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Advances in bacterial adsorption and transport of aromatic
compounds

XU Yinming®, REN Huiping®, TIAN Kai, YU Zhiliang, MENG Qiu’
College of Biotechnology and Bioengineering, Zhejiang University of Technology, Hangzhou 310014, Zhejiang, China
Abstract: Aromatic compounds are a class of organic compounds with benzene ring(s).

Aromatic compounds are hardly decomposed due to its stable structure and can be accumulated
in the food cycle, posing a great threat to the ecological environment and human health.
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Bacteria have a strong catabolic ability to degrade various refractory organic contaminants (e.g.,
polycyclic aromatic hydrocarbons, PAHs). The adsorption and transportation are prerequisites
for the catabolism of aromatic compounds by bacteria. While remarkable progress has been
made in understanding the metabolism of aromatic compounds in bacterial degraders, the systems
responsible for the uptake and transport of aromatic compounds are poorly understood. Here we
summarize the effect of cell-surface hydrophobicity, biofilm formation, and bacterial chemotaxis on
the bacterial adsorption of aromatic compounds. Besides, the effects of outer membrane transport
systems (such as FadL family, TonB-dependent receptors, and OmpW family), and inner membrane
transport systems (such as major facilitator superfamily (MFS) transporter and ATP-binding cassette
(ABC) transporter) involved in the membrane transport of these compounds are summarized.
Moreover, the mechanism of transmembrane transport is also discussed. This review may serve as a
reference for the prevention and remediation of aromatic pollutants.

Keywords: bacterial adsorption; cell-surface hydrophobicity; aromatic compounds; membrane
transporter system; outer membrane transporter; inner membrane transporter
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hydrocarbons, MAHs)f#J#a4k12*>%,
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#*1 EWMAEEEEMNIMNEBEER
Table 1

OM)MIEZHEZIE M T — AW AR FkE, BH
1K A G PR KA G IS B ai s
BN A T R s SR B s S A . BR
TBBISN JLT- A S MR AT B 8-
24 ML R B FLIR S (FLEE T, porin),
B-SE AR e oA akfLAe, ATV AT LY HL
HIER B/ NFIIEAR) . FLEE ] LA Aaif o F 5
600 Da LN 531 I LA L 4 12 2 20 iy
A 6], B BRI 455 LS AU RE
Tz . A, AT RE SRR AR
B %18 Z GUA S8 U AN BEREA 7 I e A6 i I
I A5 Sl S A B S 52 18] Y
77 B AL A Y)W B — AP A i R
(cytoplasmic membrane, CM), fcZ&it A2 5¢ B%,
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F IS S T 352 2K A ot &7 I 2 s e i AT 5 ¢
%, {H PAHSs %555 & AL G W anfu] 5 10X — 5t
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HMEEAAIRAG FA By P, T ELA] AR AR
SEA RS A TR AR IR R PR, A BN T
HEK 259 % . H AT C 0B W % is 05 F ik &
YIS EE 146 FadL Z80% . TonB A8 52 {4
H.OmpW FESE(FR 1), 30 200 HA5H |
Feis IR ML IS WL E 2RI

Outer membrane transporters for transport of aromatic compounds

Aromatic compound Transporter  Protein family  Energy dependence  Strains References
MAHs TodX FadL No P. putida F1 [34]
MAHSs CymD FadL No P. putida F1 [34]
MAHs TbuX FadL No R. pickettii PKO1 [35]
Benzo[a]pyrene (BaP) TBDT-11 TBDT Yes N. pentaromativorans US6-1 [36]
Phenanthrene

5,5'-dehydrodivanillate  DDVT TBDT Yes Sphingobium sp. SYK-6 [37]
Naphthalene OmpW OmpW Yes P. fluorescens [38]
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2.1.1 FadL Rk
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LS, FRARIR AT P s K Ak & 4 P (&
1A).
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¥E(P. putida PpF1)H FadL FiEHY 3 @B E N
TodX (Pput_2883). CymD (Pput_2901)# F1FadL
(Pput_4030), &I TodX H CymD Hf iz
MAHSs [8E 7. F1FadL Fl EcFadL A Fc i,

"] A%z LCFA, SRTZEIE AN foiF MAHs B
iz, Ui FadL @8 HAT IRk bk o 1R it —
HHEE AT HT L X R E fE F 1 B A
BT, UEH] MAHs 433 2 i 7K 38 18 M A1
F RS 3 3 N ai b i m R AU 255 4R,
Sl N-A ot g =42 4k, 8145 MAHs # R
TEIASAIE, JRaREER%shH] S2 15 S3 AL
M, Fe 2k AR B A B (8 1), (HEiK
PEAL G W0 QAT DA e S5 1 T F1AS RS Sl 340 1) TF
M, HENEAFGFME. Fi, FadL #@iE8& 5%
s HK PGP BLE AT B (1) @i L3
L4 PR (0] 16 KR SN BT P i R e, =
BOS BRI s () SR B R AU g K
PESS G 148, N ARSI RAZA, FEIR T HAEX R
PRy EAT )5 (3) HAbLRU MR AL, W RETE
S3 HEhHE R, A T — SRR A )
M SEE 5 (4) IRV B NI |, JFBiie
25 40 it e DA T S8 ST K P EA B B 3 B
H i 7 (Ralstonia pickettii)) FadL ZKJRAMNEE
TbuX HAT [l R A3 a i =0,

1 FadL RIEMEFLZHFE A Fadl MZHRREL FER—0, SEFEARARAR 11 DX S0 M2 L

L0 5 s FRRE AT T B T R ()R, B: FadL X B /K EYI (b (7S i 2R iz fii s 2 . OM:
SMEE. 7RIS SR IR SO AT 1 B AR B

Figure I The proposed transport mechanism for FadL family members!”. A: Structural features of FadL. The

hatch domain, closing off the barrel on the periplasmic side, is colored red; the position of the opening in the

barrel wall between strands is indicated with a pentagram (% ). B: Schematic model for transport of
hydrophobic substrates (depicted as a hexagon in brown) by members of the FadL family. OM: Outer

membrane. The schematic model was adopted from the previously reported study with modification.
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)&, W HPIA 24 FadL FITEE A, X LLiEiE
HHRETHA RNz et EEtE—2
A
2.1.2  TonB fk ¥i 1t % 1+ % iz & B (TonB
dependent receptors, TBDT)

TBDT 58 AMER) 22 B -1 Sbk 20 1l Y
AR 225 449 3 AN 3T e AR P 30 1 3TR A Sk 445 e
R, G N At & — g 51
TonB-box o 1 45 4 W 7E F1MEE () A0 B SMIN 25 75 TS 4
R 3 X B (R ) & TonB-box) 5 TonB-ExbB-

ExbD 25BN, LR ET3h ) 5id N
B AL R g, AT SR T shis iy o JR) o )
FAY R RE S E S NI Y ABC Feiz i A5 #S
I 20t S5 (] 2)H

TBDT HA YR, EATI7EA0 i i)
BAT R R MRS & mASS 4 sORp s S5 A
455 TBDT REMERHARIRE P ARE R DT,
T {68 41 BT RE 6% 185 s s e 1) 8 3R S 0. v
W IRIE A TBDT 2% Fe' SRk & & Wi
s, WOk M2 BFsE R Y, TBDT E XK
R B BRI IR B 2R, A il s 4 )
F( Cu* R Zn®), BiREER . ZHE. ZRAVNR
WEAFEEY, AR s TBDT 4
HemR . BtuB. CirA. FatA . FcuT. FecA . FhuA .
FepA. FptA. IrgA. IutA, PfeA, PupA %11
M1 T ERIEA TBDT UL AR 1 — /Nl
gy, ISR R Z REPEA T it — 2424

2 TBDT XA B A E = = E 5
M. R RS e e IR T T OE BB R

Figure 2 Schematic model for transport of aromatic compounds by TonB-dependent transporter (TBDT

T AP LR NIIIEFRIR. OM: SHEE; CM: 4

36
)[ ]'

Aromatic compounds depicted as a hexagon in brown. OM: Outer membrane; CM: Cytoplasmic membrane.
The schematic model was adopted from the previously reported study with modification.
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Liang £V T8 5 2 BEAT B US6-1 B Ak
(Novosphingobium pentaromativorans US6-1)1E
BaP i} F 38 I~ TBDT F i ia 7k M 1 stk
-, &3 TBDT A G B PAHs i# i 3= 81z iy il
AL o AN, B 2 AT TR B S b B ik
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22 IR BH R A& A /9 LPS, A Bh T PAHs 2555 7K
YEAL G S A A, JF 4R BRI, T
5% PAHs BYFRfEAE 1Y, Fujita 5578 55 —HRMS
WA SYK-6 Hikk(Sphingobium sp. SYK-6)
th & B—1> TBDT %%z [1(DDVT)fgig i iz K
RRMATEGED .. EZBRTEAED
5,5"-JJi & — 75 B R JiE (dehydrodivanillate, DDVA)
17 O (E R RN L v K o I A N

5 14 B p-#r&AY Fadl HIEM ML,
TBDT JE S AFLIER K, R AT A2 T+

KR JG 38 S ML 8 it . {H TBDT
X SRR SE R 3, HAKAS TonB-ExbB-
ExbD & G WIE M 2 1%, 2 & ] L
B8 BOKYE DT B YR AR BE ]
2.1.3 OmpW XI&

T3 WA B-HIR S B AR & OmpW %K
W, BRI AEE T2 IR TR P ) — /b
HEAL R 1 R o FLEE 1 — AN SRR AL B i
iz, {H OmpW AT LIAF/NorF 5K P i i) 5
iz, OmpW 4544 I 35 I RRIE 2 B-Ali N
MR, LARIGATE OmpW Ry ffi], LA RE
62 AR I, AT 20 SRR KR, I
AANBKEREE, Horb S3 8% FAY Leus6 il S7 5%
A Trp155 JERL T — sk, i 5] .
HHMAZE OM EEAMLE, fFesiK 1R
P 49 A PR S EL A 5 4 S AR AR (T 3 A0,

3 OmpW ZRIRR R4 EHLHH

A: OmpW USSR, AfEE FAYIT AL B T R (k)RR B:

OmpW X 5 F b & YRz BIE. RGO NIIERIR. OM: SN, R ERIZSH LRI
FOTIAT T iE B

Figure 3 The proposed transport mechanism for OmpW family members*®. A: Structural features of OmpW.
The position of the opening in the barrel wall between strands is indicated with a pentagram (¥%). B: Schematic
model for transport of aromatic compounds by members of the OmpW family. Aromatic compounds depicted as a

hexagon in brown. OM: Outer membrane. The schematic model was adopted from the previously reported study
with modification.
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Hong %™l 1 X-SH4E AN 5 & B OmpW 1
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HAT R R 0 B HLdl, e/ Ny siK
a1 BUR L WS pa s N BT NG
22 AEBRUEYINERERIZER
2.2.1 MFS ik

F= B ] % iz 2R 8 % (major facilitator
superfamily, MFS);& H fij & Al K i) — 9% F 5h#%
iz E BRI . MFS 38 ot Rl H BT+ 8h I
(proton motive force, PMF, t#5 A 5 ¥ H fb 2+
BE, BT FUREE2E ApH FIRRHLAL Ay 410 f2 i
iz . IR s TS I i e 25 5, WLz
B EPOA R A B R AT 22 %, )
B e Py, JFHACH ApH 3K3). MFS
WE EAE 12 B o- 18 E (transmembrane
segments, TMS)HA , (/R HA 14 5 24 K TMS.
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TCIERERERIEANT, AT 0rF 1Y G s

MFS W% T Z R GRS, KIRME &

7 1 AR AT R 7R TR — M, iRt iz Jr Xk

PR s B vs s, B AT Ik, s nIAL

il 38 H AT AR “RRAT RO “RBAT sl BB HIL I

3 i A AR (B 4)P2 3 FE <R AT S B
SEFIARALAY N RSN C 2R St o ot ik il 26 25 o7

T BB A G mHES LSS R

55— s FE<FEFFHLEI Y, S5 HAN TR A 2%

HUCM B AN R E T HES ], SC R ARSI
ANFRAE HY N Iy HRO3E B AR RS20, C o AR

sl e BRI, 2 A HUR R

R, JEWAGE S C I ZE Rl B, TN SR

[ 2 -

HATC A 89 1~ MFS KiEAl 1 244 MERER
1A 51 9k % 16 (TCDB %5 /&, http://www.
tcdb.org), S5 Mifkia . 29 hHE . Al ER ANV Al
fRibihiz | BhRihitis | Y FRELE | BRIk
ig | PRI s S 2 A R A TE Y AR,
Z 55 HHACE Y —B)E TUUT &
Wz—, (1) &R . H[F 58 /K (AAHS,
2.A.1.15)5 (2) Z5¥ . H'IA 7 %% iz 14 (DHAL,
2.A.1.2 1 DHA2,2.A.1.3); (3) BHES ¥ BHES T
] [ 55 15K (ACS, 2.A.1.14); (4) RH: HIF
[FE R (MHS, 2.A.1.6), AL F B ETS F
AL G W OR i iz T R FEAE I MFS 0
(% 2).

KNPtk rh MFS #1288 11 i Z RE bl
RER IR B IR Y 24, 41 AAHS ZKE 1 GenK
DdvK., MhpT. HppK. PacK, MhbT, TsaS Fl
HenK 4 F 2S5 FGAE YRR Z474:
RN RS P EEE, Hrp MhpT F1 MhbT
SrBY 3-(3-FR I I ) N R R 11 4 ff AR
3-SR H R SR AU DAVK . PmdK | VanK
MBS ERREMAEY 55-HA K K.
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LA IR 527, PeaK FEHS S — AR, 78 R (P. putida)
X 4B IR EE A LA IR OB, s b, B R T HF S A NEEH BenkK
W R W] PeaK X FHR . KHIR . 3-FHARH  (AAHS ZW)M BenE (4 H iR #h-H P Rl #5328 1
BRERAN 2,4- "R HOR W RER Y A HLRE )1 . 1 L, BA 1T A B o- 9858 ) g AL A A 1)
1 AR 1 (Corynebacterium glutamicum)™ %1k . BenK Fll BenE % fith 3 K A7 7E T [6] — B A
EAMIEIES GenK & —F BRI ZHE A, b, LRI AHIRER, H BenE XK
BT 5 0 e I R ¥ 12 2 1 AR A R R RR 1) F R LA O 1 0 B g 071

N-term C-term Rocker-switch

Rocker-bundle

C Elevator

4 MFS =ZMAREMESIFHRER S A FERFIFEALE P, ZSHAHBIHRIN )R C (k)
R S NS B PRI S8 3 (67 T PO 7 B A B 4 5 A m L R B/ B G R BRIO LT HES ,  LASSRE i AR
Tyl B: TEREARALE T, FER AR AR 8 O A BRI FR BT HES SR E AR, AN OKER
SE I N i SROE H B FR <AL, C u i FR Ry “iaki k. C: ZERBRHLEI Y, 2 AR S By, JRY (1
RERA)SGE T C w5, 10 N SR iR 2. 7~ B IRS25 et F gt 1 gk

Figure 4 Three transport mechanism models for MFSP*. A: In the rocker-switch mechanism, the structurally
similar bundles (N (light-blue)- and C (light-greeen)-terminal bundle) rearrange symmetrically around the
centrally located substratebinding site (substrate shown as orange sphere) to alternate access to the other side of
the membrane. B: In the rocking-bundle mechanism, the structurally dissimilar bundles rearrange
asymmetrically around the centrally located substratebinding site to alternate access to either side of the
membrane. The less labile N-terminal bundle is typically referred to as the “scaffold” and the C-terminal bundle
as the “transport” domain. C: In the elevator mechanism, the two bundles are highly divergent and the substrate
(orange sphere) is transported across the membrane by only the C-terminal bundle, whereas the N-terminal
remains fixed, typically due to oligomerization. The schematic models were adopted from the previously
reported study with modification.
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Fx2 BRAEBERULEYIN MFS KK EEB
Table 2 MFS family transporters for transport of aromatic compounds
Aromatic compound Structural formula Transporter MEFS family Strains References
5,5'-dehydrodivanillate fooH DdvK AAHS Sphingobium sp. [55]
OH SYK-6
OH.C OCH;
OH
COOH
Protocatechuic acid OOH PmdK AAHS Comamonas sp. E6  [56]
OH
OH
Vanillate & -ooH -O0H VanK AAHS P. putida KT2440 [57]
protocatechuic acid
JCH; OH
OH & on
Benzoate OE”H BenK AAHS P. putida [58]
Benzalkonium bromide O\/ EmrD DHALI E. coli [59]
Chloramphenicol ,(J@j}%)(m YajR DHAI E. coli [59]
cl
Q
b HN c
At e
Chloramphenicol NYO/LY(JOH MdfA DHA1 E. coli [60]
cl
Q H .
Tetraphenylphosphonium LmrS DHA?2 Staphylococcus [61]
chloride aureus
cl
Ferulate ¢ PcaT MHS P. putida KT2440 [62]
A H
HC
Phthalic acid & OO 1% MopB MHS Burkholderia sp. [63]
4-methylphthalate /{‘;f\lﬂ?m
[¢] OH
&
OphD ACS Burkholderia sp. [64]

Phthalic acid ”OEEO ol
{0}

EAFE R A, — 35 F IR A W] LAk 4N
PRI A Al I B D B 1 A 5, e S HE ZE A
MFS-£ 24 #MHE(multidrug  resistance, MDR)#%iz
A {6 ] ) R S 1 I R Ak 2 B R S RO L PR
e, AN IRBIEHE S E A AT,
T AE Y MFS-MDR % k248 T
12-TMS 259 H iz {k 1 (DHAD)AI
14-TMS B2 H+Z %5150k 1 (DHA2)™,
MFS-MDR #;3i2 {k K 28 HA B A=W IRY 456
A5 R TI R 35 B R M 4h A, LIRS [R) 454

&: 010-64807509

AW, I3 2 e S AR L RD B 7K A EAE
ke &R, fEd MFS-MDR #5328 (&1 51
G AR A S sk, IR A2 —
ANF5EFEACT, BT A% MFS-MDR #iz{A&
rh ey Wi is B AL A AR KA T f , AR
B DHA1 %09 EmeD R, JAMERZY
— T N ERR S A EmeD Y, JE RO
s ) 5 RS e HE 91 A K BRI, R JE O i
KOBLW W OXT 5 AR Bk L (Tyr52/Tyr56  #il
Trp300/Phe249) 8 I\ i il A HE S 5 05 RIS
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A 254 T & A U,
22.2 ABCHEEH
ABC $2EH) 2040 T EwiRS,

RERE R ATP K i) A Y RE T HF IR 5 A5 &
1 4 Bl R A7 5 B 12 UYL B A e R B
ABC #izE i C it 100 ZF, efiT—Mh 2 4
15 i 25 #4) 3 (transmembrane  domains, TMDs)
2 R 45 A 45 M 38 (nucleotidebinding
domains, NBDs)Fl 1 P2 NER4E G &EH
(solute binding proteins, SBPs)Z5 k£ il . 1£)F
SRt ABC ¥z S U S AE NBD N 2 3
FERSFINIETY; M2 T, TMD BJF51fss
FZAERAR K, S T IR fk2E 2 e, ABC
iz 2 1 AT IR W e az Jy =X IR AT SO 4R Ky
MFS“AE B i [l AR TMD i 6 41 a- B8 iELT AL,
REAE U R, MR AL iZ I,
TMD A HAG%, ATP 7l L5 NBD %54,
ATP JKfi#)5, NBD —RAKITIF, VBRI
W, SERURPIEEET,

H AT 238 38 1% A A 2 B 0 2 5 30
TGV 24~ ABC Kk iaE Aty 7%
E LI BE R AE o ¥Y B8 A B KT (Sphingobium
japonicum) UT26 ¥k H, ABC ¥ iz E H
LinkLMN 2 5 y- NG D BE R ) AR I
R AR B TR (P, putida) | ABC #%iz R4
HmgDEFGHI 25 2,5- 3K LR (R B IR ) %
B SRR B B (P. huttiensis)H, @1 QI
FHIF N T A 2= BRI U, 2-50R iR
(2-CBA)WI B ABC #4128 1 HybEFG A%,
Kt ABC $i2 8 It b K i {037 A IR AR 5
LA AN RVB PR LR PR T (Rhodopseudomonas
palustris) "] UTE—ZRIIR N BERIA FAK, 20
GBI I3 i A, WFFE N D R B —
> ABC #i2% [11(CouPSTU) AT LA B Bh 2K P be e
100 RS A S RAEW], CouPSTU 5357

http://journals.im.ac.cn/cjben

Yy(FF D IREL . BUBRIREL . oinMERREL AN AR ER)
HAREMI, 58 4-0H 2LH1Y5 His309
GIn305 FRILLL M FRHE Argl197 ., Ser222 #il Thr102
PR A EAEN, YRR B 3-k
BT T 5 DA RSP 1Y Arg BRITE 3
FoEEPY . FEAA 7 R A8 G (Burkholderia
cenocepacia)¥ , ABC ¥%iz 85 H OphFGH FT4p
AR ERRING; TEA S (Acinetobacter sp.)
H, ATP /KF 5 4-32 3R R (4-HBA) Y 5 L
Z A AR A AR e HM: , UL HEWT ABC stk R
452 5% BGS R P; 2T BRI PatDABC 1] LU
B4R 2K H R ER AN ARR T H R IRV, Ik 4h, ABC
A8 TR R RN A L 3 2 UM B A (0 TBDT,
Kl 2), HFE iz EREEY .

3 RgE5R%

SR T A0 TR X O A T AL 0 18 W R
E1RE) 1Bk B2 i O, B B RIS AR
JR BRAE o FEANFE G T 542 PAHS J& B4R AE 11X
— ] {5, Bugg ZFHFSE T 98 G B TR LP6a (P.
fluorescens LP6a)X} PAHs # sl HW I & H fE
HIRSIAMERIRE ST 1M Miyata 2E5WE5E T RELL
R e — B P IF = R 5 AP Sphe3 T Bk
(Arthrobacter sp. strain Sphe3), i ]K Sphe3 7&
0 AR 2 1) 355 % R LT Sy o — Bt T 5 9
bora SR, X EHERSRIGEA T B 1 o b, KR
FERT LA 2 Ry 3@ Sphe3 (420 AR . 76 4
WS AE B R, Digishizmny y Xf%is, m
T LASE Ry ME— B 0 25 A1 T B Rt 2 B FERY 175
S, WKOB T PMF (9 & 3 % i 3F A 40 i
Kallimanis %5 PV ¥E PAHs [% fif B 7 % #F
RJGII-135 ¥k (Mycobacterium  sp.
RIGII-135) %t W s ATL B A% A 2 i & B T 26
RIRIHLE], FERZIEFE SRS, XHERY
RIS W IS e s S [ Y, TR Hh 3E 5 5 %

strain
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FEHAML Y, FELER — AT . RE AR
PAHs %12 245,

T W18 52 A R — R IR RE BB R A5 A 47 1)
HEYMEEFR , AR A5 B AL G W 35 5
TG HL T 4 A AN 5T E AL A
W 12 3 2 %o LA T PR AR A 1) SRR R T 4
5305 B A A ) HAT B s K M L XA K
BRI T 4 PR A  BY) ve RUCH L 20 R RT LA
A 3 A A i T K M L B R R E K AL A
iR 5 38 3 TR AR O B i R 2 Ak ) 4
e, I 2 — 2530 L 20 B A R AR 1) H RR e
HEZE X 57 AL A P W B o W 3 SR T
PG P AE P IEGE B 2 (2 MFS B R
il ABC iz 8 (U S0 Rl o BSsd 8 2 11 (R4
AT FadL 0% . TBDT F kM OmpW % Jik)
PR B B AR, HEAE DR ffad AR . AR SR
TR T 5 ) A D A ORI A S 5 AL A ) B
o WAVAGr, A RIF B WA PR B R A8 )
WF 5% B8 0 Bl 2E 9 o - b 1 P 3R 5875 e 0 i A
6 PR (LT R LT
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