuB at atomistic res-
olution using Gaussian force-simulated annealing MD sim-
ulations combined with umbrella sampling that we
developed (31). We show that the vitamin Bj,-specific
BtuB receptor allows for passage of large PNA oligonucle-
otides into bacteria, which suggests that this TonB-depen-
dent transport system could also be hijacked by other
oligonucleotides.

Permeation of vitamin B4>-PNA via BtuB

MATERIALS AND METHODS
Experimental methods
Reagents and conditions

Commercial reagents and solvents were used as received from the supplier.
Fmoc-XAL-PEG-PS resin (amine groups loading of 190 umol/g) for the
synthesis of PNA was obtained from Merck (Kenilworth, NJ), and TentaGel
S RAM resin (amine groups loading of 240 umol/g) for the synthesis of
peptides was from Sigma-Aldrich (St. Louis, MO). Fmoc/Bhoc-protected
monomers of PNA (Fmoc-PNA-A(Bhoc)-OH, Fmoc-PNA-G(Bhoc)-OH,
Fmoc-PNA-C(Bhoc)-OH, Fmoc-PNA-T-OH) were purchased from Pana-
gene (Daejeon, South Korea). Na-Fmoc-protected L-amino acids were ob-
tained from Novabiochem (Fmoc-Lys(Boc)-OH) and Sigma-Aldrich
(Fmoc-Phe-OH, Fmoc-3-azido-Ala-OH). All reactions were monitored us-
ing reverse phase-high-performance liquid chromatography (RP-HPLC).
Preparative chromatography was carried out with C18 reversed-phase silica
gel, 90 A (Sigma-Aldrich), with redistilled water and HPLC-grade MeCN
as eluents. HPLC conditions were as follows: column, Eurospher II 100-5
C18, 250 mm x 4.6 mm with a precolumn or Kromasil C18, 5 um,
250 mm x 4.0 mm; pressure, 10 MPa; flow rate, 1 mL/min; room temper-
ature; detection, UV/Vis at wavelengths of 361 and 267 nm.

Synthesis of vitamin B, azide derivatives

Cyanocobalamin (100 mg, 75 wmol) was dissolved in 2.5 mL of dry
dimethyl sulfoxide at 40°C under argon. Solid 1,10-carbonyl-di(1,2,4-tria-
zole) (50 mg, 300 umol) was then added and the solution stirred under the
atmosphere of argon. After full consumption of the substrate (monitored by
RP-HPLC) (~1.5 h), heating was turned off, and aminoazide NH,-(CH,),-
N3 (100 uL) was added in one portion, followed by Et;N (20 uL). The ob-
tained solution was stirred overnight. After that, it was poured into AcOEt
(50 mL) and centrifuged. Further, the precipitate was washed with diethyl
ether (2 x 15 mL) and dried in the air. Then, it was dissolved in water and
purified by RP column chromatography with a mixture of MeCN and H,0O
as the eluent. For complete characterization of vitamin B, azide derivatives
and their 'H and '*C NMR spectra, refer to (16).

Synthesis of (KFF)sK-N3

(KFF);K-N; was synthesized manually in the solid phase using the Fmoc/
t-Bu chemistry on a 100 umol scale. TentaGel S RAM resin, which has a
linker yielding a C-terminal amide upon trifluoroacetic acid (TFA) cleav-
age of the peptide, was used. Fmoc-protected amino acids, in threefold
molar excess, were activated using the mixture of 2-(1H-7-azabenzotria-
zole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU), 1-
hydroxy-7-azabenzotriazole, and collidine (1:1:2) using the dimethylfor-
mamide (DMF)/N-methyl-2-pyrrolidone (NMP) (1:1, v/v) solution and
coupled for 2 h. The Fmoc groups were deprotected using 20% piperidine
in DMF in two cycles (5 and 15 min). To remove the Boc protecting group
from Lys and cleave the peptide from the resin, a 60 min treatment with
TFA/triisopropylsilane/m-cresol ~ (95:2.5:2.5;  v/v/v) mixture was
conducted. The obtained crude product was lyophilized and purified by
RP-HPLC.

Synthesis of PNA oligomers

PNA oligomers (alkyne-PNA, alkyne-PEG5-PNA, and alkyne-PEG5-PNA
scrambled) were in-house synthesized manually using Fmoc solid-phase
methodology at 10 umol scale. Fmoc-XAL PEG PS resin, which has a
linker yielding a C-terminal amide upon TFA cleavage of PNA, was
used. In all syntheses, Lys was the first monomer attached to the resin.
The syntheses were conducted using a 2.5-fold molar excess of the
Fmoc/Bhoc-protected monomers and threefold molar excess of the Fmoc-
protected Lys and pentynoic acid (or alkyne-PEGS5-acid). Double coupling
(40 min each) of the monomers, activated by an HATU, N-
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methylmorpholine, and 2,6-lutidine (0.7:1:1.5) mixture using DMF/NMP
(1:1, v/v) solution, was performed. The Fmoc groups were deprotected us-
ing 20% (v/v) piperidine in DMF in two cycles (2 x 2 min). After synthesis
of the PNA oligomer and N-terminal Fmoc deprotection, the pentynoic acid
(or alkyne-PEGS5-acid) was attached to the N-terminus. The acids used in
threefold molar excess were activated by the use of HATU, 1-hydroxy-7-
azabenzotriazole, and collidine (1:1:2) in the DMF/NMP (1:1, v/v) solution
and coupled for 2 h. The Fmoc groups of amino acids were removed using
20% piperidine in DMF in two cycles (5 and 15 min). Removal of all pro-
tecting groups and cleavage of the PNA oligomer from the resin
was accomplished by treatment with a TFA/triisopropylsilane/m-cresol
(95:2.5:2.5; v/v/v) mixture for 60 min. The obtained crude products were
lyophilized and purified by RP-HPLC.

Synthesis of PNA conjugates with vitamin B, and (KFF)sK

The conjugates were obtained using copper-catalyzed azide-alkyne cyclo-
addition as reported in (42,43). Cul (1.0 mg, 5 umol) and tris[(1-benzyl-
1H-1,2,3-triazol-4-yl)methylJamine (5.0 mg, 10 umol) were dissolved in
DMF/H,0 (0.5 mL, 1:1 v/v) and stirred for 20 min. Further, azide-B,
(or azide-peptide) (3 umol) and alkyne-PNA (or alkyne-PEGS5-PNA)
(1 pwmol) were added and stirred overnight. The mixtures were then
centrifuged and purified by RP-HPLC. For the mass spectra, RP-HPLC
chromatograms, and yields of B;;-PNA, B;,-(CH,),-PNA, Bj,-
(CH,),-PNA scrambled, (KFF);K-PNA, and (KFF);K-PNA scrambled,
refer to (16).

Strain construction

The AbtuB E. coli strain from the Keio collection was recently demon-
strated to retain an unharmed copy of btuB, in addition to the deleted locus
(44), so it was reconstituted.

DNA manipulations were performed using standard procedures and ac-
cording to the manufacturer’s instructions included in kits for DNA isola-
tion and PCR (Phusion; Thermo Fisher Scientific, Waltham, MA).
Deletion of the E. coli K-12 MG1655 btuB gene was performed using the
gene replacement method (45). No antibiotic resistance marker was left
in the deletion position to avoid polar effects of the mutation.

Our aim was to remove the btuB open reading frame, leaving intact 1) the
region encoding the 5" untranslated region of messenger RNA (mRNA) of
btuB and 2) the murl open reading frame, located downstream of btuB and
overlapping (56 bp) with the bruB gene (Figs. S| and S2). Deletion of btuB
was planned in a way to move ATG of the murl gene to the position of ATG
of btuB in E. coli MG1655 (Fig. S3) and with the deletion of all of the btuB
open reading frame part that does not overlap with murl.

The plasmid for the mutagenesis (pDS132-btuBA) was created by the
Gibson assembly procedure (Fig. S4; (46)). The DNA fragments used for
the assembly were amplified by PCR using the following primer pairs
(Table S1): 1) and 2) btuBL/btuBR and murIlL/murIlR amplification of
DNA fragments flanking the bruB gene using MG 1655 genomic DNA as
a template, 3) LGM/RGM amplification of the gentamicin resistance
cassette from pBBR1-MCSS5 (47), and 4) PDS132X/PDS132Y amplifica-
tion of mobilizable vector pDS132 carrying the sacB gene enabling coun-
terselection with sucrose (48). Oligonucleotides were designed with the
Kyoto Encyclopedia of Genes and Genomes (KEGG) Genome Database
as a template (49).

The assembled plasmid was transformed into E. coli DHSaA pir cells,
carrying the pir gene required for pDS132 replication. Isolated pDS132-
btuBA plasmid DNA was then used to transform the E. coli strain 52163
(50) (also carrying the pir gene), and a single transformant was used as a
donor in a biparental mating with the MG1655 strain (without the pir
gene) as the recipient (as described in (51)).

First, the MG1655 derivatives carrying the cointegrate of the chromo-
some and pDS132-btuBA were selected on the lysogeny broth (LB) agar
medium containing gentamycin and chloramphenicol. Second, selected
strains were cultivated overnight in LB without antibiotics and plated on
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LB with sucrose. In these conditions, the revertant or strains with the
btuB deletion could be obtained. Screening for the bruB deletion was per-
formed by PCR using the LbtuBdXb/RbtuBdBa primers (Table S1). The
obtained product of appropriate size was sequenced to confirm proper local-
ization of btuB deletion. Selected AbtuB strain was used for further
analyses.

Gene expression analysis

E. coli strains (wild-type and AbfuB mutant) were grown in LB broth for
16 h as described above. Cells were then settled by centrifugation, and total
RNA was isolated using the Total RNA Mini kit (A&A Biotechnology,
Gdynia, Poland) according to the manufacturer’s recommendations. The
RNA of each E. coli strain was extracted from three independent bacterial
cultures. Contaminating DNA were removed using DNA-free, DNase Treat-
ment & Removal Kit (Ambion, Austin, TX), according to the manufac-
turer’s instruction. The RNA concentration and quality were measured
using NanoDrop 2000 (Thermo Fisher Scientific). Complementary DNA
(cDNA) was obtained by reverse transcription of 6 ug of total RNA using
the Maxima H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Sci-
entific), according to the manufacturer’s instruction. Real-time PCR using
5x HOT FIREPol EvaGreen qPCR Mix Plus (ROX) (Solis BioDyne, Tartu,
Estonia) was carried out on the LightCycler 96 Instrument (Roche, Basel,
Switzerland). Oligonucleotide primer pairs (HPLC purified) specific for
the btuB gene were designed using the PrimerQuest software hosted by In-
tegrated DNA Technologies and purchased from Sigma-Aldrich. Two pairs
of primers for the btuB gene were used: 1) 1query_L1 and 1query_R1 and
2) 2query_L1 and 2query_R1 (Table S2). Relative quantification of gene
transcription was performed using the comparative Ct (threshold cycle)
method. The relative amount of target cDNA was normalized using the
16S ribosomal RNA gene as internal reference standard and primers F-
rrsA and R-rrsA (Tables S2 and S3; (52)).

Transformation of bacterial cells with plasmid carrying red
fluorescent protein

The pBBR(rfp) plasmid (16) was isolated using the commercial kit (A&A
Biotechnology). The chemically competent E. coli AbtuB cells were trans-
formed with pBBR(rfp) according to the method of Kushner (53). The red
fluorescent protein (RFP) expression was verified on an ultraviolet transil-
luminator by measuring red fluorescence.

Determination of the level of red fluorescence

The effect of treating cells with PNA conjugates (at concentrations 0-16
uM) on red fluorescence of E. coli was determined using a standard micro-
dilution method (54). The E. coli strains encoding the mrfp1 gene carried on
the pBBR(rfp) plasmid were used (16). After overnight incubation in Davis
Minimal Media at 37°C with shaking, cell density (optical density at
600 nm) and fluorescence (A excitation, 584 nm; A emission, 610 nm)
were measured. Relative fluorescence units (RFUs) were calculated as
the background-adjusted fluorescence values divided by the background-
adjusted optical density at 600 nm and normalized to the untreated control
sample (16). Statistical significance was determined with a two-way
ANOVA test using in-house Tcl scripts.

Theoretical methods
System building

The BtuB model was constructed based on the crystal structure of the holo
state of BtuB (Protein Data Bank, PDB: 2GSK) (30) adopted from the Ori-
entations of Proteins in Membranes database (55). Four N-terminal amino
acids missing in the BtuB crystal structure were added. Protonation states of
BtuB titratable groups were set and hydrogen atoms added with Propka 3.0
using the PDB2PQR server (56). Water molecules and calcium ions were



preserved as in the crystal structure. The FB15 AMBER force field (57) was
used for BtuB.

The B;,-(CH;),-PNA(anti-mrfp1) conjugate with the PNA sequence of
CATCTAGTATTTCT-Lys-NH, (N — C) was built. Parameters for Lys were
taken from the FB15 AMBER force field (57). For PNA, the bonded param-
eters were adopted from Jasiriski et al. (58) and the nonbonded from Shields
et al. (59). For vitamin B,,, the bonded parameters developed by Marques
et al. (60) were applied, whereas the nonbonded parameters were set using
General Amber Force Field 2 (GAFF2). The atomic charges of vitamin B,
were calculated according to the RESP procedure (61) using Gaussian 09
(62) and antechamber (AmberTools18).

The outer membrane of the E. coli K-12 strain was built as an asym-
metric heterogenous lipid bilayer. Lipids were assembled around BtuB us-
ing CellMicrocosmos Membrane Editor 2.2 (63). The external leaflet of
the membrane was made of 29 LPSs composed of the membrane-forming
lipid A and the inner- and outer-core oligosaccharides, without the O an-
tigen. The interior leaflet of the membrane consisted of a mix of six lipids
— POPE, PMPE, PMPG, PSPG, QMPE, and OSPE — with the ratio
8:31:8:8:8:6 (64). All phosphate and carboxylic groups in LPS were de-
protonated so the total charge of an LPS molecule was —10 e. A combi-
nation of Lipidl7 (65) and GLYCAMO0G6j (66) force fields was used to
assign bonded and nonbonded parameters of the lipid A and oligosaccha-
ride part of LPS, respectively. The average area per lipid of LPS, calcu-
lated from the microsecond-long MD simulations of a symmetric
bilayer, is 159.36 + 0.54 A2, which gives 26.56 + 0.09 A2 of area per
lipid tail. This agrees with the experimental value of 26 A2 (67). The inte-
rior leaflet phospholipids were parameterized using the Lipid17 force
field. The lacking parameters of lipids containing cyclic moieties were
set based on the parmchk2 program (AmberTools18) and GAFF2. The
atomic charges of all lipids were calculated according to the RESP pro-
cedure (61).

Using xleap (AmberTools18) (68) and Visual Molecular Dynamics
(VMD 1.9.3) (69), the system was solvated by adding 20 and 250 A layers
of TIP3P-FB (70) water molecules (in the z-coordinate) over and below the
membrane, respectively. The initial system size was 95 x 95 x 330 A. The
negatively charged LPSs were neutralized with calcium ions, and the nega-
tive potential of the membrane internal leaflet was balanced with sodium
ions. In addition, the ionic strength of 100 mM of NaCl was applied. For
the sodium and chloride ions, the parameters adopted from Joung and
Cheatham (71) were applied, and for the calcium ions, the parameters of
Li and Merz (72) were used. The entire system was composed of
~242,000 atoms (Fig. 2).

General MD simulations protocol

Initially, the energy minimization of the system was performed under har-
monic restraints of 10 kcal/mol/A? set on heavy atoms with the 5000 steps
of steepest descent algorithm and 3000 steps of the conjugate gradient
method using the sander program (68). The following phases were conduct-
ed using NAMD 2.12 (73). In the beginning, the integration time step was
set to 0.5 fs. The system was gradually thermalized from 10 to 310 K with
solute coordinates fixed in 10 K increments of 125 ps in the NPT ensemble,
with a constant pressure of 1 atm controlled using the Langevin piston
method. Further, the system was equilibrated for 2.5 ns at 310 K. After
that, the whole system was gradually heated from 10 to 310 K in 10 K in-
crements of 50 ps, with harmonic restraints of 10 keal/mol/A2 imposed on
the nonhydrogen solute atoms. During equilibration, the restraints were
released in 10 rounds of 50 ps each. Next, the integration time step was
gradually increased from 0.5 to 2 fs, in 0.25 fs increments of 1 ns length,
and the system was simulated for 500 ns. Periodic boundary conditions
and the particle-mesh Ewald method with a grid spacing of 1.0 A were
used. The hydrogen-containing bonds within nonwater and water molecules
were constrained using the RATTLE (74) and SETTLE (75) algorithms,
respectively. The cutoff for short-range nonbonded interactions was set to
12 A, with a switching distance of 10 A Trajectories were collected
every 5 ps.

Permeation of vitamin B4>-PNA via BtuB

FIGURE 2 The all-atom model of the complex of vitamin B,-(CH;);,-
PNA and BtuB embedded in the asymmetric and heterogenous outer mem-
brane of E. coli K-12 surrounded by explicit water molecules and ions. To
see this figure in color, go online.

Steered molecular dynamics

To perform partial unfolding of the BtuB luminal domain (Fig. S5), we used
constant-velocity steered molecular dynamics (SMD) (76,77). The center of
mass (COM) of the first N-terminal residue was pulled along the z axis with
a constant velocity of 1.0 A/ns, force constant of 1 kcal/mol/Az, and force
vector of [0, 0, —1]. The COM of the C,, atoms of the lower part of the BtuB
barrel domain was harmonically restrained, with a force constant of
100 keal/mol/A2, to prevent the protein-membrane system from drifting
along the z axis during pulling of the luminal domain.

To achieve the association and permeation of the B,-(CH,);,-PNA(anti-
mrfpl) conjugate through BtuB at the luminal domain extension of 197 A,
collective-variable SMD (CVSMD) was applied (78). The steered collec-
tive variable was the distance projected onto a normal to the membrane
(z axis) between the COM of the conjugate and the dummy atom fixed in
the center of the Cbl binding site in BtuB. The Cbl binding site was defined
as the average position of the COM of vitamin B, in the holo state of BtuB
with the luminal domain folded. The steering potential moved with an
average speed of 1.0 A/ns, force constant of 50 kcal/mol/Az, and vector
of [0, 0, —1] during permeation and of [0, O, 1] during association. To
enable initial unfolding of the PNA during permeation, we proceeded
with pulling Cbl heavy atoms until they completely surpass BtuB. After
that, we continued to pull the COM of all nonhydrogen atoms of the conju-
gate until its full permeation through BtuB. On the association pathway, the
COM of all heavy atoms of the conjugate was pulled out of the Cbl binding
site in BtuB toward the external environment. During the CVSMD simula-
tions, the luminal domain extension of 197 A was maintained by a harmonic
restraint with a force constant of 100 kcal/mol/A? put on the COM of its
N-terminus.

Gaussian force-simulated annealing

To enhance conformational sampling and, most importantly, optimize the
structure of the BtuB extracellular loops and B-(CH;);,-PNA conjugate
along the conjugate transport pathway, the Gaussian force-simulated
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annealing (GF-SA) method (31) was used. Artificial Gaussian forces were
imposed locally on the BtuB loops to accelerate the torsions around the rotat-
able bonds within the protein backbone (C,-C and N-C,) and side chains
(Co-Cp). Additionally, external forces were put on PNA to enhance the rota-
tions around the bonds within the PNA backbone (C5*-C* and C2*-N1*) and
side chains (C7*-C8%).

The forces imposed on atoms were calculated as normalized vectors
multiplied by a normally distributed pseudorandom number that was gener-
ated as previously described (31). The vectors were normal to the planes
formed by the following angles: C,-C-O in the protein backbone and C,-
Cg-X in the protein side chains, where X is C,, O,, etc.; C5*-C*-O1* in
the PNA backbone; and C7*-C8*-N1 (or C7*-C8*-N9) in the PNA side
chains. Forces were imposed on the last atoms of these angles.

Gaussian forces were added every second MD step on all of the conjugate
PNA monomers and Lys and the following BtuB residues: 177-197 (loop
L2), 227-241 (loop L3), 276-289 (loop L4), 323-333 (loop L5), 395—
412 (loop L7), 442458 (loop L8), 487-499 (loop L9), 525-542 (loop
L10), and 569-584 (loop L11). The rigid and short loops 1 and 6, as well
as prolines, were omitted.

In the GF-SA approach, the standard deviation (SD) of the normally
distributed pseudonumbers s was calculated during the simulation accord-
ing to the function

5§ = —% Xt axe(—bb), n=2,468.. (1)

where a is a maximal SD (35 kcal/mol/A), b is an integer determining the
number of stages during heating or cooling (100), and # is an even integer
controlling the gradient of the SD (2). Each heating stage (x € <—100, 0))
lasted 2000 MD steps. Next, the SD was maintained at its maximum (x = 0)
for 250,000 MD steps. Cooling (x € (0, 100>) was carried out for 30,000
MD steps in each stage and was followed by 50,000 MD equilibration steps
(with no external forces). After 7 ns of the GF-SA procedure, classical MD
simulation was performed for 3 ns. Subsequently, the GF-SA-MD proced-
ure was repeated for a number of cycles.

Umbrella sampling

The potential of mean force (PMF) of the association and permeation of the
B1,-(CH,),-PNA(anti-mrfpI) conjugate through BtuB was computed with
umbrella sampling (US) (79) coupled with the GF-SA approach. The reac-
tion coordinate was the distance projected onto a normal to the membrane
(z axis) between the COM of the conjugate and the dummy atom fixed in the
center of the vitamin B,-PNA binding site in BtuB. The vitamin B;,-PNA
binding site was defined as the average location of COM of the conjugate in
the holo state of BtuB with the luminal domain folded.

The US windows were initially obtained from CVSMD (for details, see
Steered molecular dynamics) and were spaced every 0.5 A between —25
and 125 A of the reaction coordinate, with the force constant set to
50 kcal/mol/A2. To maintain the luminal domain extension of 197 A, the
COM of its N-terminus was harmonically restrained with a force constant
of 100 kcal/mol/A,

For each window, five consecutive cycles of GF-SA-US were conducted.
Each cycle consisted of 7 ns of GF-SA followed by 3 ns of US. So, in total,
15 ns of US with enhanced sampling of BtuB loops and PNA for each win-
dow were used to calculate the final PMF.

The PMF was computed using the weighted histograms analysis method
(80,81) with the weighted histograms analysis method program (82). The
PMF stabilization was tracked every 0.2 ns by measuring the PMF root
mean-square deviation calculated from cumulative data (Fig. S7). The
reference for the PMF root mean-square deviation calculations was the
last PMF (computed based on all collected data).

Data analysis

Trajectories were analyzed with the cpptraj program (Ambertools18) and
VMD 1.9.3 using in-house Tcl and C++ scripts. Plots were produced
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with Gnuplot (v5.2) and Inkscape. Representative conformations were
extracted from trajectories using the k-means clustering algorithm. The
criteria for hydrogen bonds were donor-acceptor distance <3.5 A and
donor-hydrogen-acceptor angle >135°. To detect interatomic contacts,
only the distance criterion of 3.5 A was used. To identify the 7-7 stack-
ing contacts between PNA nucleobases, the distance threshold of 5.5 A
between the base COMs was applied. Descriptive statistics of the data
series was computed using in-house C++ scripts. To verify the
normality of the data distribution, the Kolmogorov-Smirnov test was
used. The data sets with a not-normal distribution were characterized
by median, interquartile range (Q1-Q3), and lower-upper extremes
range. In GF-SA-US simulations, only data collected from the conven-
tional US were analyzed.

RESULTS AND DISCUSSION

Vitamin B4>-PNA conjugates enter E. coli cells
through the BtuB receptor

To determine whether vitamin B, delivers PNA through the
outer-membrane BtuB receptor, we investigated the vitamin
B ;-mediated PNA transport to the wild-type and AbruB
mutant E. coli strains. We used cells carrying the mrfpl
gene expressing RFP and a PNA sequence designed to spe-
cifically target and silence the mRNA transcript encoding
RFP (PNA: N,,-CATCTAGTATTTCT-C,,, Fig. 3). The
RFP concentration in the E. coli cells determined their red
fluorescence intensity. Therefore, the PNA delivery was
quantified by measuring the change in cells’ red fluores-
cence before and after treatment with vitamin B;,-PNA con-
jugates. Because the number of cells differed between
samples (Figs. S8-S10), we applied RFUs that are propor-
tional to the amount of RFP per cell. Transformants of the
wild-type and AbfuB E. coli strains with the mrfpl gene
were prepared as previously described (16). Next, both
strains were cultured in the presence of two different conju-
gates of vitamin By, with the anti-mrfpl PNAs previously
shown most effective in silencing the mrfpl mRNA tran-
script in E. coli and S. typhimurium cells (16), namely
B,-PNA and B,-(CH,);,-PNA. These conjugates bear
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FIGURE 3 Chemical structure of vitamin B,-PNA and B,-(CH,)»-
PNA conjugates. To see this figure in color, go online.



the same PNA sequence but vary in the length of the spacer
and type of the linker connecting vitamin B, and PNA
(Fig. 3). The conjugates were synthesized according to the
procedures described in (17,42,43).

Fluorescence intensity changes of the wild-type and
mutant E. coli cells after overnight treatment with the
vitamin B{,-PNA conjugates are shown in Figs. 4 and
S11. We also examined the inhibitory effect of the same
PNA sequence but conjugated to a (KFF);K peptide
because the transport of (KFF);K-PNA does not depend
on BtuB. As controls, we used conjugates of vitamin B,
and (KFF);K with a scrambled PNA sequence (N~
TTTCTAGTCTCATA-C,,,) that is not complementary to
mrfpl mRNA, as well as free vitamin B,, (KFF);K, and
PNA. For all controls and in both E. coli strains, we did
not observe any statistically significant concentration-
dependent fluorescence changes (Figs. 4 and S12). This en-
sures that any decrease in red fluorescence of bacteria
treated with a conjugate containing the anti-mrfpl PNA
sequence is due to silencing of the mrfpl mRNA by this
PNA; thus, PNA must have been delivered to cells. Indeed,
in wild-type E. coli cultured in the presence of the conju-
gates of vitamin B,-PNA and (KFF);K-PNA, we observed

MT  WT MT  WT
(KFF)3K-PNA —— ==---

(KFF)3K-PNA scrambled

B;,-PNA
B12-(CHp)1-PNA —— =-=--
B5-(CH,)4,-PNA scrambled

15 —
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0
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FIGURE 4 Inhibition of RFP synthesis in E. coli wild-type (WT) and
AbtuB mutant (MT) strains after the overnight treatment with various con-
centrations of B;,-PNA, B;,-(CH,),-PNA, B,-(CH,);,-PNA scrambled,
(KFF);K-PNA, and (KFF);K-PNA scrambled. Fluorescence intensity is
given in RFUs. The mean values from three (for WT E. coli) and six (for
MT E. coli) independent experiments are shown, with error bars calculated
as the standard error of the mean. Where relevant, the levels of statistical
significance expressed as p-values are also given. To see this figure in color,
go online.
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a concentration-dependent decrease in red fluorescence,
which confirms PNA transport by these two carriers and
corroborates with (16). Conversely, in mutant AbtuB E.
coli, the level of RFP production for all vitamin B,-PNA
conjugates was virtually unaffected, regardless of the
PNA sequence and concentration. Therefore, we argue
that vitamin B, acts as a carrier of PNA to E. coli cells
only if the BtuB protein is present in the outer membrane.
Otherwise, PNA is not delivered to the mutant cells not
possessing BtuB.

In the AbtuB E. coli mutant, fluorescence intensity for
the (KFF);K-PNA is lower than for the (KFF)3K-
PNA(scrambled). This implies that treating the mutant
with anti-mrfpl (KFF);K-PNA silences the respective
mRNA transcript and inhibits RFP synthesis, confirming
the (KFF);K-PNA uptake. Similarly to the wild-type
E. coli, the fluorescence decrease in the presence of
(KFF)3K-PNA in the E. coli mutant is dose dependent,
although in the wild-type E. coli, the conjugate inhibits
the RFP production to a higher extent. We hypothesize
that the lower inhibitory effect of (KFF);K-PNA in the
AbtuB E. coli may be due to reduced efficiency of transport
through the cellular wall, which may have different integrity
in the mutant because of a different protein/lipid ratio. Dele-
tion of btuB could alter the activity of the neighboring murl
gene whose function is to regulate the biosynthesis of spe-
cific components of the cell wall peptidoglycan (83). This
may entail lower permeability of (KFF);K through the
cellular wall in the mutant.

In summary, the observed fluorescence intensity changes
between wild-type and mutant E. coli demonstrate that
vitamin B,-PNA conjugates require BtuB for their trans-
port to E. coli cells.

Mechanism of permeation of vitamin B;>-PNA
conjugate through BtuB

After confirming that the vitamin B,-PNA conjugate re-
quires BtuB for cell entry, we investigated the mechanism
of transport of this conjugate through BtuB. We performed
a series of MD simulations of the all-atom model of the sys-
tem composed of vitamin B;,-(CH,),,-PNA bound to BtuB
embedded in an asymmetric and heterogeneous lipid bilayer
imitating the outer membrane of the E. coli K-12 strain
(Fig. 2). We assumed that binding and subsequent perme-
ation of the conjugate through BtuB may occur only after
vitamin B, has been recognized by this receptor. This is
in accord with our experiments showing that PNA cannot
permeate through BtuB without being conjugated to vitamin
B,. Therefore, initially, the conjugate was docked to BtuB
to place vitamin B, at the same position in the binding site
as observed in the vitamin B;,-BtuB complex. However,
because PNA is attached to 5-OH of vitamin B, ribose,
vitamin B, orientation in the conjugate is opposite to that
of unmodified vitamin B, in the binding cavity. At the
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extracellular side of BtuB, PNA adopts a compact and glob-
ular structure, similarly as in the bulk solution (Fig. 2; (84)).

Next, we simulated partial unfolding of the BtuB luminal
domain using constant-velocity steered MD (Video S1). We
assumed that the transport of the conjugate occurs when the
extension of the luminal domain is at 197 1&, which is in
agreement with the atomic force microscopy experiments
(40) and our work on vitamin B, (31). During steered
MD simulations of the luminal domain unfolding, we did
not observe any substantial movement of the vitamin
B,-PNA conjugate toward the periplasm, probably because
of limited conformational sampling. Therefore, to accel-
erate the permeation of the conjugate, we applied a two-
step CVSMD (Video S2).

Furthermore, to evaluate the PMF associated with the
transport of vitamin B;,-(CH,);,-PNA through BtuB, we
applied GF-SA-US (Video S3). This method was developed
by us to characterize the PMF of the transport of free
vitamin Bj, through BtuB (31). We have shown that
enhanced sampling of the extracellular loops of BtuB was
critical to stabilize the PMF of vitamin B, permeation.
Because PNA conformations in the conjugate obtained dur-
ing pulling simulations were far from equilibrium, we
expanded the GF-SA method to also improve the sampling
of PNA.

To compare how enhanced sampling of the BtuB loops
and PNA influences the PMF of the conjugate transport

through BtuB, we also performed classical US simulations
using initial windows as in GF-SA-US. During 15 ns of clas-
sical US, the PMF did not stabilize and showed an unphysi-
cally high barrier for the permeation of vitamin B,-PNA to
the periplasm (Fig. S6). In contrast, in GF-SA-US, PMF
already drastically changed after the first GF-SA-US cycle
and stabilized after four cycles (Fig. S7). Even though
enhanced sampling of the loops and PNA greatly improved
the PMF, longer simulations or explicit treatment of addi-
tional collective variables may be necessary to achieve
convergence of the PMF barrier heights. Nevertheless,
from the evolution of PMF after each subsequent GF-SA-
US cycle, we do not expect the PMF shape to change signif-
icantly by extending the GF-SA-US simulations. Because
each GF-SA-US cycle executes a simulated-annealing pro-
tocol that optimizes the structure of the BtuB loops and
PNA, trapping in local energy minima, a common problem
in classical US, does not apply to the GF-SA-US method.
The PMF of both the association of the conjugate with
BtuB (z < 0) and its permeation through BtuB (z > 0),
together with representative structures, is shown in Fig. 5.
When the conjugate is fully dissociated from BtuB at the
outer-membrane side (z = —25 Ain Fig. 5), the PMF is lev-
eled at ~29 kcal/mol. At the beginning of permeation (at
z =0 A), the PMF is ~10 kcal/mol lower, suggesting that
dissociation of the conjugate from BtuB toward the extracel-
lular side is unlikely. When vitamin B,-PNA enters BtuB
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FIGURE 5 The PMF of the transport of vitamin B;,-(CH,);,-PNA through BtuB. Insets show representative structures of the system in subsequent trans-

port stages. To see this figure in color, go online.
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(at z = 0-38 A), the number of contacts between the conju-
gate and BtuB increases, which corresponds to further
decrease in the PMF (Fig. 6). Concurrently, PNA unfolds,
which is manifested by a twofold increase in the radius of
gyration of the conjugate and longer distances between
PNA nucleobases (Fig. 7 A). This is accompanied by a
drop in the number of contacts within the conjugate
(Fig. 6), including hydrogen bonds and w-m stacking be-
tween PNA nucleobases (Fig. S13, A and B).

The PMF lowers almost linearly up to z = 38 A, at which
it attains its sole minimum (0 kcal/mol) on the entire trans-
port pathway. The minimal basin is flat, and in the z range
of 28-45 A, the energy does not exceed 1 kcal/mol. The
PMF minimum corresponds to the geometry in which the
conjugate interacts the most with BtuB (Fig. 6), forming
both direct and water-mediated hydrogen bonds
(Fig. S14, A and B), as well as nonspecific contacts. In
this conformation, vitamin B, and linker are located
outside the BtuB barrel (on its periplasmic side) and bind
to the extended luminal domain, whereas the entire PNA
moiety is still buried inside BtuB. The PNA strand forms
many transient contacts with the BtuB luminal domain,
especially with residues 55-68, 71-73, 88-99, 101, and
104-107 (Figs. S15 A and S16 A). Among these, there
are groups of amino acids with a hydrophobic side chain,
such as Ile, Leu, Gly, Ala, Val, and Phe, or amino acids
with a polar uncharged side chain, e.g., Ser, Thr, Glu,
and Asp. Only two, D95 and R106, are charged. PNA
also interacts with all extracellular loops except L6 (for
numbering of loops, see Fig. S5), preferentially with L3
and L8 (Fig. S15 A). Interestingly, among the loops, PNA
forms exceptionally durable contacts with ring-containing
amino acids such as Y149, F197, Y229, Y232, Y446,
H449, Y531, and Y579 or with amino acids possessing
rigid and flat groups such as R497 (Fig. S16 B). The major-
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FIGURE 6 The median and lower-upper extremes range of the number of
contacts created by vitamin B,-(CH,),-PNA with BtuB and water mole-
cules and the conjugate internal contacts during its transport through
BtuB. To see this figure in color, go online.
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ity of contacts with BtuB are formed by PNA bases
(Fig. S15 B), which explains the lowest number of -7
stacking interactions within the PNA moiety at this trans-
port stage (Fig. S13 B). Such behavior of the Bj,-
(CH,),-PNA conjugate ensures low number of contacts
between hydrophobic PNA and water molecules (Fig. 6),
which is comparable to that in the bulk when PNA is tightly
folded and globular. Both binding to BtuB and reducing in-
teractions with water molecules contribute to stabilization
of the whole conjugate, which is reflected in the lowest
atomic fluctuations at the PMF minimum (Fig. 7 B).
From the PMF minimum, the conformation of vitamin
B,-(CH,),-PNA continues to extend until z equals 85 A.
This coincides with the loss of interactions between the con-
jugate and BtuB, especially with almost all loops (except
L11) (Fig. S15), as well as within the conjugate (Fig. 6).
Although the number of hydrogen bonds within the conju-
gate decreases, the 7-m stacking interactions, especially be-
tween neighboring PNA bases, become more frequent
(Fig. S13). In addition, the conjugate gets increasingly
more exposed to solvent; therefore, atomic fluctuations of
vitamin B ,, the linker, and the PNA N-terminal part, which
already exited the BtuB barrel, gradually increase (Fig. 7 B).
Atz =90 1&, when PNA C-terminal bases and Lys make
their last contacts with the luminal domain (residues 96—
107) and BtuB barrel (residues 470-476 and 508-516)
(Figs. S15 and S16, C and D), the PMF reaches its local
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maximum of 11.5 kcal/mol. In this state, vitamin B,-PNA
is internally the least stabilized on the entire transport route
(with the lowest number of internal contacts) and the most
hydrated (Fig. 6). Afterwards, the conjugate maintains con-
tacts only with the extended luminal domain residues 32-65
(Fig. S15). Concurrently, the number of conjugate internal
contacts increases (Fig. 6), including hydrogen bonds and
m-7 stacking (Fig. S13, A and B). Stacking occurs mainly
between neighboring PNA bases, although longer-range
base stacking also appears (Fig. S13 C). As a result, the con-
jugate becomes less extended (Fig. 7 A) and less hydrated
(Fig. 6). The fluctuations of the PNA monomers decrease,
apart from the C-terminal Lys (Fig. 7 B). This partial refold-
ing of the PNA strand leads to a subtle decrease in PMF, to
~8.5 kcal/mol, at z = 125 A. Despite the fact that vitamin
B1,-PNA bound to the extended luminal domain is less
compact and more exposed to solvent than in the bulk, the
PMF after the conjugate permeation (at z = 125 A) is
~20.5 kcal/mol lower than the PMF of the conjugate disso-
ciated from BtuB on the cell exterior (at z = —25 1&). Prob-
ably, binding to the highly mobile extended luminal domain
is entropically favored.

Because in our model of transport, the position of the
luminal domain was constrained, we cannot evaluate how
its extension affects the PMF of vitamin B,-PNA perme-
ation through BtuB. Additionally, we can only speculate
about the full release of the conjugate from the BtuB
luminal domain to the periplasm. We hypothesize that the
conjugate release could be accelerated during refolding of
the luminal domain after it disconnects from TonB. Howev-
er, it is also possible that the conjugate “travels” on the
extended luminal domain to interact with TonB and stays
there until it is bound by a specific periplasmic binding pro-
tein. Such a transport pathway was previously suggested for
vitamin B, (85).

Mobility of extracellular loops of BtuB during
transport of vitamin B>-PNA

To analyze the conformations of the BtuB extracellular
loops during vitamin B;,-PNA transport, we performed
principal component (PC) analysis on combined GF-SA-
US trajectories considering the C, atoms of the BtuB barrel.
We found that the principal components with the largest
variance (PC1-PC3) correspond to the opening and closing
motions of BtuB, with loops L3, L2, and L8 showing the
largest mobility (Video S4). To assess the contributions of
each loop to these motions, we measured the distances be-
tween the COMs of the loops and vitamin B, binding site
(Fig. S17). For loops L2 and L&, this distance fluctuates
up to ~6 A, but its magnitude is on average similar
throughout the whole vitamin B ,-PNA transport route.
On the contrary, loop L3 is not only highly mobile, but its
conformation depends on the transport phase (Fig. 8). At
the beginning of permeation (at z = 0 A), loop L3 interacts
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FIGURE 8 The median and lower-upper extremes range of the distance
from loop L3 (green) to vitamin B, binding site (magenta sphere) during
transport of vitamin B{,-(CH,);,-PNA conjugate through BtuB. To see this
figure in color, go online.

mainly with vitamin B, and is moderately distant from the
binding site (~16 A). Afterwards, as vitamin B,-(CH,);»-
PNA passes through BtuB, loop L3 protrudes outside the
vitamin By, binding site more often, and the average dis-
tance of L3 to the binding site increases to ~19.5 A (at
z =42 A). This is associated with steric hindrance in the
vitamin B, binding site caused by the migrating PNA moi-
ety. When the conjugate moves further toward the peri-
plasm, until z of ~65 A, L3 moves closer to the vitamin
B, binding site area (on average up to 13.5 A). Next, the
loop L3 makes last contacts with the PNA C-terminus. After
full permeation of the conjugate through BtuB, L3 main-
tains its proximity to the binding site because it interacts
with the luminal domain. This agrees with our previous ob-
servations (31) that the BtuB barrel encloses upon the trans-
port of vitamin Bj,, thus precluding the return of the ligand
to the external environment and the entrance of undesirable
species into the cell.

CONCLUSIONS

By combining microbiological and fluorescence assays, we
have proven that the transport of vitamin B,-PNA conju-
gates in E. coli K-12 occurs through the outer-membrane
protein BtuB, the same route as naturally taken by free
vitamin B,. We also provided the mechanism of perme-
ation of the Bi,-(CH,);,-PNA conjugate through BtuB



employing all-atom molecular dynamics simulations. We
applied GF-SA to enhance sampling of the BtuB extracel-
lular loops and PNA along the transport pathway. The GF-
SA approach, coupled with US, provided the PMF of the
conjugate passage through BtuB. We found that upon partial
unfolding of the BtuB luminal domain, the transfer of the
conjugate into the BtuB interior is energetically favorable.
While inside BtuB, the PNA oligomer unfolds, enabling in-
teractions with the BtuB protein, especially with its luminal
domain, and loops L3 and L8. The majority of PNA contacts
are formed by its nucleobases, which reduces their exposure
to water. The energy barrier on the release path is
~11.5 kcal/mol, which signifies that the removal of the
B1,-(CH,){,-PNA conjugate from the BtuB barrel occurs
on the microsecond timescale. However, the energy required
for the conjugate to dissociate back to the external environ-
ment of the cell is ~29 kcal/mol, which implies that the
transport of vitamin B;,-PNA through BtuB is unidirec-
tional, toward the periplasm. This is because after leaving
the BtuB barrel to the periplasm, the partially refolded con-
jugate remains bound to the extended luminal domain. We
hypothesize that full dissociation of the conjugate from
BtuB could be enhanced during refolding of the luminal
domain, after its separation from TonB. Furthermore, we
demonstrated that BtuB extracellular loops, especially L3,
adapt their conformation to efficiently bind large PNA,
which corroborates the induced-fit mechanism suggested
for binding and permeation of vitamin B, through BtuB
(31). Finally, we propose that BtuB may be used to deliver
other compounds, covalently coupled with vitamin B,
through the outer membrane of E. coli. Because the extra-
cellular loops and luminal domain that interact with the
ligand during transport are rich in amino acids with hydro-
phobic or polar uncharged side chains, we anticipate that
lipophilic species could be preferentially transported
through BtuB. Indeed, we have previously found that the
transport of charged vitamin B,-2'O-methyl RNA conju-
gates to E. coli is less effective than that of the hydrophobic
vitamin B,-PNA (18), although still possible. In the future,
we plan to extend our research to the inner membrane of
E. coli to obtain a complete picture of the transport of the
B1,-PNA conjugates through the E. coli cell wall.

SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
2021.01.004.
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TABLES

Table S1: Oligonucleotides used for construction of the bruB deleted strain.

Name Sequence

btuBL CACTTAACGGCTGACATGGGCTAACTGCGCTTCATACTGTTCTGTT
btuBR CGTCCTGCAGTTTGGTAGCCATTGTAAAGCATCCACAATAGAAGAAGG
murlL ATGGCTACCAAACTGCAGGACG

murlR CCTTCATCCGTTTCCACGGTCGGGTTGCCAGTAATCCGACAATG

LGm ACCGTGGAAACGGATGAAGG

RGm CAGTAACAAACCCGCGCGATTGTTAGGTGGCGGTACTTGG

PDS132X  CCCATGTCAGCCGTTAAGTG
PDS132Y ATCGCGCGGGTTTGTTACTG
LbtuBdXb CGTCTAGATACAGGTCATCGCCATCGTG
RbtuBdBa CAGGATCCCCGAGCCCAGCATTTCTATC

Table S2: Oligonucleotides used for the analysis of the expression of bruB and reference (rrsA) genes in E. coli wild-type and
AbtuB strains.

Gene Name Sequence

Iquery_LL1 CTCCGCTGTTTATGGTTCCG
Iquery_R1 ACAGCGTTACCCGTGTCTTA
2query_L1 ACCACTGACGCATACTGTGA
2query_R1 GCCAGTCGAGCTGGTATTTC

btuB

F-rrsA CTCTTGCCATCGGATGTGCCCA

A R rsA CCAGTGTGGCTGGTCATCCTCTCA

Table S3: The expression of btuB and reference (rrsA) genes in E. coli wild-type and AbtuB strains.

Gene E. coli wild-type* E. coli AbtuB*
btuB (primers 1query) 33.5 0.0
btuB (primers 2query) 34.5 0.0
rrsA 13.01 13.7
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Figure S1: The btuB locus planned to be removed on the genetic map of the E. coli chromosome
(http://www.ecogene.org/gene/EG10126).

ATGTATCCTGAAAAATTAAAGTACGCGGCGATTGTAGGGATTGCTCATCAGATGTCCAGATCTTGATGAATTCCTATTTGTGAGCTACGTCTGGACAGTAACTTGTTACAACCTGTAGCATCCACTT

GCGTTATGCGGACACTGCCATTCGGTGGGAAGTCATCATCTCTTAGTAT
CTTAGATACCCCTCCAAGCCCGAAGACCTGCCGGCCAACGTCGCATCTGGTTCTCATCATCGCGTAATATTGATGAAACCTGCGGCATCCTTCTTCTATTGTGGATGCTTTACAATGATTAAAAAAGC
TTCGCTGCTGACGGCGTGTTCCBTCACGBCATTTTCCGCTTGGGCACAGGATACCAGCCCGGATACTCTCGTCGTTACTGCTAACCGTTTTGAACAGCCGCGCAGCACTGTGCTTGCACCAACC
ACCGTTGTGACCCGTCAGGATATCGACCGCTGGCAGTCGACCTCGBTCAATGATGTGCTGCBCCBTCTTCCGGBCETCGATATCACCCAAAACGBCGBTTCAGGTCAGCTCTCATCTATTTTTAT
TCGCGGTACAAATGCCAGTCATGTGTTGGTGTTAATTGATGGCGTACGCCTGAATCTGGCGGGGGTGAGTGGTTCTGCCGACCTTAGCCAGTTCCCTATTGCGCTTGTCCAGCGTGTTGAATATAT
CCGTGGGCCGCGCTCCGCTGTTTATGGTTCCGATGCAATAGGCGGGGTGGTGAATATCATCACGACGCGCGATGAACCCGGAACGGAAATTTCAGCAGGGTGGGGAAGCAATAGTTATCAGAAC
TATGATGTCTCTACGCAGCAACAACTGGGGGATAAGACACGGGTAACGCTGTTGGGCGATTATGCCCATACTCATGGTTATGATGTTGTTGCCTATGGTAATACCGGAACGCAAGCGCAGACAGATA
ACGATGGTTTTTTAAGTAAAACGCTTTATGGCGCGCTGGAGCATAACTTTACTGATGCCTGGAGCGGCTTTGTGCGCGGCTATGGCTATGATAACCGTACCAATTATGACGCGTATTATTCTCCCGGT
TCACCGTTGCTCGATACCCGTAAACTCTATAGCCAAAGTTGGGACGCCBGGECTGCGCTATAACGGCGAACTGATTAAATCACAACTCATTACCAGCTATAGCCATAGCAAAGATTACAACTACGATC
CCCATTATGGTCGTTATGATTCGTCGGCGACGCTCGATGAGATGAAGCAATACACCGTCCAGTGGBCAAACAATGTCATCGTTGGTCACGBTAGTATTGGTGCGBETGTCGACTGGCAGAAACAG
ACTACGACGCCGGGTACAGGTTATGTTGAGGATGGATATGATCAACGTAATACCGGCATCTATCTGACCGGGCTGCAACAAGTCGGCGATTTTACCTTTGAAGGCGCAGCACGCAGTGACGATAAC
TCACAGTTTGGTCGTCATGGAACCTGGCAAACCAGCGCCGGTTGGGAATTCATCGAAGGTTATCGCTTCATTGCTTCCTACGGGACATCTTATAAGGCACCAAATCTGGGGCAACTGTATGGCTTC
TACGGAAATCCGAATCTGGACCCGGAGAAAAGCAAACAGTGGGAAGGCGCGTTTGAAGGCTTAACCGCTGGGGTGAACTGGCGTATTTCCGGATATCGTAACGATGTCAGTGACTTGATCGATTA
TGATGATCACACCCTGAAATATTACAACGAAGGGAAAGCGCGGATTAAGGGCGTCGAGGCGACCGCCAATTTTGATACCGGACCACTGACGCATACTGTGAGTTATGATTATGTCGATGCGCGCAA
TGCGATTACCGACACGCCGTTGTTACGCCGTGCTAAACAGCAGGTGAAATACCAGCTCGACTGGCAGTTGTATGACTTCGACTGGBGTATTACTTATCAGTATT TAGGCACTCGCTATGATAAGGAT
TACTCATCTTATCCTTATCAAACCGTTAAAATGGGCGGTGTGAGCTTGTGGGATCTTGCGGTTGCGTATCCGGTCACCTCTCACCTGACAGTTCGTGGTAAAATAGCCAACCTGTTCGACAAAGATT
ATGAGACAGTCTATGGCTACCAAACTGCAGGACGGGAATACACCTTGTCTGGCAGCTACACCTTCTGAACCACGTCCCACCGTGCTGGTGTTTGACTCCGGCGTCGGTGGGTTGTCGGTCTATG
ACGAGATCCGGCATCTCTTACCGGATCTCCATTACATTTATGCTTTCGATAACGTCGCTTTCCCGTATGGCGAAAAAAGCGAAGCGTTTATTGTTGAGCGAGTGGTGGCAATTGTCACCGCGGTGCA
AGAACGTTATCCCCTTGCGCTGGCTGTGGTCGCTTGCAACACTGCCAGTACCGTTTCACTTCCTGCATTACGCGAAAAGTTCGACTTCCCGGTTGTTGCGTGTCGTGCCGGCGATTAAACCTGCTG
CACGTCTGACGGCAAATGGCATTGTCGGATTACTGGCAACCCGCGGAACAGTTAAACGTTCTTATACTCATGAGCTGATCGCGCGTTTCGCTAATGAATGCCAGATAGAAATGCTGGGCTCGGCAG
AGATGGTTGAGTTGGCTGAAGCGAAGCTACATGGCGAAGATGTTTCTCTGGATGCACTAAAACGTATCCTACGCCCGTGBTTAAGAATGAAAGAGCCGCCAGATACCGTTGTATTGGGTTGCACCC
ATTTCCCTCTACTACAAGAAGAACTGTTACAAGTGCTGCCAGAGGGAACCCGGCTGGTGGATTCTGGCGCAGCGATTGCTCGCCGAACGGCCTGGTTGTTAGAACATGAAGCCCCGGATGCAAA
ATCTGCCGATGCGAATATTGCCTTTTGTATGGCAATGACGCCAGGAGCTGAACAATTATTGCCCGTTTTACAGCGTTACGGCTTCGAAACGCTCGAAAAACTGGCAGTTTTAGGCTGATTTGGTTGA
ATGTTGCGCGGTCAGAAAATTATTTTAAATTTCCTCTTGT

Figure S2: The nucleotide sequence of the region to be removed (highlighted in red). The region encoding 5’UTR is highlighted
in yellow, murl is highlighted in green, while bfruB includes the region highlighted in red plus highlighted in green and
underlined (the region of btuB which overlaps with murlI).

ATGTATCCTGAAAAATTAAAGTACGCGGCGATTGTAGGGATTGCTCATCAGATGTCCAGATCTTGATGAATTCCTATTTGTGAGCTACGTCTGGACAGTAACTTGTTACAACCTGTAGCATCCACTT

GCGTTATGCGGACACTGCCATTCGGTGGGAAGTCATCATCTCTTAGTAT
CTTAGATACCCCTCCAAGCCCGAAGACCTGCCGGCCAACGTCGCATCTGGTTCTCATCATCGCGTAATATTGATGAAACCTGCGGCATCCTTCTTCTATTGTGGATGCTTTACAATGGCTACCAAAC
TGCAGGACGGGAATACACCTTGTCTGGCAGCTACACCTTCTGAACCACGTCCCACCGTGCTGGTGTTTGACTCCGGCGTCGEGTGGGTTGTCGGTCTATGACGAGATCCGGCATCTCTTACCGGA
TCTCCATTACATTTATGCTTTCGATAACGTCGCTTTCCCGTATGGCGAAAAAAGCGAAGCGTTTATTGTTGAGCGAGTGGTGGCAATTGTCACCGCGGTGCAAGAACGTTATCCCCTTGCGCTGGCT
GTGGTCGCTTGCAACACTGCCAGTACCGTTTCACTTCCTGCATTACGCGAAAAGTTCGACTTCCCGGTTGTTGGTGTCGTGCCGGCGATTAAACCTGCTGCACGTCTGACGGCAAATGGCATTGT
CGGATTACTGGCAACCCGCGGAACAGTTAAACGTTCTTATACTCATGAGCTGATCGCGCGTTTCGCTAATGAATGCCAGATAGAAATGCTGGGCTCGGCAGAGATGGTTGAGTTGGCTGAAGCGA
AGCTACATGGCGAAGATGTTTCTCTGGATGCACTAAAACGTATCCTACGCCCGTGGTTAAGAATGAAAGAGCCGCCAGATACCGTTGTATTGGGTTGCACCCATTTCCCTCTACTACAAGAAGAACT
GTTACAAGTGCTGCCAGAGGGAACCCGGCTCGGTGGATTCTGGCEGCAGCGATTGCTCGCCCAACGBCCTGETTGTTAGAACATGAAGCCCCGGATGCAAAATCTGCCGATGCGAATATTGCCTTT
TGTATGGCAATGACGCCAGGAGCTGAACAATTATTGCCCGTTTTACAGCGTTACGGCTTCGAAACGCTCGAAAAACTGGCAGTTTTAGGCTGATTTGGTTGAATGTTGCGCGGTCAGAAAATTATTT
TAAATTTCCTCTTGT

Figure S3: The nucleotide sequence of the mutated region after the planned deletion. The region encoding 5’UTR is highlighted
in yellow, murl is highlighted in green, the region highlighted in green and underlined is the bruB part that overlaps with murl.
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Figure S4: Generation of the deletion of bruB. A. Homologous recombination ((1) or (2)) between the chromosome of E.
coli MG1655 and the suicide plasmid for bfuB deletion (pDS132-btuBA), introduced into MG1655 cells by conjugation.
B. The recombinants between the MG1655 chromosome and the plasmid pDS132-bfuBA selected on the LA medium with
chloramphenicol and gentamicin. As the plasmid cannot autonomously replicate in the MG1655 cell, only recombinants in the
flank 1 or flank 2 regions can grow on the selective medium with the antibiotics. The murIR/RPDS primers were used to check
whether the recombination in a given clone occurred in the flank 1 or flank 2. Both types of recombinants cannot grow on
media containing sucrose, since they have inbuilt sacB gene of the pDS132 plasmid. C. The possible recombinants resulting
from the recombination events (3) and (4) that were selected on the LA medium with sucrose. The recombinant (3) is a wild
type revertant, while the recombinant (4) is the strain with deletion of the bruB gene. The search for the latter recombinants was
conducted with PCR using the LbtuBdXb/RbtuBdBa primers.
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BtuB luminal [
domain

Figure S5: Left: The ribbon model of the BtuB structure in the complex with vitamin B{,—(CH;)2—PNA conjugate. Red
arrow at the end of Ton box illustrates the external force used to unfold the BtuB luminal domain. Right: Numbering of BtuB
extracellular loops.
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Figure S6: The potential of mean force (PMF) and its RMSD of the association and permeation of vitamin B1,—(CH,);,—PNA
conjugate through BtuB calculated from umbrella sampling (US) simulations. Every 0.2 ns, the PMF RMSD was computed
taking into account accumulative data. The colors in the legend denote the simulation time after which the PMF shown was
computed. This means that the PMFs were calculated based on the data collected from O to 3 ns, from 0 to 6 ns, etc., and from 0
to 15 ns.
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Figure S7: The potential of mean force and its RMSD of the association and permeation of vitamin B,—(CH;);,—PNA conjugate
through BtuB upon coupling of the GF-SA method with umbrella sampling (US). Every 0.2 ns, the PMF RMSD was computed
taking into account accumulative data. The colors in the legend number each GF-SA-US simulation cycle after which the PMF
shown was computed. This means that the PMFs were calculated based on the data collected from 0 to 157 cycle, from 0 to 2"¢
cycle, etc., and from O to 101" cycle.
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Figure S8: Optical density at 600 nm in E. coli wild-type (WT) and AbtuB mutant (MT) strains after the overnight treatment
with B1,—PNA, B{,—(CH;)2—PNA, B{,—(CH;);,—PNA scrambled, (KFF); K-PNA, and (KFF); K-PNA scrambled. The mean
values from three (for wild-type E. coli) and six (for mutant E. coli) independent experiments are shown, with error bars
calculated as the standard error of the mean.
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Figure S9: Optical density at 600 nm in E. coli wild-type (WT) and AbtuB mutant (MT) strains after the overnight treatment
with B{,—PNA, B{,—(CH,){,—PNA, B{,—(CH,){,—PNA scrambled, (KFF);K-PNA, and (KFF);K-PNA scrambled in the
concentration range of 0-2 M. The mean values from three (for wild-type E. coli) and six (for mutant E. coli) independent
experiments are shown, with error bars calculated as the standard error of the mean.
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Figure S10: Optical density at 600 nm in E. coli AbtuB mutant strain after the overnight treatment with free PNA, vitamin B,
and (KFF);K. The mean values calculated from four independent experiments are shown, with error bars representing the
standard error of the mean.
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Figure S11: Inhibition of RFP synthesis in E. coli wild-type (WT) and AbtuB mutant (MT) strains after the overnight treatment
with Bj»—PNA, B{,—(CH;),—PNA, B,—(CH;),—PNA scrambled, (KFF);K-PNA, and (KFF);K-PNA scrambled in the
concentration range of 0-2 uM. Fluorescence intensity is given in relative fluorescence units [RFU]. The mean values from

three (for wild-type E. coli) and six (for mutant E. coli) independent experiments are shown, with error bars calculated as the
standard error of the mean.
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Figure S12: Inhibition of the RFP synthesis in E. coli AbtuB mutant strain after the overnight treatment with free PNA, vitamin
B2, and (KFF);K. The fluorescence intensity is given in relative fluorescence units [RFU]. The mean values calculated from
four independent experiments are shown, with error bars representing the standard error of the mean.
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Figure S13: The median and lower-upper extremes range of the number of hydrogen bonds (A) and 7 — 7 stacking (B) created
within the vitamin B1,—(CHj;);,—PNA conjugate during its transport through BtuB. The occurrence of the distances (below
5.5 A) between the centers of masses of the PNA bases as a function of the position of the base in the PNA sequence (C). The
occurrence of the distances was normalized to the total stacking occurrence in PNA.
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Figure S14: The median and lower-upper extremes range of the number of direct (A) and water-mediated hydrogen bonds (B)
(H-bonds) created by the vitamin B{,—(CH;);2,—PNA conjugate with BtuB during its transport through BtuB.
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Figure S15: A: The occurrence of the contacts between the BtuB residues and vitamin B,—(CH),—PNA during its permeation
through BtuB. Labels are defined as follows: LD - luminal domain, L1-L11 - extracellular loops. B: The occurrence of the
contacts between BtuB and vitamin B|,—(CH;),—PNA residues during its permeation through BtuB. Labels are defined as
follows: L12 - linker L12; C, A, T, G - PNA monomers; K - lysine; B - backbone; S - side-chain.
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Figure S16: The residues of the luminal domain (A) and extracellular loops (B) of BtuB that frequently interact with vitamin
B>—(CH;)1,—PNA during its permeation through BtuB. The residues of the barrel (C) and luminal (D) domains of BtuB
interacting with vitamin B,—(CH;);,—PNA during its leaving from BtuB.
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Figure S17: The median and lower-upper extremes range of the distance from the centers of masses of the loops L2, L3, L8
to the center of mass of the vitamin B, binding site region during the permeation of vitamin B;,—(CH,);,—PNA conjugate
through BtuB. The average difference between the upper and lower extremes is 4.22 A for L2, 5.78 A for L8, and 6.44 A for L3.
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