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Highlights
® Novel LAMP detecting kits against both MRSA and MB#vere developed.
The positive reaction would be easily confirmedtwy colorimetric change in naked eye.
Colorimetric Md* ion indicator dyeD-649was synthesized.
New sets of primer for both MRSA and MRAB were desd.
The detection limits for DNA of both pathogens &neg.

Abstract

Methicillin-resistant Staphylococcus aureySIRSA) and Multidrug-resistant Acinetobacter
baumannii(MRAB) are serious life-threating pathogens. Tapid detection of those pathogens
is a challenge for the most clinical microbiologbbratories. A nucleic acid amplification
technique, loop-mediated isothermal amplificatibANIP) that enables to amplify target DNA
sequences in a short time period, is an excellestinique to detect the pathogens with high
efficiency. We developed LAMP detecting kits againeth MRSA and MRAB that utilizing a
newly developed colorimetric M§ ion indicator dyeD-649 and novel sets of primers. An
agueous soluble dy®-649is stable over physiological pH range and disptdgar color change
upon binding to M§' ion. The addition of 0.12 mM db-649to LAMP solution did not disturb
the amplification process, and the positive reacticould be easily confirmed by the color
change of reaction mixture from ruby to purple aked eye under ambient light. Each primer
set was designed to recogninecAfemBgene of MRSA anthlaOXA-23/blaOXA51-like gene

of MRAB, and the detection limits for both DNAs weshown as 1 pg. These LAMP detection
kits will be beneficial for the detection of MRSA&MRAB in clinical laboratories.
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1. Introduction

Methicillin-resistant ~ Staphylococcus  aureus(MRSA)' and Multidrug-resistant
Acinetobacter baumannii(MRAB)? are serious life-threating pathogens due to their
environmental resilience, antimicrobial resistareeg outbreak potentidEpidemic spread of
MRSA and MRAB is common among people in hospitalsiursing homésand prisons The
detection of those pathogens, which requires impteation of strict protocols for active
screenindlis a challenge for the most clinical microbiologoratories. The rapid identification
of antimicrobial susceptibility patterns of bac#risolates from positive blood cultures is an
imperative issue.

Whilst costly molecular techniques offer high samgy and rapid results, time-consuming
culture methods also provide reliable outcomes witver price®*® Traditional cultural
techniques, including growth-based assays, colooyphology, and microdilution resistance
tests'! take up to 48 h to confirm pathogens, thus theynaainly utilized as confirming methods
for molecular technique. Polymerase chain reaction (PCR)-based assays heen
successfully established and utilized for the ragetection of MRSA and MRAB directly from
various clinical specimer$:** However, these methods also have some complisatiooh as
complex protocols, false positive and negative ltesand the necessity to run multiplex PCR to
obtain reliable resultS. Loop-mediated isothermal amplification method (LRMis another
effective technique for rapid detection of targdiAdsequences and is increasingly utilized in
biomedical field"®

LAMP method enables to rapidly amplify DNA strandder isothermal conditions (60—
65 °C) with high efficiency and sensitivity.Moreover, the specificity of LAMP is considered
extremely high because the primers must bind stndit regions on the target DNA in order to
amplify. The sensitivity of LAMP does not appearl® affected by the presence of non-target
DNA in sample, and the method is well tolerant tmkn PCR inhibitors such as blood, serum
and food ingredient® Owing excellent features, LAMP has been utilizadvarious fields of
genetic analysis, including the detection of MR$® &RAB1*%°

To obtain accurate analysis results, LAMPunexs an efficient method to monitor the
amplification progress. A number of LAMP amplifiat monitoring methods have been
developed to date, including turbidity monitoriffggel electrophoresi€, electrochemical
methods’? lateral flow dipstick® naked eye monitoring with DNA binding dyes suchS¥8R
green?* using colorimetric indicators such as calcein ydrbxylnaphthol blue (HNB¥® and so
forth.?° In this work, we developed LAMP detecting kits ig& both MRSA and MRAB that
utilizing a newly developed colorimetric Klgion indicator dye and novel primer sets. Herein,
we disclose our effort to synthesize a novel indicdye, to design sensitive primer sets, and to
consolidate them into MRSA and MRSA detection kits.

2. Materials and methods



2.1.Materials and instruments

Reagents and building blocks for dye synthesis wenehased from Sigma-Aldrich and
Tokyo chemical industry (TCI) and used without et purification. Synthesis of aryl azo dyes
were followed from literature procedur®<® Oligonucleotide primers were designed using the
Primer Explorer V4 software (Fujitsu System SolasipLtd., Japan). Large fragment B§t
DNA polymerase was purchased from New England B®lglpswich, MA, USA).
Electrophoresis was performed using Mupid-exu (AdeaCo. Ltd., Japan). TLC analysis was
conducted on silica gel plates. Fluorescence sp&atre recorded on a bioimaging instrument
(FOBI, NeoScience Co. Ltd., KoredHd NMR and**C NMR spectra were measured on ECZR
500 MHz FT NMR spectrometer (JEOL Ltd., Tokyo, Japasing tetetramethylsilane (TMS) as
an internal reference. The pH values were measusety Seven ComPact pH meter S 220
(Mettler Toledo, Ohio, USA). Genomic DNA strand MRSA, ATCC® 33591, was purchased
from the American Type Culture Collection (ATCC, Mesas, VA, USA). Genomic DNA
strand of MRAB strain was obtained from Konyang\émsity Hospital. Concentrations of DNA
strands were analyzed with Nanodrop 2000 specttopieter (Thermo Fisher scientific, USA).
Theoretical pKa values were calculated with CherbB&w program. High resolution mass
spectra were measured on a Q Exactive mass spetaofhermo Fisher Scientific, USA).

2.2 Synthesis of D-649
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Scheme 1Synthetic scheme foiD-649

A solution of 4-nitro-2-aminophenol-6-sulfonic ag@l6 g, 25 mmol) in deionized water (100
mL) at O[] was slowly treated with concentrated HCI (7.5 rfdljowed by a solution of sodium
nitrite (1.9 g, 26 mmol) in deionized water (1 mje reaction mixture was stirred at@for 1
h and treated with a solution of 1-naphthol-4-sunifoacid (5.5 g, 25 mmol) in deionized water
(100 mL). The reaction mixture was stirred at raiemperature for 2 h whilst pH of the reaction
mixture was adjusted to 7 with aqueous 2 N NaOHe fesulting mixture was filtered through a
fritted filter, and the filter cake was dried undeduced pressure to provide the crude product.
Flash chromatography (SiOiso-butanolh-propanol/EtOAc/water: 2/4/1/3f 0.4) afforded 4-
hydroxy-3-((2-hydroxy-5-nitro-3-sulfophenyl)diazdhpaphthalene-1-sulfonic aci®{649) as a
pink solid (4.6 g, 38%)'H NMR (500 MHz, DMSOss) J 8.55 (d,J = 8.6 Hz, 1H), 8.35-8.28 (m,
3H), 7.70-7.64 (m, 1H), 7.61 (s, 1H), 7.50-7.44 (), (O-H protons were not showryC
NMR (125 MHz, DMSOw) ¢ 175.5, 166.7, 135.5, 134.6, 133.2, 132.0, 1313, 130.7,
128.4, 128.2, 126.5, 126.2, 125.9, 123.6, 110.M8HESI-TOFmM/z C;gH11N3010S,, found: [M
+ H]"469.99564, requires: 469.99586.



2.3 LAMP and electrophoresis processes

LAMP assays were carried out in b reaction mixture containing serially 10-fold dial
MRSA or MRAB DNA, 0.2uM each of F3 and B3, 16M each of FIP and BIP, 048M each
of LF and LB, 20 mM Tris-HCI (pH 8.8), 10 mM eachKCl, (NH,4),SO, and 0.1% Triton X-
100, 8 mM MgSQ@, 1.4 mM of each dNTP, 8 U of the large fragmenBet DNA polymerase
(New England Biolabs, Ipswich, MA, USA), 0.12 mM DB#649 in LAMP buffer (for reaction
with dye only). Reaction mixtures without DNA weaéso prepared as negative controls. All
reaction mixtures were incubated at 63°C for 30 aemd then heated up at 80°C for 5 min to
terminate the reaction inteeating blockElectrophoresis analysis was performed in 2% agaros
gels, and the visualization was realized with ethid bromide staining followed by imaging
under 365 nm UV.

3. Results and discussion

3.1 M¢?" ion indicator dye design and synthesis

For efficient monitoring of LAMP progress, \iiest decided to develop a novel colorimetric
Mg®" ion indicator dye at the first. Several criterim the ideal indicator were set: the dye would
has a clear color for naked-eye monitoring, wowddalgueous soluble, would not be fluorescent
or luminescent under normal lighting, and displgythistinguishable color change upon binding
to Mg?* ion. Due to their unique photochemical propertietated to the facilecis-trans
isomerization of Ar—N=N-Ar moiety upon UV-vis irration that acts as an efficient
fluorescence quencher or molecular switcher, bjsaro moiety was selected as dye scaffold.
Mono- and di-sulfonic acid were chosen as mairf’Man chelating groups due to their weakly
acidic, non-nucleophilic nature and bidentate bigdability. More than 70 aryl-azo dyes having
aromatic sulfonic acid were synthesized and subjecd aqueous solubility te€t*®> Among
them, eight compounds displayed good solubilitgiFe 1).
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Figure 1. Eight aqueous soluble azo-dyes.

3.2 Mg ion binding test of eight aqueous soluble dyes

To find the colorimetric utility, eight aqueous sble dyes were dissolved in deionized water
in two different concentrations (50M and 100pM) and treated with varying amount of fg
ion in comparison with known Mg indicatorHNB (Figure 2)* The sufficient concentration of



dyes for efficient colorimetric monitoring was shows 100uM. We expected that Mg ion
would stoichiometrically react with a dye to cagséor change, however excess amount of Mg
ion was required to achieve colorimetric changdeaionized water. Five dyeB;600 D-614, D-
649 D-653 and D-659, displayed distinguishable color change when égatith Md"* ion.
Theoretical pKa value of five dyes varied from 4t@®-653 4.1;D-659, 4.2;D-600, 4.9; D-649
6.0;D-614, 6.9), thus weak acidic nature of dyes might loelprit for the excess amount of dye
input. These five dyes were evaluated for theibita in physiological pH range in order to
check their robustness.

HNB D-600 D-614 D-627 D-647 D-649 D-653 D-659 D-677

R
\

100 pM/DW

100 pM/ {
100 mM Mgcl,

100 pM/
20 mM MgCl,

50 pM/ 1
20 mM Mgcl,

50 uM/
18mM MgCl,

50 uM/ |
16 mM Mgcl,

50 M/
14 mM Mgcl, |5

50 pM/
12 mM Mygcl,

3.3 Stability test of five dyes in physiological pH

Due to the basicity (pH 8.8) of our LAMP reactionixtare, stability of the indicator dye in
the basic media is a critical issue. However, atgrang for the extendable usage, we would like
to develop the dye that would be stable over a wagge of pH. Thus, five Mg ion-responsive
dyes were evaluated their color variation over piggical pH range in aqueous sodium
phosphate buffer (Figure 3). Two different stockusons (100 mM in deionized water and
DMSO) were 2-fold diluted with deionized water, apH values were adjusted with sodium
phosphatduffer. Results from both stock solutions were detrly distinguishable except-
653 which showed different color change patterns ddegy on initial stock solutions.
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Figure 3. Stability test of 5 dyes and HNB in physiologipal range.
*pH was adjusted with sodium phosphate mono- ahdsgic buffer solution.
Concentration of dye solutions wasviM.

Surprisingly, the results indicated that HNB, whiis been utilized as an indicator foCa
and Md" ion and as a colorimetric reagent for alkalingtearetal ion$>was reacting with Na
ion at pH above 6.5: it displayed different colansdeionized water and in pH 7.0 sodium
phosphate buffer. The color of HNB in sodium phadptbuffer above pH 7.0 was same as when
it was treated with excess of Kigon in deionized water as shown in figure 2. SiNe&ion is a
common contaminant and an important buffer coreitun biological assays, using HNB in
LAMP process as an Mgion indicator might require caution. Three dyBs514, D-649 andD-
659 were maintained constant color over the rangenabdeacting with sodium ion.

3.4 Selection of D-649 as the Mgion indicator candidate

After contemplation of above test resuli3;614 and D-649 were selected as final two
candidates and subjected to further experiments diyes and HNB were dissolved in both
deionized water and pH 9 sodium phosphate buffet teated with variable amount of
magnesium chloride, and then their colorimetricnggawas monitored (Figure 4, left). After
monitoring the color change, resulting mixtures eveeated with sodium pyrophosphate (equal
molar amount to MgG) in order to check the recovery of original calBigure 4, right).
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MgCl, MgCl, MgCl, MgcCl, MgCl, MgCl, MgcCl, Mgcl, control MgCl, & MgCl, & MgCl, & MgCl, & MgCl, & MgCl, & MgCl, & MgCl, &
Na,P,0; Na,P,0; Na,P,0; Na,P,0; Na,P,0; Na,P,0; Na,P,0; Na,P,0;

Figure 4. (left) Treatment of varying equivalent of Mg@b dye solutions; (right) addition of

NzP,O7 [equivalent to MgCl] to left wells.Concentrations of dye solution were 100.uM
pH was adjusted with sodium phosphate mono- anasditbuffer solution.

HNB did not react with up to 10-fold excess of Mgl deionized water, but it changed the
color from pink to sky blue in presence of ‘Nan regardless of Mg ion input, witnessing its
relative selectivity for Naion over M@* ion. D-619 andD-649 both did not respond to Mgion
in deionized water, however, they gradually chantped color from dark pink to orange with
respect to increasing amount of Mgon in pH 9 buffer (Figure 4, left). When sodium
pyrophosphate (equal molar ratio to MgGhas added to Mg ion—treated wells, the original
colors ofD-619 andD-649were recovered (Figure 4, right). The LAMP reactiberates excess
amount of pyrophosphate ion byproduct that readtis Mg?*ionto form insoluble magnesium
pyrophosphate salt, thus monitoring of LAMP ampéfion with colorimetric Mg indicator
dye relies on the observation of color change fdy®-Md* ion complex to free dye. Therefore,
recovery of original color upon treating with pyhasphate ion is an essential isdDe549 more
clearly recovered the original color th&n614 when treated by sodium pyrophosphate, thus it
was selected as the optimal indicator dye and pwated into LAMP amplification process
(Figure 5).



Absorbance (A.U.)

450 500 550 600 650 700 750
Wavelength (nm)

0 uM MgCl, 50 uM MgCl, 100 uM MgCl, 150uM MgCl, ——200uM MgCl,
250uM MgCl, =—300uM MgCl, =——3500uM MgCl, =——1 mM MgCl,

Figure 5. Effect of M¢* ion concentration on the absorption spectrB-649in pH 9 buffer.
Concentration 0D-649 is 100 uM. More than 2 eq. of Kigon was required for clear colorimetric observatio

3.5 Design of novel primer sets for both MRSA and RAB

We decided to develop new sets of LAMP primers reggaboth MRSA and MRAB,
accordingly several primer sets of both MRSA andABRwvere designed and tested for LAMP
amplification process. After repeated trials, nopeimer sets displaying the optimal efficiency
and sensitivity were selected (Table 1). Our oligdeotide primers sets recognizeecAfemB
gene (Genbank No. AB505630.1/CP010300.1) of MRS HaOXA-23/blaOXA51-like gene
(Genbank No. KF305669.1/DQ385606.1) of MRAB. Themer sets consisted of forward outer
primer (F3), backward outer primer (B3), forwaraeén primer (FIP) backward inner primer
(BIP), loop forward primer (LF) and loop backwardnper (LB). Both MRSA and MRAB
primer sets could afford successful isothermal #mogations with high efficiency and sensitivity.

MRSA primer set
Primer Oligonucleotideequence
F3 5-ATGATTATGGCTCAGGTACTCG-3
B3 5-AACCCAATCATTGCTGTTAATATT-3’
FIP 5 -TACATAAATGGATAGACGTCATCTATCCACCCTCAAACAGGTG3’
BIP 5 -GGCATGAGTAACGAAGAATATAATCCTGGTGAAGTTGTAATCTGGAAC-3
LF 5-ATGAAGGTGTGCTTACAAGTGC3’
LB 5-CCGAAGATAAAAAAGAACCTCTGCT-3

MRAB primer set

Primer Oligonucleotideequence
F3 5-AGAATATGTGCCAGCCTCTAC-3




B3 5 -CAGAAATTATCAACCTGCTGTCC-3

FIP S'-TGTCATGTCTTTTTCCCAAGCGGGGATTGGAGAACCAGAAAAC(G-3
BIP 5 -CCCAGTCTATCAGGAACTTGCGTCAGCATTACCGAAACC/ATACG-3
LF 5-ACCTTTTCTCGCCCTTCCATT-3’

LB 5'-GACGTATCG GTCTTGATCTCATGC-3'

Table 1.Primer sets for MRSA (up) and MRAB (bottom).

3.6 Effect of D-649 in LAMP experiments
For checking the influence d»-649 in LAMP reaction, we prepared two sets of LAMP
mixtures having serially diluted MRSA and MRAB DNAne set of reaction mixtures were
premixed with 0.12 mM oD-649 and other set consisted of reaction mixtures witlibe dye
(Figure 6).
MRSA - MRAB

v
. | | |
100 pa. 10 pg lpg NC 100 pa 10 pa, l1pg NC 100 pg. 10 pg 1pa NC 100 pa 10 pa 1pa NC

’ ar 8 F ] I . L .
VVYyv YO VU ¥ ¥ v ¥ W W VWY
100 pa 10 pg. 1pa NC 100 pa. 10 pa 1pa NC

before LAMP after LAMP before LAMP after LAMP

Figure 6. Comparative sensitivity of LAMP assay with D-6d&ft, MRSA; right, MRAB).
upper: D-649 contained LAMP mixture, bottom: LAMRture without dye.

After LAMP reaction, clear color changes were obedrin both MRSA and MRAB reaction
mixture tubes containin®-649 except the negative controls. The positive LAM&ct®ons were
easily confirmed by naked eye under ambient lighte color of reaction tubes excluding
negative controls was changed from initial rubyptople, withessing the successful separation of
Mg®* ion from the dye. Our novel primer sets were ableffectively amplify target DNA
sequence, and the detection limits for both baxterere shown as 1 pg. The LAMP reaction
liberates pyrophosphate ion as a byproduct, whimtmg$ insoluble MgP,O; salt, causing
turbidity in the reaction tube proportional to tamount of amplified DNA. Hence, we could
observe a slight turbidity in the reaction tubeteramplification except negative control. For
further confirming the effect of the dye in LAMPstdts, amplified products from both reaction
mixtures containing the dye and mixtures lacking dlye were analyzed using electrophoresis in
2% agarose gels, followed by the visualization undl irradiation. (Figure 7).



Figure 7. Electrophoretic analysis of LAMP products (IéftRSA, right: MRAB).
lane 1, marker; lane 2, dye + 100 pg DNA; lane ¥ & 10 pg DNA; lane 4, dye + 1 pg DNA; lane 5,
dye in negative controlane 6,marker; lane 7, 100 pg DNA,; lane 8, 10 pg DNA; |&hd pg DNA,;
lane 10, negative control.

Ethidium bromide-stained gel demonstrated the #jipiganding patterns observed with
MRSA and MRAB, indicating the production of bothtipagens’ DNA with inverted repeats of
the target sequence. Comparison of outcomes froMRAixtures with premixe®-649 (lanes
2, 3, 4) and without the dye (lanes 7, 8, 9) shothedpresence dd-649 did not disturb LAMP
reaction.

4. Conclusion

We developed new LAMP detecting kits, which utitigia newly developed colorimetric
Mg®* ion indicator dyeD-649 and novel primer sets, for both MRSA and MRAB. &queous
soluble colorimetric M§ indicator D-649 was synthesized, and novel sets of primer for both
MRSA and MRAB were designed for effective amplifioa. The positive LAMP reactions for
both MRSA and MRAB were easily confirmed by nakge ender ambient light. By analyzing
LAMP products with electrophoresis, the existent®&49 did not disturb the results, and the
detection limits for both DNAs were shown as 1 pbese LAMP detection kits would be
beneficial for the detection of MRSA and MRAB ininital laboratories. Currently, MRSA
detection kit is being evaluated for clinical apption.
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