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ABSTRACT

Methanobactin is a small peptide that appears tocfion as an agent for copper sequestration anchkmgtin
methanotrophs. It isnt known whether the abililyproduce methanobactin is wide-spread in methapbis and
whether the methanobactin characteristics are igahtor they vary with strain. In this work, methabactin
production was determined by split mineral saltsfCAS plates. The effect of copper concentrationttan
methanobactin production was investigated. To emanthe species-specificity of methanobactin, fands of
methanotrophic cells grown in copper-free mineralts medium were washed and resuspended in highecop
concentrations medium with or without Methylosinishosporium 3011 Mb addition. Methanobactin from
Methylosinus trichosporium 3011 can shorten thepesgshock lag phase of all tested methanotrophs igumiden
exposure to elevated copper concentration and danukte Methane Monooxygenase activity of all gdst
methanotrophs in the presence of copper. The sesuiggested that the production of methanobactiy bea
widespread characteristic of methanotrophs and artktrophs may take delivery of copper from methantib
released by other species. This result would befiaal to insight into the diversity of methanobacstructure and
what role it may play in interspecies competitiarcooperation for copper ion.
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INTRODUCTION

Methanotrophs are a group of gram-negative euladteat utilize methane as the sole energy andbcasburce [1].

In the first step of carbon assimilation by methamghs, methane is oxidized to methanol by Methane
Monooxygenase (MMO). MMO exists in both the iromtaining soluble form (soluble methane monooxygenas
sMMO) and the copper-containing membrane boundquédate form (particulate methane monooxygenasdyigy

[2].

Methanotrophs require substantial amounts of comgeit is an integral part of the pMMO and stimesathe
formation of extensive intracytoplasmic membrared house pMMO. In addition, in methanotrophs tieate both
forms of MMO, copper represses the transcriptionhef SsSMMO genes while leading to the expressiopMMO

2].

The copper requirement for methanotrophs is highen that observed in other aerobic bacteria [8kifig into
consideration the low bioavailability of copperriatural environment and the central role of coppenetabolism
of methanotrophs, it has been speculated that metftgpphs must have an effective copper acquisttoategy to
collect copper.
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A small, copper-binding, siderophore-like molecualled Methanobactin (Mb) appears to fulfill thele of
copper-trafficking molecule [4]. Mb has been idéetl in the extracellular fractions of botklethylosinus
trichosporium OB3b [5] and Methylococcus capsulatuBath [6]. In the growth medium with low copper
concentration, high concentrations of Mb have belkstected. After copper was added to this previous
copper-limited culture, the Mb and copper concdiung in the medium decreased and membrane bound
copper-Mb complexes were found [7]. These resuitgyssted that Mb should be the extracellular corapbof a
copper uptake system. Mb may not only function apper uptake, but also as a defense system inafasigh
copper concentration. A marked effect was obserysoh addition of Mb tdMethylosinus trichosporiun®B3b
growth medium concomitant with a switch from copprved conditions to 10M copper. The growth lag was
shortened significantly and the cells grew fas8r Furthermore, Mb was possibly in direct assacravith the
pMMO and plays a more direct role in pMMO actiVigy.

If Mb is indeed a copper-acquisition compound, \Wketthe production of Mb is a universal or wideesat
characteristic of methanotrophs and whether theckiracteristics are identical or they vary withaistrmust be
determined.

Yoon et al. developed a split nitrate mineral ¢@lis-chrome azurol S (CAS) plate to screen for Mbdpction.
Assay results indicated thaMethylosinus trichosporiumOB3b, Methylococcus capsulatusBath and
Methylomicrobium alburBG8 have the ability to export Mb [10].

Recently, we have described a methanotrophic stkééthylosinus trichosporiun8011. Like Methylosinus
trichosporium OB3b, M. trichosporium3011 is a Type 2 bacterium and can express botM@Mand sMMO.
However, unlikeM. trichosporiumOB3b, M. trichosporium3011 has shown to be capable of growing on methano
and also of constitutively expressing MMO, in a manindependent of the growth substrate [11].

To determine how widespread the expression of M b& in this paper, the Mb production Mf trichosporium
3011 and other three tested methanotropis ifichosporium OB3b, Methylococcus capsulatu8021 and
Methylomonassp. GYJ3) were assayed by split mineral salts/@&-@late. Becaus®l. trichosporium3011 can
growing on methanol and has not absolute requireneéncopper for pMMO activity, the effect of copper
concentration on the Mb production Bf. trichosporium3011 was investigated using methane and methanol a
Carbon sources.

Progress in the area of detailed structural detetiin was difficult, primarily due to the diffiaylin obtaining Mb
preparations that were pure, homogeneous, andcestablresolve this problem, we seek to understamether or
not Mb produced by one species of methanotropblesta be utilized by other species as a sour@ndfbuffer for
copper ions. The results of the specificity expemtwould be helpful to assessing the comparahlitgliversity of
Mb from different methanotrophs, especially sintasi not known whether the Mb molecules from difetr
methanotrophs have the same chemical composition.

In this paper, to examine the species-specificityMd, M. trichosporium 3011, M. trichosporium OB3b, M.
capsulatus3021 anaM. sp. GYJ3 cells grown in copper-free mineral saleslimm were washed and resuspended in
high copper concentrations medium with or withButtrichosporium3011 Mb addition. The curve-fitting software
in conjunction with a logistic growth model has bersed to analyze growth data exactly and reliably.

Previous studies showed that addition of purified ¥ M. capsulatusBath cells could increase the activity of
pMMO at whole cell level [6]. Here the effect ofdition Mb from M. trichosporium3011 on other methanotrophic
pMMO activity has been studied. The results woutdbieneficial to insight into the diversity of Mhristture and
what role it may play in interspecies competitiarcooperation for copper ion.

EXPERIMENTAL SECTION

Culture of methanotrophs

Methylosinus trichosporiun3011 and Methylococcus capsulatu8021 were obtained from the Institute of
Microbiology and Virology (Kiev. Ukraine) [12Methylomonasp. GYJ3 was isolated from soil samples of Yumen
oil fields, Gansu Province, Chinklethylomonasp. GYJ3 was classified as type | methanotrophscaitivated as
described by Sheet al[13]. Methylosinus trichosporiu®B3b was kindly provided by Prof. Xinhui Xing die
Tsinghua University. Cultivation was carried outan250 ml closed vial with 50 ml minimal salt meiwn a
shaker at 150 rpm and 28-30. The minimal salt medium was modified according Xm et al, [11].
CuSQe5H,0 was omitted from the medium. Methane was addemdgieally by establishing a partial vacuum in
the flask and backfilling with methane and air ():1The gas phase methane level was maintainedoatt 40%
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(V/V) by exchanging the headspace volume threegiper day.

Determining of Mb production on split mineral salt/Cu—CAS plates

To determine if methanotrophic cells produce Mispht mineral salt/Cu—CAS plate assay developed dgn [10]
was modified and used. The concentration of phdspdelt in mineral salt medium was reduced by faoté 10 for
the Cu—CAS blue agar preparation to avoid the fietence of phosphate salt.

To prepare 500ml of 50 Cu—CAS blue agar, 50 ml of 2mM CAS solution wased with 10 ml of a 5mM
CuSQ solution. Under stirring this solution was slowladded to 40 ml of 5mM HDTMA
(hexadecyltrimethylammonium). This gives a finapper concentration of 0.5 mM, a CAS concentratibiroM
and a HDTMA concentration of 2mM. The resultantdaiue liquid was autoclaved. Also autoclaved wa8 #l of
mineral salt agar. Concentrations of salts werasadd for 500 ml mineral salt medium, consideratgil addition of
the Cu—CAS solution. After cooling to ~50°C, 50 ahlCu—CAS solution was carefully added into minesalt agar
medium along the glass wall, with enough agitatmmachieve mixing. After the agar plates cooled solitlified,
half of the agar gel was carefully excised withtexiszed razor. The empty space was then fillethvgterilized
mineral salt agar with 1M copper. Methanotrophs were streaked onto minsa#l agar with 1uM copper
immediately adjacent to 50M Cu—CAS agar; a color change in modified CAS plates observed as copper ion
weakly bound to CAS is taken up by Mb.

Methanotrophs were inoculated on split mineral/Galt-CAS plates in a desiccator jar under metharmaaihanol
vapor atmosphere at 28-30. Methane was added periodically by establishinmpdial vacuum in the desiccator
and backfilling with methane and air (1:10). Thetima@ol vapor was supplied by adding liquid methaatothe
bottom of desiccator jar.

Culture conditions for Mb production

M trichosporium3011 was cultured in a 5 | Baoxing bioreactor aonibhg 3 | of copper deficient mineral salt
medium. Methanol was added to 0.2% (v/v) and sedpévery 24h to keep the same concentration. @Galte
grown at 28-30C and an agitation rate of 250-300 rpm. Ambient was bubbled through the fermentor
continuously at 0.5-0.8 I/min. The cultures werevgn to stationary phase for Mb production.

Isolation of Mb

Mb from the spent medium o&fl. trichosporium3011 was isolated as previously describedMorcapsulatuBath

by Choiet al. [6]. The cells were removed by centrifugation @Q0 g for 30 min. The supernate was loaded onto a
2.5x20 cm Diaion HP-20 column (Mitsubishi Chemiéddldings, Japan). The bound Mb was washed with two
column volumes of KO and eluted with 30% methanol:60%0d The eluant was lyophilized for concentration and
storage. The freeze-dried samples following chrograiphy on Diaion HP-20 columns were the sourddinfused

in this study. Typically, 5 to 20 mg of Mb is istdd per liter of spent medium with copper-limiteditares.
Freeze-dried samples were stored under moistueeeibaditions at -20 until enough Mb was collected for the
entire experimental program.

Purity of Mb samples was checked at this stage BiEequipped with multiwavelength UV-vis detectgr using

a XDB C-18 (15cmx4.6mm) reverse-phase column dbw fate of 1.0 mL/min, with 10 mM sodium phosphate
buffer, pH 6.6 (solvent A) and acetonitrile (solv&) as the mobile phase. A linear gradient comgjsbf an initial
solvent B concentration of 20% following injectit;m40% solvent B at 20 min and 100% at 55 min wseiun this
analysis step. The sample injection volume wasd.10

Quantitative measurements of Mb production by coloimetric assays

CAS assay solution was prepared as following prodA 4ml volume of 0.02mM HDTMA solution was pét
in a 10 ml volumetric flask and diluted with gBl. A mixture of 1ml Cu solution (0.02mM Cu%6H,0) and 2 ml
0.02mM aqueous CAS solution was slowly added ustiging. The volumetric flask was then filled with,0O to
afford 10 ml of CAS assay solution. The solutioreyavstored in the dark.

Phosphate in the growth media interfere deternonatif Mb and have to be removeé®dl25-ml volume of supernate
containing Mb was loaded onto a 0.2x5 cm Diaion 20Peolumn (Mitsubishi Chemical Holdings, Japan)eTh
bound Mb was washed with two column volumes gDtand eluted with 30% methanol:60%0H The eluant was
placed in a 25 ml volumetric flask and then fillwith d H,O to afford 25 ml. A 1.0-ml Mb eluant was mixed hwvit
9.0 ml-CAS assay solution. A reference control wespared exactly using the uninoculated mediumhleysame
procedure. After reaching equilibrium the absorleam@s measured at 605 nm. All samples were measared
triplicate.
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sMMO and pMMO enzyme activity assays

The activity of SMMO was evaluated by naphthalessags described by Brussestual [14] and Chuwet al [15].
sMMO can oxidize naphthalene while pMMO cannot. Wine sMMO activity in methanotrophs was detected by
naphthalene oxidation, pMMO activity can be detewrdi by the epoxidation of propylene.

Bacteria were harvested by centrifugation at 9,@0fdx 10 min at 4 °C. The cell pellets were washeide with
cold 20 mM phosphate buffer (pH 7.0). Cells weruspended in the same buffer containing 5 mM Md&tla cell
concentration of 2—3 mg dry weight of cell [dwc]jrahd used for the experiment. The sample solftidhml) was
added to 10mM sodium phosphate buffer containinyiIvtgCl,. The flask (10 ml) was sealed with a Teflon-sealed
septum and then incubated for 5 min a{C30The reaction was initiated by injecting 2.5 mbpene into the flask
using a gas-tight syringe. Epoxypropane formatimmf propene was determined chromatographicallyguaigas
chromatograph equipped with a capillary GC colu23mmx30 m; stationary phase, SE-54) and a flame
ionization detector (FID).

UV-visible absorption spectroscopyUV-visible absorption spectroscopy was performedubing a Shimadzu
UV-2550 spectrophotometer. All samples were pretétom ambient light to prevent possible photodakion.

Effect of Mb on the Growth of Methanotrophs All strains were subcultured three times at cofdpez-conditions
to OD ggo Of 0.5 to 1.0. After the third subculturing, theltares were washed with mineral salt medium coimai
30uM Copper and then transferred to fresh mineralrealfium containing 3 Copper at a starting OD of ~0.1 to
avoid the decline of copper concentration of theimn@ by inoculum. To assess the influence of Mithengrowth
and toxicity reduction in methanotrophic bacteti@mg of purified Mb were provided to a series o 1l cultures
before incubation and growth. The OD was measueegically with spectrophotometer until the statioy phase.
All measurements were performed in biological tcgles, and the resulting standard deviations anepated and
reported.

RESULTS

Detection of Mb Production by split mineral salt/Cu-CAS plates Detection of Mb production by streaking
methanotrophs directly onto 50 Cu—CAS mineral salt plate was unsuccessful duthéotoxicity of HDTMA to
methanotrophs. So Mb production was determined Iy inethodology developed by Yooet al[10].
Methanotrophs were streaked onto mineral salt aggr 1 uM copper immediately adjacent to 501 Cu-CAS
agar as previously described. It has been foundpimasphates may act as interfering chelates amihtarference
of phosphates in Cu—CAS mineral salt agar solutvas obvious. For phosphates with lower copper iaffithis
interference is observed only at higher concemtnati Thus, the concentration of phosphates in misatt medium
was reduced by factors of 10 for the Cu—CAS bluar ggeparation. This lower concentration addedhasphorus
source did not interfere.

As shown in Figure 1, all tested strains showedii@ant change in the coloration

-aesecs
i) D™
- L u@” »

Fig.1: Split mineral salt/Cu—CAS plates for detectin of Mb production over time by methanotrophs

A. M. trichosporium3011 grown on methane; Bl. capsulatu8021 grown on methane; ®l. trichosporiumOB3b
grown on methane; DMethylomonasp. GYJ3 grown on methane; [&. trichosporium3011 grown on methanol; F.
Control of the Cu—CAS agar within 15 days (fromeblo light yellow). For all tested strains, theaothange in
Cu—CAS agar increased over time, which revealedalhéhe tested strains secreted Mb. It is imptieat the ability
to produce Mb may be wide-spread in methanotrophs.
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BecauseM. trichosporium3011 was capable of growing on methanol and ostitoively expressing pMMO, the
production of Mb during growth oM. trichosporium3011 on methanol was also determined by split raine
salts/Cu—CAS plate. Interestingly, the results stwbwhatM. trichosporium3011 grown on methanol reacted in
different manners to the split mineral salts/Cu-Q#i&e assay and the change in the coloration efQt-CAS
agar occurred earlier and fastéf. trichosporium3011 grown on methane showed significant chang¢hén
coloration of the Cu-CAS agar within 15 days, wiplates incubated witi. trichosporium3011 grown on
methanol showed a similar color change within 1¥sda

UV-Visible Absorption Spectra of Mb from Methylosinus trichosporium 3011

The UV-visible absorption spectroscopy of Mb frdvh trichosporium3011 was shown in Figure 2. UV-visible
absorption spectra in the 200-600 nm range of Miwsld absorption peak at 403 nm. The addition opeojon
caused the change of UV-visible spectrum at 394nth282 nm. which were consistent with previousdistiusing
Mb from M. trichosporiumOB3b [8]. On the basis of the revised structurtbf[16], Cu binding is associated with

0.5

0.4 r

0.3 r CuSQ increased

300 350 400 450 500 550 600

nm.

Fig.2: UV-vis absorption spectra of Mb and Cu-Mb
Cu absorption spectra were measured after 5 mgegfgration Mb was dissolved into 50 ml of 0#BDCuSQ solution

two alkylidene oxazolone rings, each associatett ait enethiol group, that together create a sitedpper ion
binding. The absorption peak at 403 nm can be m@sdidgo the alkylidene oxazolone ring which has rgéy
conjugated system. It has been reported that the nwvercapto-oxozolone groups of Mb are involved in
copper-binding [17]. Consistent with this repohte tselective decreased absorption at 403 nm haare dieserved
with copper binding. These results suggested thafrivin M. trichosporium3011 have affinity for copper ion.
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Fig 3: The absorbance spectra of the CAS reagent
1. Cu:0.2M; CAS: 0.4uM; HDTMA:0.&M; 2. Cu:0.2:M; CAS: 0.4uM; HDTMA:0.&M; EDTA: 0.054M; 3. Cu:0.2:M; CAS: 0.4uM;
HDTMA:0.8M Mb sample: 10g/ml
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Quantitative measurements of Mb by calorimetric asays

The quantitative measurement of Mb in supernatalntisns by calorimetric assays is very useful. agar method
developed by Yoomt al[10] can be easily used for screening purposeausecthe dye is incorporated into the agar
medium and strains producing Mb can be detecterblyr-change in the Cu-CAS blue agar section df sgheral
salt/Cu—CAS plates. However, quantitative measurgsnef Mb production on the agar test are not fdssit has
been reported that CAS was used to determine seaimby calorimetric assays and the method hasxaereely
high sensitivity [18]. Here we developed a methoddétermine Mb quantitatively by using its highiitfy for
copper.

As shown in Figure 3, the absorbance spectra ofCh® reagent clearly showed an absorbance peak35ahm.
When a strong chelator (Mb or EDTA) is added taghlly colored Cu-CAS-HDTMA complex, the releasetioé
copper is accompanied by a 605 nm absorbance peagase.

Using the ternary complex Cu-CAS-HDTMA as an intticaboth Mb and EDTA exhibit a linear dependentthe
absorbance at 605 nm versus concentration of thlatoln (data not show). So the absorbance wavelafdi05 nm
was chosen as the measurement point for detedtigio @n solution.

Effect of Copper concentration on the Mb productionof M. trichosporium 3011

In solutions probably the most important applicatis the qualitative check for the concentrationMih by
calorimetric assays. This quantitative method afldwus to study the dependence of Mb excretion @n th
concentration of copper. It is postulated that Mbekcreted by the cells and then reinternalizednagéer
combination with copper. Copper concentrations edimm solutions influence the pMMO activity expiiessand
the extracellular Mb concentration.

Previous studies omethylosinus trichosporiunDB3b demonstrated that a limitation of copper ntagger

extracellular accumulation of Mb by this bacteriurigh concentrations of Mb could be detected onlygiowth

conditions with low copper concentration in thermant solution [8, 19]. Laboratory experiments atdmwn that a
significant dependence of the growth of methandtiomicroorganisms on copper.

M. trichosporium3011 can growing on methanol and has not absodgpgirement of copper for pMMO activity. In
order to investigate the effect of coppencentration on the Mb productia, trichosporium3011 was cultivated
in mineral salt medium with methane or methanotabon sources. It was of interest to measure xtracellular
Mb concentrations of batchcultured cells in medzontaining varying copper concentration.

The relationship between the ratio of extracelluMdb concentration to the cell density and the coppe
concentrations for methane-growiih. trichosporium3011 was examined firstly. The concentration of Mas
monitored as absorbance change at 605 AAb$60s.y result from 1.0-ml Mb eluant. Both cell densitpda
extracellular copper concentration may influenceuarulation of Mb. The first step in the conversmihnmethane
into biomass is catalyzed by methane monooxyge(d840). The form and catalytic activity of MMO careb
controlled by copper (Balasubramanian and Rosemg®608). The copper demanding enzyme pMMO is not
expressed if copper is absent and this decreasegrttwth rate of methanotroph itself. As shown igufe 4, a
corresponding decrease in the ratio of extracellMB concentration to the cell density was founde Teason for
this may be an excess of copper accelerate th&eupfaCu-Mb and prevent the accumulation of extfatze Mb.
These data are in agreement with previous repbes d copper limitation triggers the accumulatidnMb in
methane-grown bacteria [8]. Consistent with methgnoavth M. trichosporium 3011, the highest ratio of
extracellular Mb to the cell density in methanobgth M. trichosporium3011 was also observed in copper-free
growth media. Higher copper concentrations depressxtracellular Mb accumulation. It is noteworthgt the Mb
production ability of methanol-grown cells was dsly higher than that of methane-grown cells. For
methanotrophic bacteria, methanol can produce memtactive energy (NADH) than that of methane [1Lhas
been speculated that methanol might act as thér@bedonating substrate to regenerate the NADH émge Mb
synthesis.

173



Jia-ying Xin et al J. Chem. Pharm. Res,, 2013, 5(12):168-176

05 r

—+—methane as carbon source

—=—methanol as carbon source

04 r

03 T

Absg, 605mmimg dwe

01 r

Cu concentration (uM)
Fig 4: Effect of copper concentration on the Mb prauction of M. trichosporium 3011

Effect of Mb on the Growth of Methanotrophs

The lag phase duration and the maximum growth cate be used to characterize the bacterial growtkiecu
Previous research has shown that Mb fidmtrichosporiumOB3b suppressed the “copper-shock” lag phadé.in
trichosporiumOB3b upon sudden exposure to elevated coppef [@&refore, the species-specificity of Mb can be
assessed by providing one strain’'s Mb to other artroph cultures grown under copper limited coodg that
were rapidly shifted to high copper concentratiddsre, M. trichosporium3011, M.s trichosporiumOB3b, M.
capsulatus3021 andV.. sp. GYJ3 cells grown in copper-free mineral saltimem were washed and resuspended in
high copper concentrations (8@) medium with or without Mb fromM. trichosporium3011 addition. Some main
growth parameters such as length of lag phase,madydrowth rate and maximal Qf3 were analyzed to assess
whether Mb suppressed the copper-shock lag anddeed the growth rate upon sudden exposure totetevapper.
In order to assess growth parameters exactly diablye the growth data were fitted to the Logistimdels using
MATLAB 7.1. The parameters fitted were lag phasé amaximal growth rate. Lag phase was quantifiethagime
obtained by extrapolating the tangent at the exptaepart of the growth curve, back to the inoeunllevel. This
definition is nowadays most widespread. As showRigure 5,M._trichosporium3011 cultures that were switched
from copper-free conditions to 30, M copper without Mb exhibited much extended growdh; however, the
growth lag was reduced from 31 to 2 h as 10 mg Mb provided. Mb addition also stimulated growthnalicated

by increased growth rates and OD levels.

0.5~

045~ 0mg Mb /

L L L L L L
0 20 ) 60 80 100 120 140 160
Time(h)

Fig5: Effects of Mb on the growth ofM. trichosporium 3011 in mineral salts medium containing 3@M copper
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Table 1 showed that Mb fronM. trichosporium 3011 also enhanced growth and reduced lags inr othe
methanotrophic cultures grown under elevated coppeditions. Mb produced by stram. trichosporium3011
was readily utilized by other growing methanotrapbulture and support copper uptake by other methaphs.
The results presented here suggested that Mb maynbgonally same or similar in different methamgh species.
Methanotrophs may take delivery of copper from Mleased by other species without species-speeifimgnition.

Tab. 1 Effects of methanobactin on various growth arameters on methanotrophs in mineral salt medium entaining 30 uM copper

3011 Mb addition Maximal specifii Doubling

Strain amount Lag ﬁ hase growth rate time ODs0o
(Mg/100 mL) Q) <107 (%) () max
3011 0 31.0+1.2 16.2+0.9 42.8+25 0.34+0,02
10 2.3+0.8 41.5+£29 16.7+1J)2 0.48 0,03
3021 0 51.1+15 17.8+0.4 38.9+0/8 0.28+0.03
10 3.0+04 32.9+28 21.1+1)8 0.50+0,01
OB3b 0 41.7+0.2 209+1.0 33.1+15 0.27+0p1
10 49 +0.5 284 +1.2 244 +1)J0 0.52+0)2
GYJ3 0 34.8+04 13.0+0.1 52.1+04 0.30+0p1
10 3.6+0.7 145+ 0.5 479+15 0.44+0,05

Effects of Mb on pMMO activity

Previous studies have shown that Mb usually stiteal@MMO activity in whole-cell by the form of CuiMand
suggested that the stimulation is due to an inectaate of electron flow to the Cu(ll) centers loé pMMO [6]. In
this study, by using Mb frorM. trichosporium3011, the effects of Mb on pMMO activity were exaed in the
whole-cell samples frorM. trichosporium3011,M. trichosporiumOB3b, M. capsulatus3021 andvethylomonas.
sp. GYJ3, respectively. The cells used were oadtin medium with a copper concentration ofil¥6for higher
expression levels of pMMO. Whole-cell sSMMO enzynaivaty was measured by monitoring the productidn o
naphthol from naphthalene. No sMMO activity wasesled. The initial propylene-oxidation activitiegem in the
range of 3.8-10.3 nmol/min-mg dwc, before coppe€CoeiMb additions. By usinil. trichosporium3011 cell with
propylene-oxidation activities in the 7.6 nmol/mitg dwc range, activities approaching 8.9 nmol/mip dwc were
observed at optimal copper addition. The stimurattd pMMO activity by copper can also be found ither
methanotrophic whole-cell samples. An optimal copgcentration was always observed, followed lperease
in pMMO activity as the copper concentration wasréased further. The stimulation of pMMO activity bMb
alone can not be found in whole-cell samples. Mh@as were mixed with copper and incubated for mimmim of
5 min before addition to the whole-cell samplese Btimulation of pMMO activity by copper in the pemce of Mb
was greater than that observed in the absence of b effects of Mb under different copper concatimn on
pMMO activity in M. trichosporium3011, M. trichosporiumOB3b, 3021 andlethylomonassp. GYJ3 whole cells
were studied. Addition of Mb from 3011 to other trtotrophic cells increased pMMO activity by 46-5%%
compared with 17-28 % by adding copper alone. Tiseebse in pMMO activity following Mb addition iradited
that Mb produced b¥. trichosporium3011 may be functionally indistinguishableNb trichosporiumOB3b, M.
capsulatus3021 andvethylomonassp.GYJ3 cell.

DISCUSSION

Mb may function in copper acquisition, protectiogamst copper toxicity, and pMMO activity. Althoughe
existence of Mb has been approved in laboratoryeesmnts and the structure of Mb isolated frdvh
trichorsporiumOB3b has been published by Kehal. [5], relatively little is known about whether tipeoduction
of Mb is a universal characteristic of methanot®pind whether the Mb characteristics are identicahey vary
with strain. In this study, Split mineral salts/ €IAS plates were used for detection of Mb producti®he
discovery of Mb in all of the four tested methaoptis suggests that this may be a widespread itinieersal
mechanism used by methanotrophs for copper segtiestr We recommend that Mb production should be
characterized using a broader range of methanairdfite methodology developed by Yoenal[10] can only be
carried out in solid medium. However, but only iiquid solution it can be used for estimating thanmfity of Mb
present. Here the quantitative determination offkdln culture supernatant by the colorimetric assagshod has
been used for studying the effect of copper comagoh on the Mb production oM. trichosporium3011.
Phosphate in the supernatant interfere determmatidVib and Mb must be separated from phosphatetiting
supernatant by Diaion HP-20. Thus, the colorimefissays method is still arduous and expensive hodld be
further improved. Mb fronM. trichosporium3011 stimulated growth of all the culture of metbiophs at a sudden
elevation of copper concentration. Moreover, Mbnfri. trichosporium3011 stimulated all four methanotrophs
pMMO activity in the presence of copper. These datggested that methanotrophic cell may take dglioé
copper from Mb released by other species and Mb beagtructurally same or similar in different metbfoph
species. The results would be helpful to estimagediversity of Mb structure, since it is not knowhether the Mb
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molecules from the different methanotrophs have same chemical composition. The results could alsip
determine the role Mb may play in interspecies cefitipn or cooperation for copper uptake.
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