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ABSTRACT. To examine the potential role of methanobactin (mb) as the extracellular component of a
copper acquisition system Methylosinus trichosporiur®B3b, the metal binding properties of mb were
examined. Spectral (UVvisible, fluorescence, and circular dichroism), kinetic, and thermodynamic data
suggested copper coordination changes at different Cu(ll):mb ratios. Mb appeared to initially bind Cu(ll)
as a homodimer with a comparatively high copper affinity at Cu(ll):mb ratios below 0.2, with a binding
constant K) greater than that of EDTA (log = 18.8) and an approximat&G°® of —47 kcal/mol. At
Cu(ll):mb ratios between 0.2 and 0.45, tdedropped to (2.6+ 0.46) x 10° with a AG® of —11.46
kcal/mol followed by anotheK of (1.404 0.21) x 10° and aAG° of —8.38 kcal/mol at Cu(ll):mb ratios

of 0.45-0.85. The kinetic and spectral changes also suggested Cu(ll) was initially coordinated to the
4-thiocarbonyl-5-hydroxy imidazolate (THI) and possibly Tyr, followed by reduction to Cu(l), and then
coordination of Cu(l) to 4-hydroxy-5-thiocarbonyl imidazolate (HTI) resulting in the final coordination
of Cu(l) by THI and HTI. The rate constank.s) of binding of Cu(ll) to THI exceeded that of the
stopped flow apparatus that was used, k640 s1, whereas the coordination of copper to HTI showed

a 6-8 ms lag time followed by &g 0f 121+ 9 s71. Mb also solubilized and bound Cu(l) withkgys

to THI of >640 s, but with a slower rate constant to HTH.fs) = 8.27 4= 0.16 s'1), and appeared to
initially bind Cu(l) as a monomer.

Methanotrophs are characterized by their ability to utilize in other aerobic bacterid(6—15). In methanotrophs, copper
methane as a sole carbon and energy souicq fiese cells has been shown to regulate expression of both the soluble
are ubiquitous and play a major role in the global cycling of and methane-associated methane monooxygenases, mem-
carbon and nitrogen as well as in the degradation of brane development, and the expression of several other
hazardous organic material$—5). In contrast to that for polypeptides that appear to be involved in either one-carbon
other bacteria, the copper requirement for methanotrophsmetabolism, copper regulation, or copper transp®t1(l,
expressing the membrane-associated or particulate methan&5—21). As methanotrophs have a high demand for copper,
monooxygenase (pMMOQ)is severalfold higher than the and copper has pleiotropic effects on methanotrophic physi-
organisms’ iron requirements, and higher than that observedology, these cells must have an effective mechanism for

collecting copper. In fact, methanotrophs do appear to have
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Ficure 1: Schematic drawing of copper-containing methanobactin
modified from ref24.

thylococcus capsulatuBath during the isolation of the

membrane-associated or particulate methane monooxygenas

(PMMO) (15, 22—24). Separation of copper-containing mb
(Cu-mb) from pMMO results in the irreversible inactivation
of the enzymeq, 15). Cu-mb has been shown to act as an

Biochemistry

proline. The phenoxide ion of Tyr has been shown to bind
Cu(ll), but ionization of Tyr generally occurs only at pH
values around 104Q). However, this ionization has been
shown to occur at lower pH values in short peptide chains
if Tyr is a terminal amino acid or if Pro is presemi(( 41).

In mb, pyrrolidine structurally acts as a proline, providing a
S-turn in the moleculeZ4). In addition, as observed in Pro,
pyrrolidine does not possess an ionizable nitrogen, which
can inhibit Cu(ll) coordination by Tyr40, 43—45). Recent
improvements in the isolation of low-copper-containing mb
samples &) allow for the first time examination of metal
binding and solution properties of mb, and thus its potential
role as a copper siderophore or chalkoph@#®.(The results
presented here indicate mb is a dynamic molecule in solution
and that the initial coordination of Cu(ll) differs from the
coordination observed in the final sample.

MATERIALS AND METHODS

Organism, Culture Conditions, and Isolation of Metha-
nobactin. Ms. trichosporiun®B3b was cultured in either 0
or 0.2uM CuSQ, amended nitrate minimal salts (NMS)

oxygen radical scavenger and also to increase the rate ofmedium as previously describe®) (Mb, copper-containing

electron flow to the pMMO, but the involvement of Cu-mb
in methane oxidation by the pMMO is still in questio8) (

mb (Cu-mb), and mb isolated following exposure to a 100-
fold molar excess of Cu(ll), i.e., copper-stabilized (Cu-s-

In addition to the cytoplasmic membrane, mb has also beenmb), were isolated fromMs. trichosporium OB3b as

identified in the spent media of boffic. capsulatusBBath
and the type Il methanotropklethylosinus trichosporium
OB3b (15, 22, 25). A number of studies have suggested mb

described previouslyg( 23). Removal of copper from Cu-
s-mb required long-term (approximately 12 h) dialysis against
three changes of 5 mM NEDTA in MilliQ water. This

acts as the extracellular component of a copper acquisitiondialysis procedure reduced the copper:mb ratio from41.2

system 11, 15, 22—26). Last, it has been suggested that mb

0.1 to 0.1+ 0.02 and for reference purposes was called

may serve as a copper chaperone for the pMMO or as aEDTA-mb. Mb isolated by the procedure of Choi et &) (

regulatory protein§—10, 15, 19). Attempts to assign a single

contained 0.0 0.0003 Cu atom per mb. In an attempt to

or distinct function to mb have proven unsuccessful, and remove the remaining Cu from mb, 10 mL of 10 mM mb
taken together, these studies suggest mb may belong to avas dialyzed for 12 h against three changes of 10 L of 5

growing group of proteins known as “moonlighting proteins”
(27—32). By definition, moonlighting proteins have the
capacity to carry out two or more unrelated functio8, (

30, 32). The physiological functions of different moonlight-
ing proteins vary with changes in cell location, oligomeric

mM NaEDTA dissolved in MilliQ water. However, fol-
lowing dialysis, the copper:mb molar ratio increased to 0.1
+ 0.02.

Metal Titration of Mb and EDTA-mbMetal titration
experiments were performed using 50 or 1M aqueous

state, ligand or substrate concentration, change in physicalsolutions of mb or EDTA-mb. Mb and EDTA-mb both

environment, and/or complex formation with other proteins. buffered the reaction mixtures to pH 6.8. Stock solutions of
Tompa et al. 82) have suggested that moonlighting proteins either CuSQ@ or CuCl (100uM, 1 mM, or 10 mM) were
are intrinsically unstructured proteins, and it is this property used in metal titrations under both aerobic and anaerobic
that enables these proteins to have distinct functions. conditions. For anaerobic titrations, solutions were first
Consistent with other moonlighting proteins, gel filtration degassed using three vacutpurge cycles with argon and
studies suggest mb will change conformation or form then incubated for 12 h in an anaerobic chamber (Coy
different oligomers at different Cu(ll):mb ratio8)( Laboratory, Grass Lake, MI) under an atmosphere of 5%
The crystal structure of copper-containing mb (Cu-mb) hydrogen and 95% argon. In some samples, divided cuvettes
samples isolated following the exposure to copper concentra-(Optiglass Ltd., Hainault, U.K.) were used with copper and
tions in excess of 1000 Cu(ll) atoms per mb has recently mb solutions in different chambers. Cuvettes were sealed
been determined®, 24) (Figure 1). The molecule exhibited and removed from the anaerobic chamber, and their contents
some structural and spectral similarities to siderophores inwere mixed immediately before analysis. In other samples,
the pyoverdin class3@, 34). However, mb differed from  mb solutions were added to septum cuvettes (Starna cells
this group of siderophores in amino acid composition and Inc., Atascadero, CA) in the anaerobic chamber. The cuvettes
contained a biologically unique chromophore, 4-thiocarbonyl- were sealed before removal from the chamber, and anaerobic
5-hydroxy imidazolate (THI) or 4-hydroxy-5-thiocarbonyl solutions of CuCl or CuSOwere added with gastight
imidazolate (HTI), each of which was responsible for copper syringes. Samples were checked for oxygen contamination
coordination 23, 24). In addition to copper coordination by  using the resazurin-based anaerobic indicator strips (Oxoid
THI and HTI moieties, the primary structure and amino acid Ltd., Basingstoke, Hants, England) in the anaerobic chamber
composition of mb show other potential metal binding sites and the indicator strips in a closed anaerobic serum vial.
(35—41). Of particular interest to this study is the tyrosine- Spectroscopic MeasuremenitB/ —visible absorption spec-
pyrrolidine group, which is structurally similar to tyrosine- troscopy was carried out on either a Cary 50 (Varian Inc.,
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Palo Alto, CA) or an Aminco DW2000 (SLM Instruments ton, MA) VP-ITC microcalorimeter. The instrument was
Inc., Urbana, IL) spectrophotometer. calibrated using the built-in electrical calibration check. All
Fluorescence measurements were recorded on a CanfTC experiments were conducted in water at % and
Eclipse fluorescence spectrophotometer (Varian Inc.). Scansolutions were degassed immediately prior to use. Titrant
parameters consisted of an excitation slit of 5 nm, an solutions, Cu(ll) (80QuM) as CuSQ in MilliQ H ;0, were
emission slit of 5 nm, and a photomultiplier tube voltage of added at an interval of 1200 s for injections23 and 300
600 V. Excitation wavelengths (e.g., 254, 282, 340, and 394 s for injections 24-60 into the stirred cell containing 100
nm) were based on the UWisible absorption maxima of M mb, with a stirring rate of 550 rpm. To test for sample
metal-free mb. CuS£and CuCl stock solutions were freshly  stability, the U\-visible absorption spectrum of the sample
prepared in MilliQ water (pH 6.8) and kept on ice prior until was monitored at 25C. With the exception of the absorption
use. With the exception of time course experiments, all CuCl maxima at 340 and 394 nm, the spectrum of mb was stable.
solutions were mixed between titrations and then incubated The absorption at 340 and 394 nm decreased continuously
for 5 min before spectra were recorded. at a rate of 0.35%/h, or 4.2% during a typical titration series
Circular dichroism (CD) spectra were recorded between (results not shown). No correction was taken for this possible
180 and 585 nm on a JASCO J-710 spectropolarimeter (Jascaample loss. To correct for heats of dilution, control
Co., Tokyo, Japan) using a 1.0 mm fused quartz cell. GuSO experiments were performed in the absence of mb and were
and CuCl stock solutions were prepared as described abovesubtracted from the titrations containing mb. Between
for fluorescence measurements. measurements, the sample cell was washed with the follow-
X-ray Photoelectron Spectroscopy (XPERS was per- ing manufacturers’ recommendations. The system was then
formed on a model 5600ci spectrophotometer (Perkin-Elmer rinsed three times with 10@M mb. Data were analyzed
Inc., Eden Prairie, MN) as previously describetb)( The using nonlinear least-squares curve fitting in Origin 7.0
instrument was calibrated at the Aw4 CuZps;,, and Ag3s,, (CriginLab Corp., Northampton, MA).

photopeaks with binding energies of 83.99, 932.66, and  inetics of Copper BindingKinetic measurements of
368.27 eV, respecyvel;A 5 erI_ood gun was used_to offset copper binding were made with a four-syringe Biologic
charge accgmulatlon. A consistent 80M spot size was  gEM400/S stopped-flow reactor coupled to a MOS 250
analyzed using a monochromatized Akhw = 1486.6 V) gpecirophotometer (Bio-Logic Science Instrument SA, Claix,
X-ray source at 300 W and pass energies of 93.9 eV for prance) This is a four-syringe system with independent
survey scans and either 58.7 or 5.9 eV for high-resolution y.ives for each syringe with a minimal dead time of 1.5 ms.
scans. The system was operated at a base pressure’ef 10 inetics of binding of copper by mb was monitored at 340
107° Torr. An emission angle of 4#5vas used throughout. or 394 nm. The reaction mixtures contained:80 mb and
Following baseline subtraction, curves were fitted employing 5100 «M CuSQ,. Both reactants were prepared in®4
combinations of Lorentzian and Gaussian line shapes. . q the final pH following mixing was 6.8.

Referencing the principal Glphotopeak to 284.8 eV L ) ,
Kinetic measurements were also carried out using a

accounted for sample charging. i X
XPS was also performed on a model Phoibos-150 hemi- SX.18MV microvolume stopped-flow reaction analyzer

spherical analyzer (SPECS Scientific Instruments, Sarasota,(App“ed Photophysms_)._Thls IS a two-syrlnge photodiode
FL). The instrument includes a load lock and operates at a&/T@y System with a minimal dead time of 1.0 ms. Spectral
routine base pressure of 251070 Torr. The spectrometer ~ S€es were measured at 2.0 or ZDfrom 275 to 500 nm
was calibrated on Ag8, and CE from HOPG graphite using a diode array dett_ector with an integration time of 2.56
(Alfa Aesar). Samples were illuminated with MgpKX-rays ms. Spectra was monitored every 2.6 ms for 500 s. The
(hv = 1253.6 eV) from a source operated at 200 W. Spectra '€action mixtures, 5«M mb and 25-250 uM CuSG

for C, N, O, S, and Cu were collected using a consistent solutions, were prepared in MilliQ4&. The mixing chamber _
spot size of 1.2 mm, normal emission, and a pass energy ofad @ path length of 1.0 cm, and the monochromator slit
20 eV. The total illumination time with X-rays was1.5 width was fixed at 1.0 mm entry and 1.0 mm exit. Al
h/sample. Using the GIHOPG signal and the Gt signal samples were prptegted from ambient light to prevept
from pure CuCJ, we determined that the Npeak exhibited possible photo-OX|d§\t|on. Pro-K S\(D and global analysis
no appreciable change in peak shape or binding energy; theoftware from Applied Photophysics was used for data
broad peak was consistently observed at 399.6 eV and serve@nalysis. Kinetics of copper binding at fixed wavelengths
as the reference for all spectra that were collected. Mb wasWas derived from the scan series.

titrated with a 30 mM CuGl solution, mixed for 1 min, Metal, Thiol, and Protein Determination€opper and
dripped onto a graphite crystal (HOPG), dried under He, and protein determinations were carried out as previously de-
loaded into vacuum. Spectra were fitted to a Shirley scribed 8). The presence of thiol in mb was determined using
background and peaks with a fixed Gaussian:Lorentzian ratio. the thiol and sulfide quantification kit from Molecular Probes,
Cu2ps2 peaks showed only two states for all samples studied; Inc. (Eugene, OR).

all Cu peaks had a fwhm of 1.9 eV. S XPS data were fit  gatistical AnalysisPearson correlation coefficients and
with two peaks having a fwhm of 1.90 eV. Fitting the data prgpabilities were determined by bivariant correlation analy-

to four peaks to account for sptorbit splitting of the Sp sis using SPSS 10.1.3 (SPSS Inc., Chicago, IL).
state improved the fit but did not change the binding energy

shifts or the conclusions. As with Cu, binding energies were ReSULTS
corrected for charging using the Blpeak.

Isothermal Titration Calorimetry (ITC)sothermal titration UV—Visible Absorption Spectra of MbUV—visible
calorimetry (ITC) was performed on a Microcal (Northamp- absorption spectra in the 26800 nm range of mb showed



D Choi et al. Biochemistry

copper binding (Figure 2), photodegradatid) 23), and
sample storage (see Materials and Methods).

On the basis of the crystal structure of Cu-s-r2f)( the
absorption maxima at 340 and 394 nm are believed to be
associated with HTI and THI, respectivel23). If this
assumption is correct, the absorption maximum at 394 nm
can be tentatively assigned to the THI group associated with
the terminal isopropyl ester which has a longer conjugated
system (Figure 1). The absorption maximum of HTI would
then be assigned to 340 nm. The structure of Cu-s-mb shows

—= copper is coordinated by thef Idtom of each imidazole and
230 280 330 380 430 480 530 the S atom of the two-thiocarbonyl groups (Figure 1).

Absorbance

Wavelength(nm) Consistent with this chromophore assignment, addition of
05 kB _ Cu(ll) to mb resulted in a decrease in the absorption maxima

at 340 and 394 nm (Figure 2A).

The absorption maxima at 254 nm have been associated
with the two Cys moieties of mb2@). Interestingly, the
absorbance in the 254 nm region decreased until the copper:
mb ratios reached 0.25, suggesting further reduction of the
Cys population in the sample. At Cu(ll):mb ratios00.25,
the absorbance increases continuously, suggesting oxidation
to form cystine consistent with the crystal structure of Cu-
< s-mb @4). The absorption changes near 255 nm have also
015 , i : - - been reported for Cu(ll) complexes with deprotonated

0 02 04 06 1 nitrogens which give rise to a charge-transfer (CT) absorption
molar ratio, Cu(l/Mb in this region 47—49) and with Cys-S—Cu(l) ligand to

08

0.59 D 0.36

035 metal CT (LMCT) 60—54). In the case of imidazole (Im),
o4 036 the molar absorption coefficient decreased in the-2280
0.49 oi” nm region with an increasg in the molar ratio of copper to
0aa 0asd imidazole and the absorption maximum was shifted from

' 278 nm at 0.013 Cu(ll) per Im to a shorter wavelength which

039 03 at 0.3 Cu(ll) per Im molar ratio was 254 nm7). Thus, the
' 03 trend in absorption at 254 nm in Cu(ll) titration of mb shows

r029 some similarity with copper titration of Im. If the absorption
028 L0.28 changes at 254 nm during Cu(ll) titrations resulted from
024 . . . o2 Cys— or thiocarbonyt-S CT, the results suggest a copper

0 0. 08 1

2 ‘:"‘ o I‘:-f’Mb to ligand CT (MLCT) at copper:mb ratios below 0.25
molar rato, Cullh followed by a Cys- or thiocarbony-S LMCT at copper:

FiGure 2: (A) UV —visible absorption spectra of mb isolated with ;
a Cu:mb molar ratio of 0.01 and following the addition of 0.003, mb ratios above 0.3. The absorbance changes at 254 nm

0.015, 0.03, 0.06, 0.1, 0.2, 0.3, 0.4, 0.6, and 1.0 Cu(ll) atom per during anaerobic Cu(l) titrations of mb (see below) would

mb. (B and C) Absorption changes at 394 nm following Cu(ll) be consistent with this S-MLCT/LMCT model.

additions. (D) Absorption changes at 25#)( 282 (J), 302 @), The absorption maxima at 282 and 302 nm may be
and 340 nm Q) following Cu(ll) additions. The scale at the right associated with phenolic and phenoxide ion forms of tyrosine,
was used for absorption changes at 340 nm, and the scale at th?espectively 42). Consistent with this hypothesis, the

left was used for absorption changes at 254, 282, and 302 nm. . ) . .
P g increased absorption at 282 nm was associated with the

Absorbance (394 - 420nm)

o © © © o o o
§ & 38 8 8 &
8 g9 2 8 8 2

0 0001 0002 0003 0004 0005 0006 0.007
molar ratio, Cu(ll)/Mb

Absorbance (394 - 420nm)
o
w

N

Absorbance
Absorba

o
®

Table 1: Molar Absorption Coefficients) of Mb and Cu-mb decreased absorption at 302 nm following copper addition
wavelengths _ mbe Cumbe (Figure 2D). The phenolic protons of Tyr _rg5|dues have be.en
metal  (nm)  (MM-tcmd) (mMM-tem ) Ae(mb— mb-Cu) shown to ionize under .neutral pH condlthns when Tyr is
— 394422 -1z — — the terminal residue or if t.he peptlde contains a Pro reS|due
_ 340-422 8.1 (43, 44, 55—-57). The Tyr in mb is not a terminal residue,
Ccu(ll) 394-422 - 2.39 4.75 nor does it have a Pro residue; however, it does contain a
Cu(ll) 340-422 5.16 2.92 pyrrolidine residue adjacent to the Tyr, which functions

structurally as a Pro in the molecule (Figure 1).
absorption maxima at 254, 302, 340, and 394 nm (Figure 2 Changes in the U¥visible absorption spectra were
and Table 1). The spectra were similar to but not identical observed at Cu(ll):mb ratios af0.001, or at 50 nM CuS©
to the spectra from copper-stabilized mb (Cu-s-mb) samples(Figure 2B,C). At lower Cu(ll):mb ratios, no spectral changes
following dialysis against N&DTA (EDTA-mb), as de- were observed following corrections for sample dilutions.
scribed by Kim et al. Z3). The major differences involved At copper:mb molar ratios between 0.001 and 0.4, the
the stronger absorption at 340 and 394 nm, and the presencspectral changes at 340 and 394 nm were proportional to
of the small absorption maximum at 302 nm (Figure 2 and the concentration of Cu(ll), but little to no change was
Table 1). The selective decreases in the absorption maximaobserved at Cu:mb molar ratios above 0.6. This latter result
at both 340 and 394 nm in mb have been observed with was inconsistent with previous Cu(ll) binding studi8sZ?2)
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Ficure 3: Kinetics of binding of Cu(ll) by mb. Absorption changes
at 340 (J) and 394 nm4) following the addition of 3 Cu(ll) atoms
per mb at 20°C. The arrow indicates the time when the mixing
flow stopped.

and metal analysis on samples used in this study. As in

previous studies, exposure of mb to a molar excess of Cu-

(II) over mb resulted in a Cu:mb ratio of 12 0.1 8, 15,
22). Metal analysis following copper titration experiments
showed that at Cu(ll):mb molar ratios below 1.1, essentially
all of the added copper was bound to mb. In addition, the
titration end points were<0.85 Cu(ll) per mb during
isothermal titration calorimetry. Last, the crystal structure
of Cu-mb shows one copper atom per mid4)( Taken
together, the UV-visible absorption results suggest mb binds
one Cu per mb and initially binds Cu(ll) as a homodimer.
Kinetics of Copper Binding3inding of Cu(ll) by mb from
Ms. trichosporiumOB3b was too fast to measure when
saturating concentrations of Cu(ll) were used; i.e., the
reaction was complete in less than 2.6 ms at 20 6€2
(results not shown). In an attempt to reduce the reaction rate
the concentration of Cu(ll) was lowered below saturation.

Cu Binding by Methanobactin E

these conditions, a-68 ms lag period was followed by an
observed rate constamtps; of 121 + 9 st (Figure 3).
However, even at equimolar concentrations, the reaction rate
was too fast to measure at 394 nm with the stopped-flow
apparatus that was used, and kg, rate was estimated to
be >640 s*. Although the kinetic measurements at 340 nm
were obtained at subsaturating Cu(ll) concentrations, the
results demonstrate the binding of Cu(ll) by THI occurred
before HTI. Absorption changes were observed at 394 nm
under these experimental conditions but were opposite to
those observed with copper binding. Specifically, the absor-
bance at 394 nm increased during binding to the 340 nm
chromophore (Figure 3). The reason for this increased
absorption at 394 nm was not determined but is consistent
with a change in copper coordination from THI alone to a
coordination involving both THI and HTI.

Consistent with the spectral properties described here and
below, the kinetics of binding of Cu(ll) by EDTA-mb
differed from that of mb. Using EDTA-mb, the absorption
changes at both 394 and 340 nm appeared identical (i.e.,
kobs > 640 s'1), suggesting initial Cu(ll) coordination by both
THI and HTI (results not shown).

Fluorescence Spectroscopylb displayed four emission
peaks when excited at wavelengths of 254, 282, 340, and
394 nm (Figure 4A). The characteristic emission peak of
Tyr at 310 nm was observed following excitation at 282 nm
(exzs?) (58, 59). Excitation at 394 nm Aexseg resulted in
emissions with maxima at 461, 610, and 675 nm, and
excitation at 340 nmgyxssg resulted in a broad emission
with a maximum at 461 nm. As expectegD], excitation at

254 M Qexos9 resulted in the Tyr emission peak at 310 nm.

Unexpectedly, excitation at 254 nm also resulted in the same

Using this approach, spectral changes at 340 nm could beemission peaks observed following excitation at 340 nm, i.e.,

monitored at 20C, if the Cu(ll):mb ratios were<3. Under

74

emission at 461 (results not shown). These observations were
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Ficure 4: (A) Emission spectra of mb in aqueous solution with different excitation wavelenighs 282, 340, and 394 nm) at ambient

temperature (thick lines). Arrows indicate the direction of spectrum changes upon copper addition, and thin lines show the spectra upon

completion of changes. (BD) Percent emission spectrum changes for wmpbil, and®) and EDTA-mb @, O, andO). Emission spectrum
changes were monitored at (B) 310 nia«(= 282 nm), (C) 461 nmiex = 340 nm), and (D) 610 nmi{, = 394 nm).
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Ficure 5: Circular dichroism spectra of mb (A and C) and EDTA-mb (B) as isolated (thick line) and following addition-ef.0.molar
equiv of Cu(ll) (thin lines) (A and B) or the addition of G=R2.0 molar equiv of Cu(l) (thin lines) (C). PanelsF illustrate the effect of
Cu(ll) (D and E) or Cu(l) (F) on the CD at 20Dj, 216 ), 317 &), and 410 nmN).

different from the emission spectra recently reported by Kim at 461 nm by Cu(ll). In this case, examination of the spectral
et al. 3). The first difference involved the intense emission properties of EDTA-mb did show the difference resulted
peak at 280 nm following excitation at 282 nm reported by from the different sample preparations (Figure 4C). The
Kim et al. 23). The intense emission at 280 nm appears to difference in the degree of quenching of the emissions at
be related to the first harmonics following excitation at 280 461 nm was probably due to differences in the initial
nm rather than emission from the Tyr, since the emission coordination of Cu(ll) by mb and EDTA-mb. Quenching of
wavelength was very close to the excitation wavelength and the emission from HTI (i.e., emission at 461 nm) would not
too intense to be emissions from Tyr. Tyr is a comparatively be expected to occur if Cu(ll) was initially coordinated by
weak fluorophore with a typical Stokes shifte©80 nm 68— THI and possibly Tyr and then reduced to Cu(l) before the
62). The intensity of the first harmonics peak would have coordination to HTI. However, if EDTA-mb was in a
masked emissions at 310 nm (Figure 4). The second conformation similar to that observed in the crystal structure
difference was in the emission peaks at 610 and 675 nmof Cu-s-mb 24) (Figure 1) and Cu(ll) was initially coordi-
following excitation at 394 nm which were not reported by nated by both THI and HTI, quenching of the emissions from
Kim et al. 23). In an attempt to determine the reason for HTI (i.e., at 461 nm) should occur along with the quenching
the differences reported here and by Kim et 2B)( EDTA- of emissions at 610 and 675 nm associated with THI. The
mb samples were also examined. The emission spectraresults from CD spectra described below suggest this was
following excitations at 282, 340, and 394 nm were similar the case for both mb and EDTA-mb.

to the results presented in Figure 4 except the emissions at Cijrcular Dichroism SpectraLike many small polypeptides
310, 461, 610, and 675 nm were only-38% of the  jth disulfide bonds, the CD spectrum of mb is of an

intensity observed in mb (Figure 4). unordered protein with a strong negative band at 201 nm
The addition of Cu(ll) quenched emissions at 310 nm and weak bands between 211 and 231 nm (Figure 63)) (
(Aex2s4 OF Adex2s), at 610 NM Lexoss Aex2sa Aexzaa OF Aexzos, The CD spectrum of mb also exhibited weak positive bands
and at 675 nmAexs99 (Figure 4), while no changes were at 302 and 364 nm. Following copper addition, the Cu-mb
observed at the broad emission peak at 461 sl dexsao complex showed a decrease in 201 nm along with strong

Or Aex3oq. This observation also differs from the recent report positive bands at 314 nm characteristic of NCu CT
by Kim et al. 3) which showed quenching of the emission transition and at 406 nm characteristic of phenolate oxygen



Biochemistry Cu Binding by Methanobactin G

results suggest that the peak at 163.3 eV arises from Met S

A 95.00
and Cys as a disulfide.
< 7500 The smaller peak at 161.4 eV was attributed to the
3 thiocarbonyl S §6—68). Studies of thiourea report a S
< 55.00 binding energy of 162 eV, which becomes-8&7 eV higher
%500 upon binding to Cu. In contrast to thiourea, the thiocarbonyl

0123 45 17 165 160 ' groups of mb are bound to a hydroxyimidazole group, which
Cullymb Binding Energy (eV) extends the local conjugation. The observed binding energy

Ficure 6: (A) Oxidation states of copper at different copper:mb for mb thiocarbonyl S at 161.4 eV reflects this stronger

molar ratios as determined by X-ray photoelectric spectroscopy. conjugation. Binding of mb to Cu shifts the observed binding
(B) Sulfur XPS spectra of mb (a) and following the addition of energy up to 161.9 eV, consistent with results for binding

0.25 (b), 0.5 (c), and 0.75 (d) molar equiv of Cu(ll). of thiourea-based model compounds to @&, (67). The
completed binding energy shift of the thiocarbonyl S states

Cu CT transition (Figure 5A,D) 38, 44, 56, 63, 64).  at 3 copper:mb ratio of 0.5 Cu per mb indicates that mb
Alternatively, positive band enhancement near 412 nm (first jnjtjally binds Cu as a dimer.

Cotton effect, THI) and negative band e_nhancement near_360 Thermodynamic Properties of Cu(ll) Binding by Miitial
nm (second Cotton effect, HTI) can be interpreted as exciton jsothermal titration calorimetry (ITC) experiments for Cu-
coupled spectra of this two-chromophore syst&8§).(In (1) binding by mb fromMs. trichosporiumOB3b showed a
contrast to those of mb, the CD spectra of EDTA-mb were jfference in thermodynamic properties at copper:mb ratios
almost identical to those of Cu-mb or to Cu-s-mb, suggesting of 0.2 and 0.45 with a titration end point at 0.85 Cu(ll) per
mb does not return to its native configuration following mp (Figure 7 and Table 2). When the titration data in this
removal of Cu via dialysis against BEDTA (Figure 5B,E).  copper concentration range were analyzed by nonlinear least-
The largest change in CD spectra following addition of Cu- squares curve fitting in Origin 7.0, they fit a two-site model
(I1) to EDTA-mb was the N—Cu CT transition at 314 nm,  petter than a one-binding site model (Table 2). A third high-
but even this change showed little correlation to copper affinity binding constant was also observed at Cu:mb ratios
concentrations (results not shown). The results suggest thergyg|ow 0.2 (Figure 7E,F and Table 2). However, attempts to
was a comparatively small change in the secondary structuregetermine the binding constant at low copper:mb ratios
of Cu-mb and Cu-s-mb samples following removal of copper proved to be difficult. Decreasing titrant concentrations
by dialysis against N&DTA. resulted in an unstable baseline due to the small energy
X-ray Photoelectron Spectroscofdrevious studies have change, and increasing mb concentrations above 1.8 mM
shown that 66-:100% of the copper bound to mb was resulted in sample precipitation following copper additions.
cuprous copperg 9, 15, 22—24). To address the reason for Measurements between 0.07 and 0.2 Cu per mb provided
this variability, several preparations of mb were examined reasonable results with excellent curve fits witK af 3.25
at a variety of Cu(ll) concentrations. The results show the x 10** + 3.0 x 10'* and aAG® of —47.16 kcal/mol. The
percentage of Cu(ll) reduced to Cu(l) by mb varied with highK below 0.2 Cu per mb was comparable to the binding
the copper:mb ratios and decreases front94% at low constants observed for Fe(lll) binding by peptide sidero-
Cu(ll):mb ratios to approximately 75% at equimolar con- phores 83, 34) but orders of magnitude higher than that
centrations of Cu(ll) and mb (Figure 6A). Thel100% expected for copper binding given the structute, @5, 48,
reduction of Cu(ll) to Cu(l) in reaction mixtures containing 57, 70—72) even if mb initially binds as a multimer78,
low copper concentrations was surprising after examination 74). Given the few titration points, we feel it prudent to
of higher copper:mb ratios (Figure 6A). The source of the estimate the initiak of mb to be>8 x 108 This binding
reductants in mb has not been determined. As described inconstant at low Cu:mb ratios was based on the greater affinity
UV —Visible Absorption Spectra of Mb, the spectral changes of mb over NaEDTA which has a lod{gpra 0Of 18.8 at pH
in the 250 nm range following Cu(ll) additions may represent 7.0 for Cu(ll) (75) (see Materials and Methods). The complex
changes in the oxidation state of Cys-S. High-resolution XPS pattern of Cu(ll) binding was also consistent with spectral
spectra (pass energy of 10 eV) for sulfur from mb were used (UV —visible, fluorescence, CD, and EPR) and gel filtration
to examine this possibility (Figure 6B). Fitting the data for data 8, 22), suggesting a series of subunit interactions and/
metal-free mb revealed two S states: a large peak at 163.3or conformational changes during Cu(ll) binding and reduc-
eV representing 69% of the sulfur signal and a smaller peak tion.
at 161.4 eV (Figure 6B). The major peak at 163.3 mV was ITC was also used to determine if the spectral changes
assigned to Cys and Met S based on the reported bindingthat occur during dialysis against MEDTA to remove
energies of 163.6 eV for both Cys (thiol) and Met &6{ copper from Cu-s-mb samples by dialysis agains8ar A
68). Formation of a disulfide bridge between two Cys shifts (EDTA-mb) affected the copper binding properties of the
the S binding energy up by approximately 0.5 é7)( The molecule. As shown in Table 2, the initial high-affinity
addition of Cu(ll) to mb did not alter the XPS signal at 163.3 copper properties were lost, and the remaining copper binding
eV, and the absence of a new state at energies above 163.8onstants decreased by-1.5 orders of magnitude. Using
eV suggests either the expected disulfide signal was belowthe isolation procedure described by Choi et 8), the Cu:
our detection limits or the oxidation state of S on Cys did mb, Cu:Cu-s-mb, and Cu:EDTA-mb molar ratios were 0.01,
not change. Attempts to quantify the thiols of mb at the 1.2, and 0.1, respectively. Thus, the initial Cu concentration
beginning and end of the titration by the method of Singh et in EDTA-mb samples could account for the loss of the first
al. (69) failed, suggesting the sulfhydryl groups of the two high-affinity binding constant but not for the lower binding
Cys were oxidized in the initial and final sample. These constants at copper ratios above 0.1 copper per mb.
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fluorescence (results not shown), and CD (Figure 5C,F)
spectral changes observed during Cu(l) titrations where
similar to those for Cu(ll) titrations, except the changes in
the titration trends occurred at approximately 1 Cu(l) per
mb suggesting mb bound Cu(l) as a monomer (Figure 8).
Also in contrast to Cu(ll) (Figure 2), a Cu(l):mb ratio of
1.5-2.0 was required to saturate the BVisible absorption
changes (Figure 8B). The Cu(l):mb ratios above 1 suggest
mb may have a weak secondary copper-binding site. The
spectral changes at 254 nm may represent this secondary
binding site (Figure 8) and involve the two Cys moieties or
may represent a change from Cysor thiocarbonyt-S
MLCT to Cys— or thiocarbonytS LMCT.

The kinetics of Cu(l) binding at 394 nm following addition
of Cu(l) to mb was also similar to that of Cu(ll); i.&qaps >
640 s*. However, the kinetics of binding to HTI (i.e.,
absorption changes at 340 nm) was significantly slowsge(
= 8.27 4+ 0.16 sb). The kinetics of Cu(l) binding by mb
was similar under aerobic and anaerobic conditions, sug-
gesting mb bound Cu(l) before dismutation of Cu(l) to Cu-
(1) occurred (Figure 9). Since the kinetic difference&dp
between Cu(ll) and Cu(l) were large, the addition of Cu(ll)
before coordination of Cu(l) to HTI was used to determine
if Cu(ll) could displace mb from the surface of insoluble
CuCl (Figure 9B). The addition of Cu(ll) after completion
of the spectral changes at 394 nm but before completion of
the spectral changes at 340 nm resulted in a small increase
in absorption at both 340 and 394 nm but did not alter the
kinetics of Cu(l) binding. Simultaneous addition of both Cu-
(1) and Cu(l) also followed the slowét,,s; Cu(l) kinetic
trace at 340 nm, suggesting mb has a higher affinity for Cu-
(I) or that the kinetics of binding to Cu(l) as a monomer
was faster than binding to Cu(ll) as a dimer. Because of
solubility problems with Cu(l) solutions, the thermodynamics
of Cu(l) binding by mb was not determined.

As expected, Cu(l) did not quench luminescence under
anaerobic conditions from either mb or EDTA-mb. The tV
visible absorption spectral changes following Cu(l) additions
under anaerobic conditions were identical to those aerobic
conditions demonstrating binding. Thus, the oxidation state
of copper had no effect on the UWisible absorption spectra
of mb (Figure 8B,C) which was consistent with previous
EPR studies §. Luminescence was quenched in Cu-mb

o

samples following Cu(l) binding under aerobic conditions
1501 1 (Figure 9C). The luminescence quenched by Cu(l) following

00 01 02 oiﬁmﬂ:r }g'gtio (Cu?;r)o_mbf'-ﬁ 0.20 the addition of air can be explained by the dismutation of
' aqueous Cu(l) to Cu(ll) in the presence of oxygen. When

Ficure 7: Thermogram (A) and binding isotherm (B) showing  cy(11) was added to Cu(l)-mb under anaerobic conditions,

additions of CuSQ (60 separate &L injections from a 80Q«M . .
CuSQ solution) to 100¢M mb (cell) in water at 25C. Panel C luminescence was also quenched at emission peaks of 310

shows a binding isotherm showing the curve fitting for a one-site @and 610 nm within 30 s, but not at 461 nm (Figure 9C). The
binding alg_or_ithm, and panel D sho_ws abin(_jing isotherm showing results shown in Figure 9C suggest Cu(l)-mb undergoes a
the curve fitting for a two-site binding algorithm. Panels E and F second Cu(ll) binding sequence, which would involve
show binding isotherms showing the curve fitting for a two-site s .
binding algorithm at low Cu(ll) concentrations. Copper and mp Ccoordination of Cu(ll) to THI and possibly Tyr, followed
concentrations in panels E and F were increased to 1.6 mM andby reduction to Cu(l) before coordination by HTI. XPS data
800uM, respectively. described above showed mb can reduce more than 2 Cu(ll)
Solubilization and Binding of Cu(l) by Mb and EDTA- atoms per mb (Figure 8). Whether HTI remains coordinated
mb. In addition to Cu(Il), mb will also bind and solubilize  to the first Cu(l) through this proposed second binding series
Cu(l) under both aerobic and anaerobic conditions (Figures and whether Cu(l) remains associated with mb have not been
8 and 9). The UV-visible absorption (Figures 8 and 9), determined.
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Table 2: Thermodynamic Parameters for Binding of Cu(ll) to Mb at pH 6.8

parameter mb monomer model priimer model mb-EDTA-treated dimer model
N; (Cumb?) 0.495+ 0.005 0.11+ 0002 -
Ky (M1 (1.124 0.16) x 108 >8 x 1018 -
AHj (kcal mol?) —29.8+0.41 ca—146 -
AS; (cal molt deg?) —72.2 ca—331 -
AG; (kcal mol?) -8.25 ca—47 -
Nz (Cumb?) - 0.14+ 0.013 0.14+ 0.003
Kz (MY - (2.6 0.47) x 108 (2.3+£0.41)x 107
AH; (kcal moly) - —28.04+0.11 —-29.34+0.38
AS (cal molt deg?) - —55.6 —65.8
AG; (kcal mol™) - —11.46 -9.7
N; (Cu mb?) - 0.374+0.02 0.27+ 0.017
Ks (M) - (1.404 0.21) x 108 (6.7+£0.11) x 10*
AHjs (kcal mol?) - —12.83+0.49 —-11.4+0.79
AS; (cal molt deg™?) - —14.9 —16.3
AG; (kcal mol?) - —8.38 —6.58
a 1.01x 1¢° 6.47x 10¢ 2.78x 1P

2 The monomer and dimer model was based on best fits using a one- or two-binding site model.

1

high copper concentrations results in samples with altered
spectral (UV-visible absorption, CD, and fluorescence)
properties and lower binding constants when compared to
those of mb isolated by the procedures described by Choi et
al. (8). The NaEDTA treatment described by Kim et aR3)

was successful in the removal of approximately 90% of the
copper associated with Cu-s-mb. However, the results
presented here suggest the molecule does not return to its
original structure. In this study, EDTA-mb provided an
interesting comparison to mb, since this sample appears to
maintain the Cu-s-mb structure and initially binds Cu(ll) and
Cu(l) via the THI and HTI groups as predicted from the
crystal structure of Cu(l)-mb2Q).

With respect to the mechanism of copper binding, the
kinetic, spectral, and thermodynamic studies shown here
indicate Cu(ll) binding was dependent on the Cu(ll):mb ratio
and may involve inter- and intramolecular binding similar
to that observed with prion proteingg—78). Formation of
distinct Cu-thiolate clusters has also been observed in
mammalian metallothioneins at different Cu:metallothionein
ratios 61, 52). On the basis of the structure of mb, THI has
a longer conjugated system and is probably the group
responsible for the absorption maxima at 394 nm. If this
prediction is true, our working model for binding of Cu(ll)
involves the following steps (Figure 10). Mb initially bound
Cu(ll) as a dimer (Figure 10, 1), with Cu(ll) coordinated to
FIGURE8: (A) UV —visible absorption spectra of mb following the  THI and possibly Tyr. This proposed initial coordination was
addition of 0-2.0 Cu(l) atoms per mb in increments of 0.1 molar p35e( by the lag time and slower kinetic properties when

equiv. (B) Absorption changes at 25¢), 282 (), 302 (#), 340 . . T .
(O), and 394 nm @) following Cu(l) additions. The scale at the the reaction was monitored at 340 nm. Binding as a dimer

left was used for absorption changes at 282, 340, and 394 nm, andvas based on the saturation of spectral (uNsible, CD,
the scale at the right was used for absorption changes at 254 ancdand fluorescence) properties, and the completed binding

302 nm. energy shift of the thiocarbonyl S state changes at ap-
proximately 0.5 Cu(ll) per mb. Previous gel filtration
DISCUSSION chromatography of mb at different Cu(ll):mb ratios also
The isolation procedure for mb described by Choi et al. suggests dimer formatioB). In addition to the THI groups,
(8) provides for the first time mb samples suitable for metal spectral changes also suggested Tyr was involved in the
binding studies. Kim et al.23, 24) have recently reported initial binding of copper by mb. Time course fluorescence
the isolation of Cu-s-mb. Samples isolated following copper changes associated with Tyr following Cu(l) addition were
stabilization are much more resistant to sample breakdown,kinetically identical to those of THI, suggesting the quench-
are less photolabile, and function well in the stimulation of ing of the Tyr signal was coupled with THI (results not
pMMO activity (8, 23). Cu-s-mb also results in a homoge- shown).
neous sample8] that probably aided in the crystallization The reduction step (Figure 10, II) in the binding process
of the molecule for structural characterizati@d); However, could not be determined directly. However, the absence of
removal of the copper from Cu-s-mb following exposure to quenching of the 461 nm emission following excitation at
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Ficure 9: (A) UV—visible absorption spectra of mb frois.
trichosporiumOB3b spectra taken every 30 s following the addition
of CuCl. (B) Percent absorption change over time at 320and
394 nm €) and at 340 @) and 394 nm ¢) in the presence of
Cu(ll), arrow marks the time of Cu(ll) addition. Inset, solubilization
of CuCl by mb, A, HO blank; B, 10uM CuCl to 100uM mb; C,
100u4M mb; and D, 6 min after addition of 100M CuCl to 100
uM mb. (C) UV—visible absorption changes at 340)(and 394
nm (a) and emission intensity changes at 310 gy € 282 nm)
(®), 461 nm fox = 340 nm) @), and 610 nMAex = 394 nm) ()
following addition of a 3-fold molar excess of CuCl under anaerobic
conditions. The arrow indicates the time of exposure to ay).(O
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Ficure 10: Model for Cu(ll) binding by mb. Abbreviations: yellow
symbol, thiocarbonyl group; blue symbol, imidazole &lom.
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samples demonstrating emissions from HTI can be quenched
if exposed to Cu(ll), but not by Cu(l) as shown in the
fluorescence spectra of Cu(l) titration under anaerobic
conditions. The source of the reductant has not been
determined. Like Kim et al.Z3), we initially believed the
Cys thiols were the source reductants in this reaction.
However, the decreased absorption at 254 nm at Cu(ll):mb
ratios of <0.25 was inconsistent with Cys thiols being the
electron source. In addition, attempts to measure Cys thiols
chemically or via XPS were unsuccessful. The changes at
254 nm appeared to be more consistent with either a CT
between Cu and imidazole nitrogen or a €ysr thiocar-
bonyl—=S CT. Emission at 461 nm following excitation at
254 nm also suggests absorption at 254 nm is associated
with HTI.

The third step (Figure 10, IIl) in the reaction involves the
change in coordination from the thiocarbonyl andaf THI
to four thiocarbonyl sulfurs from two THI and two HTI
groups. The proposed change in copper coordination from
two THI groups to two THI groups and two HTI groups is
based on the lag period between completion of binding at
THI and initial coordination to HTI, and the increased
absorption by THI during coordination to HTI. This change
in copper coordination was consistent with previous EPR
studies which showed more than one cupric site at low Cu-
(I):mb ratios @). XPS data also suggest all four binding
sites are through thiocarbonyl sulfur at 0.5 Cu per mb.

The addition of the second Cu(ll) to the mb dimer (Figure
10, IV and V) results in the change in coordination from all
thiocarbonyl S to a dual N and S coordination similar to
that shown in the crystal structure of Cu-s-n¥) The
change in the Cu(ll) binding constant and the increased
nitrogen coordination at Cu(ll):mb ratios above By\{ere
consistent with this change in copper coordination.

The results presented in this study suggest mb is a dynamic
molecule in solution. Monomer, dimer, and potential oligo-
mers of mb have been observed by gel filtration chroma-
tography 8, 22). In the absence of copper, mb migrates into
several fractions via reverse phase chromatography, indicat-
ing a mixed populationg, 23). Analysis of each fraction by
gel filtration or reverse phase chromatography generated
chromatographs similar to the origin8| 2—24), suggesting
mb exists in solution as a mixture of monomer and
oligoimers or the molecule exists in several different
conformations. Homogeneous mb samples can be generated
via incubation of the samples in the presence of excess
concentrations of copper or storage on ice fet32days 8,

23, 24). These treatments alter the spectral and thermody-
namic properties of the sample but do not alter the stimu-
latory effects of Cu-mb on methane oxidation by the pMMO
(8). Whether a dimer or mixed population theory is used,
the results presented here indicate mb is a dynamic molecule
in solution and does show properties consistent with a
chalkophore.
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