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DfrB1 (PDB:2RK1)

EcDHFR (PDB:1RA2)

1. A. B X% DHFR M5 B &M L

Figure 1. Structural comparison of Family A and
Family B DHFR. Green represents NADPH; magenta
represents folate to ECDHFR or DHF to DfrB1.
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Figure 2. Genetic structure of dfrB7 and phylogenetic analysis of Family B DHFRs. A: Genetic structure of
gene cassette in class 1 integron. Antibiotic resistance genes are indicated by gray arrows. The integrase gene is
shown in white arrow. Integron-associated recombination sites are shown in different ellipses. GenBank number
is GU295656. B: Phylogenetic analysis of Family B DHFRs and partial Family A DHFRs. GenBank numbers are
listed alongside protein names. Numbers at each node are bootstrap values. Bar: evolutionary distance.
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DfrB7 .DQG....G..... Q.5..... - P Kottt tneeneenaasnasananesnnnns GVQG
DffBY9 .NQ...CI.T..V.Q.AL.FQP. ... cueurnnnnnnann KV.ouunn. Kt i it teiaeaeaa e aaanns VA....

3. BREZEMELREEES F5 LT
Figure 3. Multiple sequence alignment of Family B DHFRs. DfrB1 is the reference protein; only mutated
residues are shown for the other sequences with conserved residues represented by dots. It is clear that DfrB7 has
a longer C-terminal end.
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Table 1.  MICs for TMP and co-trimoxazole in dfr-containing and control strains
MIC/(mg/L)
Strain (containing plasmid) Trimethoprim Co-trimoxazole
E. coli ATCC25922 S (4) S (1/19)
A. hydrophila 7T1 (dfrB7) R (2048) R (=8/152)
E. coli DH5a S (4) S (0.0625/1.1875)
E. coli DH50 (pPACYC184) S(2) S (0.25/4.75)
E. coli DH50. (folA-pACYC184) S (4) S (1/19)
E. coli DH50 (dfrB1-pACYC184) R (2048) R (=64/1216)
E. coli DH50 (dfrB7-pACYC184) R (1024) R (32/608)
E. coli DH50, (pET15b) S (1) S (0.5/9.5)
E. coli DH50. (dfrB1-pET15b) R (2048) R (128/2432)
E. coli DH50 (dfrB7-pET15b) R (2048) R (128/2432)

R: resistant; S: susceptible.

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



4102

Ling Li etal. | Acta Microbiologica Sinica, 2021, 61(12)

kDa EcDHFR  DfrBl

=

| t—
e
45 — S
o
-

DfrB7

35 —

25 —

B4 Z—SMERLRESR) SDS-B R Btz 5 E
Figure 4. SDS-PAGE of purified dihydrofolate
reductases.
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B DfrB7 7E NI B K % DHFR i 1k
NADPH : DHF 4 Ak Ji 5o 118 il 376 250 ik 251K
TUE YL K - ECDHFR, i F 451504 & Bk

%k 2. 4hi{k DHFR B NADPH
Table 2.

(ITC)I % I Fe 8 1 % TMP #8089 EcDHFR L4
TMP T 3% i DfrB1.DfrB7 % TMP B9~ 1 i 55 %
(& 5, # 2), KW, EcDHFR 5 TMP 11
-1 AR B A 10.02 nmol/L, 5 2 AT SCE R A
f5 9.1 nmol/L AR, 1 1TC S2I6 K Al I 31
DfrB1 sk DfrB7 5 TMP (454, ITC S %M,
ML E Y (K I EcDHFR, B %% DHFR X}
TMP 1R RAR . 256 B s3] DFrB /v 31
TMP 5T 2P AS 2 DRk B vy 0 T O A 253, o
A RE S PUA R SRR ARG

3 itk

WA RN B AAAE T IORL Y B 5K0% dfr
FEAES R EMY TMP B 251k . (A Hr
DfrB1 fh A4 44 5 HED B K%k DHFR i Tk = %
— AL AL AL, FEHEE A B PR R — A i
fR5E AT, W] S BT A R A U BE T 22
INFR AL L 7 TR . B 4505 DHFR & —FhdE 3
TR, ZSH BN OC R E AT AR
ML) DHFR. JUIH PO R AR S5 #4 T8 B — 1> —
HA 222 XFFRIGIEEN s L, EARH AR
JiE 41 DHF #1148 [l NADPH #5575 22 7K 4+ 250 5
HEAMGEPM, AT E LB dfrB7 3t
JE T P 4 FE X FIFEAE R 3 i S 1R dfrB7
FENPIREEAY2E . dfrB7 5HA 7 4~ B Kk dfr

I CEMBREULREBHNFESH
NADPH:dihydrofolate oxidoreductase enzymatic parameters of purified DHFRs

Enzymatic parameters

ITC measurements

Enzyme Keat! K/ [L/
y Km/(umol/L) ke (s (Cartnors[)] Ko/(nmol/L)  AG/(kcal/mol)  AH/(kcal/mol)  —TAS/(kcal/mol)
umol-
EcDHFR  27.33%5.63 17.52+168.00 0.6410 10.02+3.31 -10.940£0.207 -13.260+0.986 2.30+1.13
DfrB1 25.19+5.00 0.08000+0.00725 0.0032 ND ND ND ND
DfrB7 21.90+4.21 0.04500+0.00425 0.0021 ND ND ND ND

Numbers are in meanzstandard deviation. ND: not determined.
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Figure 5.  Analysis of TMP binding with the binary complex of DHFR and NADPH using isothermal titration

calorimetry. A: Binding of TMP to ECDHFR:NADPH complex; B: Binding of TMP to DfrB1:NADPH complex;
C: Binding of TMP to DfrB7:NADPH complex. Curves represent non-linear least-squares fit to a 1:1 binding

model.
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http://journals.im.ac.cn/actamicrocn



4104

Ling Li etal. | Acta Microbiologica Sinica, 2021, 61(12)

ISUF T DfrB7 %7 TMP I 35 F1 0 ek o

ARSCNEE IR L, 5 82 MG R ] AE

R PR R R R, i T RSk
BTGS20, K TMP 5 DHFR E RIS ITC 52

SN A A AR B A BB B DFrB7 X TMP it

G ELARTR NS . S5 LERIT, M AN Y ek b
fb5¢4x ) DHFR, f04% DfrB7 7E 1 19 B % ji% DHFR
XF TMP 43 R 456 7 52 B U e Tiid 25 7
AR, X —Z5 04 5 Z i % DfrBL dh IR Z5#4 1
it BT AR T AH — 2

2 % B

[1]

[2]

(3]

[4]

(5]

(6]

[7]

(8]

[l

Watson M, Liu JW, Ollis D. Directed evolution of
trimethoprim resistance in Escherichia coli. The FEBS
Journal, 2007, 274(10): 2661-2671.

Then RL. Antimicrobial dihydrofolate reductase inhibitors -
achievements and future options: review. Journal of
Chemotherapy, 2004, 16(1): 3-12.

Huovinen P, Sundstrom L, Swedberg G, Skoéld O.
Trimethoprim and sulfonamide resistance. Antimicrobial
Agents and Chemotherapy, 1995, 39(2): 279-289.

Skold O. Resistance to trimethoprim and sulfonamides.
Veterinary Research, 2001, 32(3/4): 261-273.

Wrobel A, Arciszewska K, Maliszewski D, Drozdowska D.
Trimethoprim and other nonclassical antifolates an excellent
template for searching modifications of dihydrofolate
reductase enzyme inhibitors. The Journal of Antibiotics,
2020, 73(1): 5-27.

Kahlmeter G. An international survey of the antimicrobial
susceptibility of pathogens from uncomplicated urinary tract
infections: the ECO-SENS Project. Journal of Antimicrobial
Chemotherapy, 2003, 51(1): 69-76.

Kahlmeter G, Poulsen HO. Antimicrobial susceptibility of
Escherichia coli from community-acquired urinary tract
infections in Europe: the ECO-SENS study revisited.
International Journal of Antimicrobial Agents, 2012, 39(1):
45-51,

Allegra CJ, Kovacs JA, Drake JC, Swan JC, Chabner BA,
Masur H. Activity of antifolates against Pneumocystis
carinii dihydrofolate reductase and identification of a potent
new agent. The Journal of Experimental Medicine, 1987,
165(3): 926-931.

Fleming MP, Datta N, Grineberg RN. Trimethoprim
resistance determined by R factors. British Medical Journal,
1972, 1(5802): 726-728.

actamicro@im.ac.cn

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Sanchez-Osuna M, Cortés P, Llagostera M, Barbé J, Erill I.
Exploration into the origins and mobilization of
di-hydrofolate reductase genes and the emergence of clinical
resistance to trimethoprim. Microbial Genomics, 2020, 6(11):
mgen000440.

Alonso H, Gready JE. Integron-sequestered dihydrofolate
reductase: a recently redeployed enzyme. Trends in
Microbiology, 2006, 14(5): 236-242.

Toulouse J, Yachnin BJ, Ruediger EH, Deon D, Gagnon M,
Saint-Jacques K, Ebert MCC, Forge D, Bastien D, Colin DY,
Vanden Eynde JJ, Marinier A, Berghuis AM, Pelletier JN.
Structure-based design of dimeric bisbenzimidazole
inhibitors to an emergent trimethoprim-resistant type Il
dihydrofolate reductase guides the design of monomeric
analogues. ACS Omega, 2019, 4(6): 10056-10069.

Duff M, Desai N, Craig MA, Agarwal PK, Howell EE.
Crowders steal dihydrofolate reductase ligands through
quinary interactions. Biochemistry, 2019, 58(9): 1198-1213.
Ebert MCCJC, Morley KL, Volpato JP, Schmitzer AR,
Pelletier JN. Asymmetric mutations in the tetrameric R67
dihydrofolate reductase reveal high tolerance to active-site
substitutions. Protein Science, 2015, 24(4): 495-507.
Strader MB, Chopra S, Jackson M, Smiley RD, Stinnett L,
Wu J, Howell EE. Defining the binding site of homotetrameric
R67 dihydrofolate reductase and correlating binding enthalpy
with catalysis. Biochemistry, 2004, 43(23): 7403-7412.

Xu H, Broersma K, Miao V, Davies J. Class 1 and class 2
integrons in multidrug-resistant gram-negative bacteria
isolated from the Salmon River, British Columbia. Canadian
Journal of Microbiology, 2011, 57(6): 460-467.

Reeve SM, Si D, Krucinska J, Yan YZ, Viswanathan K,
Wang SY, Holt GT, Frenkel MS, Ojewole AA, Estrada A,
Agabiti SS, Alverson JB, Gibson ND, Priestley ND, Wiemer
AJ, Donald BR, Wright DL. Toward broad spectrum
dihydrofolate reductase inhibitors targeting trimethoprim
resistant enzymes identified in clinical isolates of methicillin
resistant Staphylococcus aureus. ACS Infectious Diseases,
2019, 5(11): 1896-1906.

Li L, Zhang MG, Wang WJ, Xia RR, Ma YN, Wei X, Wang
XH, Sun XM, Xie XH, Xie SL, Wang MY, Xu H.
Identification and characterization of two novel
ISCR1-associated genes dfrA42 and dfrA43 encoding
trimethoprim resistant dihydrofolate reductases. Antimicrobial
Agents and Chemotherapy, 2021: AAC.02010-AAC.02020.
Abdizadeh H, Tamer YT, Acar O, Toprak E, Atilgan AR,
Atilgan C. Increased substrate affinity in the Escherichia
coli L28R dihydrofolate reductase mutant causes
trimethoprim resistance. Physical Chemistry Chemical
Physics, 2017, 19(18): 11416-11428.

Krahn JM, Jackson MR, DeRose EF, Howell EE, London RE.
Crystal structure of a type Il dihydrofolate reductase
catalytic ternary complex. Biochemistry, 2007, 46(51):
14878-14888.



IS | WA, 2021, 61(12) 4105

[21] Chopra S, Dooling RM, Horner CG, Howell EE. A balancing intrinsically  trimethoprim-resistant DfrB  dihydrofolate
act between net uptake of water during dihydrofolate reductases. ACS Medicinal Chemistry Letters, 2020, 11(11):
binding and net release of water upon NADPH binding in 2261-2267.

R67 dihydrofolate reductase. Journal of Biological [23] Bastien D, Ebert MCCJC, Forge D, Toulouse J, Kadnikova
Chemistry, 2008, 283(8): 4690-4698. N, Perron F, Mayence A, Huang TL, Vanden Eynde JJ,

[22] Toulouse JL, Shi GB, Lemay-St-denis C, Ebert MCCJC, Pelletier JN. Fragment-based design of symmetrical
Deon D, Gagnon M, Ruediger E, Saint-Jacques K, Forge D, bis-benzimidazoles as selective inhibitors of the
Vanden Eynde JJ, Marinier A, Ji XH, Pelletier JN. trimethoprim-resistant, type 1l R67 dihydrofolate reductase.
Dual-target inhibitors of the folate pathway inhibit Journal of Medicinal Chemistry, 2012, 55(7): 3182-3192.

Characterization and biochemistry analysis of a novel
trimethoprim resistant DfrB7 and the mechanism of trimethoprim
resistance

Ling Li, Mingyu Wang”, Hai Xu"

State Key Laboratory of Microbial Technology, Microbial Technology Institute, Shandong University, Qingdao 266237,
Shandong Province, China

Abstract: [Objective] To characterize novel acquired trimethoprim resistance gene dfrB7, and to determine the
biochemical basis of acquired trimethoprim resistance for DfrB7 coded by novel dfrB7 and previously known
representative Family B DHFRs. [Methods] Phylogenetic analysis of previously reported DfrB proteins and the
novel DfrB7 was performed. PCR-amplified dfr genes were cloned into pACYC184 and pET15b(+) vectors,
followed by transformation into Escherichia coli. The dfr-pACYC184 plasmid containing E. coli strains were tested
for trimethoprim susceptibility by microdilution broth method. Enzymatic catalysis parameters were determined by
analyzing the NADPH: dihydrofolate oxidoreductase activities. Isothermal titration calorimetry was performed to
measure the dissociation constants between TMP and DHFRs. [Results] Novel dfrB7 gene conferred trimethoprim
resistance (MIC=1024 mg/L) when it was cloned into E. coli. Phylogenetic analysis showed that dfrB7 encodes a
Family B DHFR. Novel dfrB7 and previously known representative dfr genes were overexpressed and purified for
the analysis of enzymatic parameters and TMP affinity. Comparing with chromosomal DHFR, both DfrB1 and
DfrB7 showed significantly lower activities, and Family B DHFRs have drastic lower affinities to trimethoprim.
[Conclusion] DfrB7 encoded by a novel dfrB7 gene has common characteristics of Family B DHFRs. The acquired
resistance to trimethoprim is caused by the low affinities of Family B DHFRs to trimethoprim.
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