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Abstract: This paper reports on the LGX fluorometric testdfozymatic MRSA/MSSA detection. It
highlights the reasons rhodamines have been overdband also strategies to improve the synthesis of
rhodamine-peptide conjugates. Evaluation of the Lt&X for detection of MRSA/MSSA on surfaces is
undertaken in the presence of potentially confaugBi coli andS epidermidis for the first time.
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I ntroduction

The growth in the number of infections caused btib#otic resistant pathogens has prompted healéhcar
agencies around the world to generate strategitsplEhese plans incorporate the restriction of antibiose to
slow the emergence of resistant pathogens, asasetie development of new antibiotics, to whichistaace
will inevitably emerge. The former part of thisattrgy requires rapid, affordable diagnostics temheine the

best clinical course of actidn.

The principle drawbacks of PCR are the laborateguirements and the expense of each test. Thisbdidws
demonstrated in the UK insofar that PCR is notinely used to detect problem pathogens such as MRSA
Bacterial culture is time-consuming (48-72hrs) asdeported in the NHS NOW report specifically g

MRSA, it is often the case that patients are disgde before the results of the test are kndwn.

PCR techniques rely upon the enzymatic amplificatid a gene until sufficient quantities can be dit@.
Bacterial culture relies upon the growth rate biateria, augmented by the best media. An altematpproach

involves the targeting of enzymes expressed byebiactwhich cleave between specific amino acid sages’:

To observe the actions of bacterially expressed/magas and in common with other detection methods, a

chromogenic response is arguably the most usehis i§ evidenced by the recently reported rhodarhamsed



fluorogenic probeX). This probe, (incorporated into a test subseduesaferred to as LGX) has shown good
selectivity and sensitivity for both Methicillin Ristant Staphylococcu aureus (MRSA) and Methicillin

Sensitivetaphylococcus aureus (MSSA)®

Figure 1. Fluorogenic Probe in LGX teg) (

Rhodamine 1102) represents one of the most active fluorophoresvkn with a high extinction coefficient and

a fluorescence quantum yield which is near unityod®mine has been used as a marker in a wide ywarfiet
enyzmic activity studies (serine protehsesterase caspase DT diaphoras®. Essentially the NKHgroups of
rhodamine 110 are conjugated to a polypeptide, lwwhiamics the natural substrate of the enzyme irstjue.
Upon cleavage of the polypeptide mimic, the rhodemis released and in aqueous solution undergoes a
conversion to a highly fluorescent zwitterionic rforThe change in rhodamine's fluorescence quantetd y
from its unconjugated (lactone form), to conjugateditterionic form) is considerable (Rho 1§Qne= 0.006
@uitterion= 0.98). This sharp increase in fluorescence idyedstectable by even handheld instruments anghoft

just the naked eye.

Figure 2. Rhodamine 11@Q)(

This paper considers the previous synthetic litegatfor rhodamine 110 derivatives and reports ow ne
exploratory approaches to the tailoring of this ampnt fluorophore. Furthermore it addresses wiodamine

conjugates have not been more widely applied tbquen detectiomia bacterial enzymatic action.

The most recent review of rhodamine 110 details niethodology used for the synthesis of rhodamine

derivatives, which is essentially unchanged siheel980's.

Rhodamine 110 is reacted with a protected amin, adiich is first activated with a coupling agerdllowing

deprotection and subsequent activation, furthemaracids are added in a routine fashion, howeelyiblds
are often poor and the costs of the initial rhodemare high (£100/g). In addition, there is no noenbf

racemisation in any of the seminal work, on whieét review is basetf.

Recent work by the authors, reports the synthdseésrmovel (Boc-Val-Pro-Argy-Rhodamine X), however the
authors report considerable difficulty with whichrghine could be attached to rhodamine, which i9dds

with the comparative ease of this achievement byidéaet al, almost 33 years agd.In reference to the



original literature dealing with biologically relamt rhodamine conjugates, we observe multiple efsmcies
between the compounds reported and the fluoresagatieebefore and after enzymatic cleavage. Themmis
reported yield for the cathepsin C activated rhadathor caspase conjugafeyet these are reportedly known
in various reviews. The synthesis of the seringgase activated rhodamine by Mangehll is also highly
improbable in its simplicity and purificationia centrifuge** The only characterisation undertaken is TLC and
low resolution MS. The elemental analysis devidmesn the empirical formula, but water and HCI are
inexplicably added to bring the observed valuediwitolerance. The absence of HPLC/NMR faciliticlsew

the work was done in 1982 means that it is unlikbly compound was specifically synthesised. Theamy
literature reports the (CBz-ArgRhodamine to be a pink powder, yet the Sinclaiugrreported a white solid
after HPLC purification. The biological testing thie serine protease activated rhodamine as themtegpbears
out the fact that whatever was synthesised is impline UV-Vis spectra indicates there is still fiescence of
the rhodamine conjugate at 525nm. If the fluoreseequantum yield alone is three orders of magnitader

for a Bis-NH, conjugated rhodamine than for the free fluorophthis fluorescence should not be visible, yet it
is shown to be fluorescent in the original papemfr1982. The conclusion has to be that a mixture of
rhodamine, mono Arg-Rhodamine and bis Arg-Rhodamires in fact made. Thus the contrast between
conjugated and unconjugated rhodamine is compatgtdmall and significant amounts of protease aqeired

to achieve this. As a consequence, any attempthiewe a high sensitivity e.g. for the detectionpd

concentrations of an enzyme expressed by a pathegeld be met with failure.

As indicated in the previous section rhodamine ggajes have been somewhat overlooked as the faemes
component for practical enzymatic tests and thera ineed to develop synthetic methodology to time t
rhodamine structure efficiently.

Previously reported synthesis has proven capriciwith initial coupling reactions of amino acids kit
rhodamine being of very low yield and this makesnthless amenable to scale-up. We discuss the atiffer
approaches and show an improvement in the ovaeddl pf a recently reported rhodamine conjugatectBal-
Pro-Arg)—Rhodamine ), which has shown remarkable selectivity and s$iitgi for MRSA and MSSA as

reported by the authors.
2. Results
2.1 The xanthone approach

2.1.1 Grignard



The main problem with functionalising the MEroups on rhodamine are the intrinsic lack of eaphilicity of
these, due to resonance and other effédts.overcome this problem the approach was takeadoce some of
the possible conjugation through the rhodanaeremoval of the top lactone aromatic. The aim weachieve
a better amino acid coupling yield and introduce[dttone ring at a later stage. The method foltbthat of A.
Young-Hoonet al whom originally developed the procedure to prodiilmery of rosamines for combinatorial
synthesis. These conditions were adapted to protheénitial required nitro amino xanthong) (for further

modification towards a number of novel unsymmetnibadamines for further study.

Figure 3. Asymmetric xanthone synthesis, as pefding-Hoonet al.

The initial step is an Ullmann condensation reaugirhigh temperatures and long reaction times. Wiprka hot
concentrated sulphuric acid induces ring closwerbduce the xanthone core. In our hands, thjs retsulted
in the expected xanthorg&in a consistent yield of 30% (Figure 4 (a)). NMBtal confirmed this (See SI-1).
Having functionalised the NHof xanthone3 with an appropriately protected amino acid e.gBd¢-
Arginine(Cbz) —OH to give4, the upper ring system could be introduced usir@grignard type approach as
indicated in Figure 4.

Whilst the test reaction of phenyl magnesium braradd unfunctionalised xanthofesuccessfully produced
tertiary alcohol7 (Figure 4 (b)), the Grignard reaction using acgtaltected benzaldehyde on nitro amino
xanthone3 was unsuccessful in the production8offurther elaboration t® and 10 were therefore not possible
(Figure 4(c)). Upon examination of the crude migfithe expected signals were observed neitherNdiR Kor
by MS, instead we obtained a complex and intraetafikture of deeply purple coloured products whichild

not be successfully isolated and characterised.

Figure 4. Proposed incorporation of C ring usingy@ard followed by mild oxidation.

The reaction was tested a number of times with ingrgxcesses of Grignard reagent without generdtirg
product of interest (See Table SlI-4). This reswdtranted further investigation, upon which the Blaihdole
synthesis was implicated. This synthesis detailesl eaction of vinyl Grignard reagents with arytrami
compounds, demonstrating the reactivity of the aityb group towards Grignard reagefitdt is possible that
attack on the deactivated ketone group of the xar@twas slower than on the nitro group demonstydtie

incompatibility of nitro arenes with Grignard reagg aiding explanation of the observed results.



2.1.2 Samarium lodide

During the investigation into new routes towardsiHtcommercially available Rhodamine dye analogues, t
reducing agent samarium iodide ($mlas noticed. Attention was given to this duetsoaibility to produce-
lactones via the reductive coupling @fp- unsaturated esters with carbonyl compounds, hadtoad scope
provided by this ability. The process by which theystems were formed starts with a carbonyl sisch a
ketone or aldehyde, which is reduced to form alkigtye radical. The unsaturated compound then asta
radicalophile to form the first bond with the ketgdical, cyclisation follows. As a variety ¢f lactones couple
in this way, investigation into the production bése lactones from more complex substrates sughrdsone

was carried out®

Figure 5. (a) Reported cyclisation reaction on lidgatem with Sml (b) Sm}, facilitated lactone formation (c)

Sml, facilitated conjugated lactone formation

The reductive cyclisation test of cyclohexanoi#) (shown in Figure 5(a) was carried out successftdly
producel?, (See Sl - 5) however, when applied to our xargh@h even after 20 hours at room temperature
there had been no reaction or indication18f The reaction was repeated under reflux conditiand the
number of equivalents of Sgincreased from 2.5 to 5. This was to address ¢issipility of the commercially
obtained Sml solution being of lower concentration than thaitex, which is widely mentioned in literature
regarding its us& Subsequent reactions involved freshly prepared, Swiution produced from Imamoto’s
method, standardised under nitrogen against a knosumetric solution of ultra-pure iodine in THF &
Table SI - 6):"18

Following standardisation of the freshly prepareadl Ssolution, further reactions were performed: twaagm
temperature for 20 hours as before, using prec&élyequivalents of Smlone of which with, and one without
the s-Butanol additive. This would compare withvivas attempts so as to rule out the possibilitythef
reaction being unsuccessful due to inconsistent, Swiltion concentrations, or indeed the inclusidrthe

alcohol proton donor additive which is usually riegd for this type of reductive couplird.

Figure 6. Excess Smieduces the xanthone in the presence of a hydmgeor



In the presence of the s-Butanol, xanthene wasugeatlin the reaction mixture (Figure 6), implyift the
carbonyl was simply reduced down to a/£Cblt also indicates that xanthone is incompatitith the reductive
coupling and thus unable to produce rhodamine gnekl3 — 16 (Figure 5(b) & (c)), conceivably due to

stabilisation of the ketyl radical species formedHe first step.

2.1.3 Directed metalation

As one of the better known routes to aryl contgjn@tructures, directed metalation was investigartethe

context of rhodamine conjugate synthesis. The Wutsip explored the use of dialkyl hydrazides asdaed
lithiating agents and this showed pronfi$&heir work addressed the difficulty found when folgsing amide-
type directed metalating agents and found thatdmides were more favourable. Secondary butyllith{gm
BuLi) facilitated ortho-metalation of N',N'-dimetlipenzohydrazide1(7) generated lithium specid8 (Figure

7(a)), followed by exposure to a number of staddelectrophiles resulted in the free acid orthoitiatd

product following oxidation. This is consistent lvjpreviously demonstrated amide chemistry, diffgiomly by

the mild oxidants required such as Cu6t Hsl0s.”° More importantly, if the electrophile had aldehyoie
ketone functionality it was noted that lactonisataften occurred spontaneously during workup aathi®n, in

the case of addition to cyclohexanon)( leading to spirocyclic phthalid@0. If this chemistry were
compatible with xanthones, it could lead to a met@ble and cost effective route to rhodamine egajes and
potentially facilitate the generation of novel riaodne analogues.

This route was initially tested on the substratendeestrated in the literaturel9) in order to confirm the
viability of this reaction (See Figure 7(b) and glgmentary information for data S| — 8). After ciomfation,

the same reaction conditions were applied to theplsist unfunctionalised xanthone core struct@ewith

success (See Figure 7(c) and supplementary infarmfr data Sl — 9).

Figure 7. General scheme for direct metalationasitikones

The hydrazideX7) shown in Figure 7. underwent ortho-metalatiorhvgitBulLi at -78C followed by addition to
6. Various reaction times and equivalents were asskesach time the crude material was a complexunaix
which defied purification after standard workup.wyer, acidification with concentrated HCI resuliadthe
slow formation of the spirophthalide which cryssdd over night to form needle like white crystalsich were

washed with cold ether and isolated. Upon exanonaty*H NMR these appeared to be the expected product,
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the previously unreported rhodamine core strucfire Apparently the acidification facilitated dehydvat
cyclisation to form the upper spirophthalide rimghich allowed the compound to crystallise out oluton.
This demonstrated the viability of the directed aegion approach for the production of further raoine

analogue®?2, 23 (Figure 7(c)), however the reaction proved intaterof the amino/nitro arrangement (Figure

7(d)).

2.2 Improvement to standard peptide chemistry

2.2.1 Optimising coupling agents and conditions

The ability to scale-up the synthesis of rhodanuosrjugates for affordable, real-world applicatiadhat that
point not been achieved, and we turned our attertaxk to the original coupling approaches to tr@amine
110 core structure].

The problems associated with the coupling of arginio rhodamine are a useful exemplar reactiorhéo t
coupling of any amino acid to rhodamine. In respddhe steric bulk, nucleophilicity and basic ratwf the
guanidinium side-chain moiety (leading to posskile-reactions) on the arginine, this combinatiepresents

the worst-case scenario for such a coupling.

Coupling Reagent I solated yield
EEDQ -
PPh;ClI -

EDCI/Oxyma 5%
COMU 8%
HATU 25%

Table 1. Initial coupling of Boc-(CBzArginine to Rhodamine. Yields are the purified (B@Bz)Arginine),-

Rhodamine.

A variety of different coupling agents and protegtgroups were used (Table 1) and it was possibdptimise
the conditions to obtain an initial coupling yiedfl 25%.This was achieved when using the powerfulpting
agent HATU, which has been shown to be effectivelifficult couplings especially with sterically dered
amino acid$™?* Equally as important, the yield was consistenbilghout several runs and represents a sound

method for scaling the initial coupling.



2.2.2 Scale-up problemswith deprotection of Cbz groups

The previously reported synthesis of (Boc-Val-Pmggi-Rhodamine involves the direct attachment of an
exhaustively CBz protected Boc-arginine with a ipatarly poor yield (17%), with subsequent aminadac
being added prior to deprotectioia hydrogenation. However, this approach is not amienttbscale-up and
larger amounts of (Boc-Val-Pro-Arg(CBx-Rhodamine cannot be successfully deprotectedrelithaising
standard or non-standard hydrogenation techniduias. is evidenced in a report by Peakdale Molecltdy
which can be found in supporting information (S1G and SI - 11). Indeed, the rate of hydrogenatibthe
central benzyl ester was shown to be greater foc{Bal-Pro-Arg(CBz)).—Rhodamine X) than rate of loss of

the Cbz groups (Figure 8).

Figure 8. Diagram showing the hydrogenolysis of ldtone of (Boc-Val-Pro-Arg(CBgz),—Rhodamine (2)
and Lactone formation using DDQ and the reduceca{Bal-Pro-Arg)—Rhodamine derivative2}).

For the real world application of (Boc-Val-Pro-AsgRhodamineX) to thein situ detection ofS. aureusin both
clinical and non clinical environments, the findB£deprotection step and its selectivity is critiead equally
applicable to the development of other proteasbgs@ontaining the CBz protecting group. This icdose the
hydrogenated lactone2g) is not fluorescent and so its liberation uponaebge of the peptide side chain

produces no fluorescence contrast change, renddmngrobe ineffective.

Since all hydrogenation steps failed to selectiveilpove the CBz groups and leave the central ectotact
when scaled up, an alternative approach was adolftee cannot avoid the loss of the lactone, woitilde
possible to reform the required functionality afeethaustive hydrogenation (removing the Cbz groapd
opening up the lactone to gi&5) through subsequent oxidation? The oxidant 2,3iiw-5,6-dicyano-1,4-
benzoquinone (DDQ) was selected for its oxidatiegipting ability and a test reaction was set up ¢0 b
monitored by proton NMR. Dissolution of the inaetied product in MeOD with an excess of DDQ allowed
reaction progress to be monitored by proton NMR aninute interval3® We were delighted to observe the
reappearance of the lactone functionality throuighmpearance of the signal for the benzylic pratagquestion.
This method was then applied to a scaled up comoplef the synthesis, using 8 equivalents of DDi&OH,

it was possible to reform the central lactone efrtiodamine core (Figure 8) to yield



The yield of this reaction is high (83%) and thereot structure was verified with NMR and HR MS ¢S# -
12 & Sl - 13). Details of the synthetic chemistigcluding general experimental spectroscopic data

available in supplementary information.

2.3 Biological Testing For Surface Detection

2.3.1 Preparation of bacterial samples

Clinical isolates of MRSA, MSSA, S. epidermidis and E. coli, were revived from - 80°C and cultured
overnight on Brain Heart Infusion (BHI) agar at @7 followed by two subcultures on nutrient agaor Each
experiment, an inoculum of a respective bactegatis was cultured overnight in 100 mL nutriemthbmunder
shaking conditions, and each bacterial sample Wwas washed with 1 x phosphate buffered saline (RBS)
centrifugation at 4000 rpm, and bacterial concéiaina of 10, 10* and 18 colony forming units per ml (CFU

mL™), were created by serial dilution of the bactémtiax PBS.

Co-cultures of varying ratios of MRSA/MSSA wigh epidermidis andE. coli were produced using the relative

cell count percentages as detailed in the tablewérable 2).

Co-culture | MRSA or M SSA S. epidermidis E.coli
A 20 % 10% 70%
B 20 % 20% 60%
C 20 % 30% 50%
D 20 % 40% 40%
E 20 % 50% 30%
F 20 % 60% 20%
G 20 % 70% 10%

Table 2. Bacterial co-culture ratios designated A-G
Stainless steel coupons were washed, rinsed acddla a glass petri dish followed by sterilisatisging an
autoclave. These were placed in an incubator ogbtrio ensure thorough drying of each plate. A dudait
inoculum of a single strain of MRSA or MSSA, in &ilth to S. epidermidis andE. coli, was cultured overnight
in 100 mL nutrient broth. A 4 mL aliquot of eachcberial suspension was then cultured in 100 mLi@witr
broth aerobically for 4 hours under shaking condii Each bacterial sample was harvested by aggetibn at

4000 rpm and washed with 1 x Phosphate bufferédes@PBS), and bacterial concentrations of 10° and 18



CFU mL*were generated by serial dilution of bacteria ifPBS supplemented with 10 % heat inactivated fetal
bovine serum (FBS).

A 50 pL aliquot of each bacterial sample was pipettedpiisaly onto the steel coupons, and these were
incubated aerobically overnight at 37°C. A cottonolvswab soaked in PBS was then used to remove the
bacteria, and this was placed in an Eppendorf witle 100 uL of sterile PBS, the tube was then vortexed to
dislodge bacteria from the swab.

This was performed twice: once with using the LG$tt(using a 10@M LGX solution), and once using
bacterial culture to determine cell viability. Sveitg was performed as described above in the axpetal
section. This process was repeated 3 times ande$udts shown in Figure 9 and 10 are averagesstathdard

deviation error bars.

2.3.2 Preparation of LGX

A 100 uM and 50uM solution of LGX was prepared by dissolving fluptmrel in 2.5 % methanol followed
by dilution in 1 x PBS. Solutions of Tris Base ®.8) and NaCl (0.1 M) in deionised,8 were added to the
solution until an optimum pH of 8.5 was achieveteTappropriate amount of human prothrombin in 1BSP
was then added to produce final prothrombin comaénohs of 83.6 nM and 41.8 nM, respectively. The
resulting solution was termed “LGX"“. The concenttat of LGX, subsequently discussed, refer to the
concentration of the active fluorophole The presence of coagulase positive bacteria vessrrdined by
addition of 10QuM LGX solution followed byfL prothrombin. The fluorescence was then recora@editation
488 nm and emission 525 nm) at 15 minute intergaés a 2.5 hour time period using a benchtop flaeter

(BMG FLUOstar OPTIMA).

3. Discussion

As can be observed, the majority of samples testtipe for MRSA (denoted by a fluorescence reading

exceeding 20,000 RFU). Figure 7 demonstrates tfextefof co-culturinge. coli and S. epidermidis on the

efficacy of detecting MRSA using the LGX systemheTgraph depicts the mean fluorescence responge of

strains of MRSA tested on separate occasions.
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Figure 9. Fluorescence response of LGX for theedifit co-cultures of MRSA (20% of AGFU/ml) over 2.5
hours. Results also include LGX (100uM), Negativantol (E. coli 10° CFU/ml) and Postive Control (MRSA

10°CFU/mI).

Figure 10. Fluorescence response for LGX for tlifemint co-cultures of MSSA (20% of GFU/ml) over 2.5
hours. Results also include LGX (100uM), Negativentol (E. coli 10° CFU/ml) and Postive Control

(MSSA1G CFU/ml)

Over the 2.5 hour test period, fluorescence intgniscreases gradually for all samples with theifpas control
(containing the coagulase positive MRSA strain @)Jashowing a much increased response. The vargiinsr
of S epidermidis and E. coli however do not bear any conclusive effect on tfiicagy of LGX as the
fluorescence intensity is not affected by m8repidermidis and les<. coli or vice versa. Also, the absence of
S epidermidis andE. coli also does not affect the potential of LGX to detesry small amounts of MRSA (at
20% of the original bacterial concentration), and this data suggests that the presence of otlwers does

not hamper the efficacy of LGX to detect MRSA.

However, it is noted that the presence of FBS édkperimental system may interfere with the flsoemce

potential of LGX, and this requires further invgstion.

Figure 8 demonstrates the effects of co cultuiagoli andS. epidermidis and MSSA (a coagulase positive
organism) on the efficacy of detecting MSSA usirdge tLGX system (ratios of MSSA/MRSA with
contaminating organisms can be found in TableAy.with MRSA (Figure 8), the data shows the averafy2
strains of MSSA tested on separate occasions. eeP.5 hour test period, fluorescence intensityaieed
constant, and the varying ratios &fepidermidis and E. coli do not tend to bear a conclusive effect of the
efficacy of LGX as the fluorescence intensity i affected by mores epidermidis and lessE. coli or vice
versa. Also, the absence & epidermidis andE. coli did tend to increase the potential of LGX to detery

small amounts of MRSA (at 20% of the original baieieconcentration) (Figure 7). This observatiomdg so

11



clear when considering MSSA (Figure 8). This resuihteresting in the respect that previous expenits have
shown that LGX is more sensitive at detecting MS8Ben compared to testing for MSSA (fluorescence
intensity peaks at lower time points). This mayirmicative that this system, in a more “real lisgenario, may
be more sensitive and selective in terms of MRSfea®n over MSSA or that the expression of coagpila
might be heightened in the MRSA strains. Howeasrwith the previous two experiments, the presené®S
again may also be a factor in the detection ofrlsoence from LGX, this observation clearly recpifterther
investigation.

Additionally, the swabbing experiment was repeatad] 20uL of each bacterial ratio (for MRSA and MSSA)
was plated onto nutrient agar, mannitol salt alyiRSA agar and MacConkey agar, to confirm the ratibs
bacteria were correct and also if this method aémheining a “real life” situation in the absenceaiituring
bacteria together would make a viable method fetinig the protocol. Bacterial cell counts for each

sample showed an appropriate level of bacteriatispein each co-culture set based upon the defining
parameters of said culture grouping confirming ttié method does not affect cell viability of obacteria

over any other.

The value of LGX in the detection of MRSA/MSSA wétlt the need for culturing of the bacteria has been
reported in the context of its use for analysingissvfrom patients. In this paper, the authors tegitategies for
scale-up and show a significant increase in theesable yield. For the first time reformation ofbanzylic
lactone after hydrogenolysis is reported for a erothe fluorophore and the synthetic organic sigaifce is
that the tripeptide substrate is unaffected byue of DDQ, highlighting the practical value ofstlsipproach to

an applied chemistry problem.

The co-culturing evaluation demonstrates the pa@knapplication of LGX to surface detection of
MRSA/MSSA in the ‘real world’ scenario. Significafitiorescence was still detectable despite thegmass of

contaminating bacterial straing.(coli andS. epidermidis).
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Highlights

» Scale-up of a rapid, simple fluorescence test for MRSA/MSSA is reported for the first time.

*  MRSA/MSSA was detectable in our test despite the presence of contaminating bacterial
strains (E. coli and S. epidermidis)

e The co-culturing evaluation demonstrates the potential application of LGX to surface

detection of MRSA/MSSA in the ‘real world’ scenario.



