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Abstract: A time-resolved mass spectrometric technique has been used for the determination of rates
of exchange of u-O atoms with water for the complexes [(mes-terpy)Mn,"V(u-O)2(H20)2](NO3)s (1,
mes-terpy = 4'-mesityl-2,2":6',2"-terpyridine), [(bpy)sMn"V(u-O),](ClO4)s (2, bpy = 2,2'-bipyridine),
[(phen)sMn "V (u-0),](ClO4)s (3, phen = 1,10-phenanthroline), [(bpea)Mn,""V(u-0),(u-OAc)](ClO.), (4, bpea
= his(2-pyridyl)ethylamine), [(bpea)Mn,"VV(u-0)2(u-OAC)](ClO4)s (4%), [(terpy)aMngVVVIV(4-0)s(H,0),]-
(ClO4)s (5, terpy = 2,2':6',2"-terpyridine), and [(tacn)sMn,VVVV(;-O)g]Brz 5(OH)o 5:6H,0 (6, tacn = 1,4,7-
triazacyclononane). The rate of exchange of u-OAc bridges with free acetate in solution has been measured
for complexes 4 and 4°*. These are the first measurements of rates of ligand exchange on biologically
relevant high-valent Mn complexes. The data analysis method developed here is of general utility in the
guantitation of isotope exchange processes by mass spectrometry. We find that the presence of labile
coordination sites on Mn increases u-O exchange rates, and that all-Mn"V states are more inert toward
exchange than mixed Mn"—Mn'" states. The rates of u-O exchange obtained in this work for a di-u-oxo
Mn,"v dimer with labile coordination sites are compared with the oxygen isotope incorporation rates from
substrate water to evolved dioxygen measured in different S states of the oxygen evolving complex (OEC)
of photosystem Il (PSIlI). On the basis of this comparison, we propose that both substrate waters are not
bound as u-O bridges between Mn atoms in the S, and S; states of the OEC.

Introduction Information on the waters bound in the OEC has been

) ) ] obtained from measurements of the rates of isotope exchange
Photosynthetic @evolution, catalyzed by the &Bvolving between substrate waters and bulkd 172 |sotope exchange

complex (OEC) of photosystem I (PSII), converts we@H iy the OEC may involve complex pathways, and only the
molecules into @ Recent progress in the X-ray crystallography  e\lved G can be analyzed, precluding the direct observation
of PSIE"* has enabled the modeling of the OEC as a cuboidal 4f oychange kinetics of specific ligands. Investigation of ligand
MnsCaQ structure connected to a fourth Mn viaeD bridge? o) change in model complexes will, therefore, help to provide a
The mechanisms proposed in the literature involve the binding 45 for interpretation of the biological experiments, and may
of substrate KO molecules as ligands to the Ca and/or Mn ions reveal the nature of #-binding sites in the OEC.

in the OEC. The substrate waters are proposed to undergo 175 NMR has been used to measure the rateAd Bxchange
oxidation either when bound as terminal ligafid$ or via in [Mn(H20)g)2* (k ~ 2 x 107 s71),22 but no ligand exchange
incorporation into the:-O bridges between Mn iorts. *° rates have yet been determined on biologically relevant high-
valent oxomanganese complexes. Exchange oftBebridges
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monow-oxo M dimer?* based on IR and Raman spectral resultant solution was monitored by two different modes of data
changes upon the addition 0$¥0. These techniques, however, acquisition, according to the speed of the exchange process.

have not been used for kinetic analysis, and rates were not (&) Continuum. When the exchange process was relatively fast
reported in either case. (occurring in~30 min or less), the data acquisition software was started

We report here the use of a time-resolved mass spectrometricin the continuum mode at the time of mixing reactants. In this mode,

. o L the software continues recording spectra at specified time intervals
technique for the determination ptO exchange rates in di- (typically 2.5 s in our experiments) until a specified end time, with the

#-oxo dimanganese complexes. The complexes studied A&ime of start of data acquisition being set as zero time. To meet the

[(mes-terpy)Mn,"" (u-0)z(H20)(NOs)s (1, mes-terpy = requirements of good signal-to-noise ratio and fast data collection, only
4-mesityl-2,2:6',2"-terpyridine), [(bpy)Mn2"V (4-O)](ClO4)s a narrow region containing the peak of interest was scanned. A relatively
(2, bpy = 2,2-bipyridine), [(phemMn2""V (1-0),](ClO4)3 (3, large volume of reaction solution600.L) was loaded into the syringe
phen= 1,10-phenanthroline), [(bped)n,""V (1-O)(u-OAC)]- that fed into the mass spectrometer, and the syringe continued to run
(ClOy)2 (4, bpea= bis(2-pyridyl)ethylamine), [(bpegyin,V/V - (~20 uL/min) until the end of the experiment. Even though the time
(1-O)(u-OAC)|(CIOg)3 (4%, [(terpy)MngVIVIVIV. (1,-O)s(H,0)]- delay between successive spectra was only of the order of a second,
(ClOw)s (5, terpy = 2,2:6,2'-terpyridine), and [(tacn) reactions that are complete withinl00 s were not time resolved by

MngVIVIVIV (41-0)e]Brs s(OH)o 56H,0 (6, tacn= 1,4,7-triaza- this method due to the time required for loading the sample syringe

- and for the sample to go through the lines into the detector.
cyclononane). In an earlier report, Cooper et al. foundgh@t i .
Y ) P P 5 - (b) Multiple Channel Averaging (MCA). When the exchange
exchange occurred only at elevated temperatured 3in process was relatively slow, a stopwatch was started at the time of
lutio?® In contrast, we findi-O exchange at room i ' : :
aqueous so o ! . I~ mixing reactants. A small volume~@0 uL) of reaction solution was
temperature with trace amounts of water in acetonitrile. We have y,en j0aded into a syringe. When the sample reached the detector (as

also measured the rate of the exchange-@fAc bridges with shown by the appearance of peaks of constant and high intensity), data

free acetate in solution for complexdsand 4°*. The u-OAc collection was started in the MCA mode, and the time on the stopwatch
exchange process is of potential relevance to the process ofwas noted. In the MCA mode, data were collected over a specified
acetate inhibition of PSRA>2° time period (typically 12 s in our experiments), and all the scans

The technique described here allows the ligand exchangecollected during this period were averaged into a single spectrum. Since
kinetics of the4 and 4°¢ valence states to be followed in the the data collection time is small with respect to the total r_eactlon time,
same solution and potentially has wide applications in the study we can take the ayerag.ed spectrum to be representative of the true

f isotope exchange reactions. The data analysis method usin ppectrum at the mid-point time in the acquisition (6 s afte_r start of
0 p. . 9 . y Co gclcqmsmon for a 12-s scan). This process was repeated at intervals of
the total mte_nsny of an_lsotope pat'_[ern_ for normalization a_lllov_vs 5-30 min to obtain the time course of exchange.
the quantitation of fractions of species in exchange, thus yielding
the kinetics of the exchange process (see Data Analysis section)Pata Analysis
The normalization also corrects for the intensity fluctuations
inherent in ESI-MS experiments and affords good signal/noise
ratio.

Assignment of ESI-MS Peaks.Molecular formulas of
species were put into the isotope distribution calculator program
at http://www2.sisweb.com/mstools/isotope.htm to obtain cal-
Experimental Section culatednmvz values and isotope ratios. Initial assignments of

) _ o experimental spectra were based upomtfevalues and isotope

'\ga;e”a's- Reige”:jsfwere;shed gs_reﬁf_"’egi A_CTtO”'ttr_"e ('_"dPLC ratios. For simulation of experimental spectra, molecular
grade) was purchased from Fisher Scientific. Glacial acetic acid was ¢ 1as were put into the Masslvnx V 4.0 program. The
obtained from J.T. Baker. #fO (95 atom %%0) was purchased from : pul . ynx =9 program. 17

Gaussian peak widths in the theoretical isotope distribution
Icon Stable Isotopes. GBOOD (99.5 atom % D) was purchased from . . )
output were adjusted to match the observed experimental isotope

Sigma Aldrich. Compoundsl—6 were synthesized according to Lo : T .
literature procedure:20-35 distribution while maintaining the calculated relative peak areas

ESI-MS. Spectra were collected on a Waters/Micromass zQ 4000 at differentm/z values in the theoretical isotope pattern.
mass spectrometer and processed with the Masslynx (V 4.0) software. Analysis of Mass Spectral Intensity Data.The isotope

In a typical run,~300-800 uL of a ~200—600uM MeCN solution pattern obtained in the mass spectrum due to a given chemical
of manganese complex was mixed witl8—6 uL of H,'®0. The species is altered upon isotope exchange. In the present work,
heavier isotopes are incorporated in place of lighter ones, so
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Am. Chem. Sod 987, 109, 1435-1444, ; ; ; ;
(25) Kelley, P. M.; Izawa, SBiochim. Biophys. Actd978 502, 198-210. The overall isotope pattern at any time during exchange is,
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(27) Sandusky, P. O.; Yocum, C. Biochim. Biophys. Acta986 849, 85—93. : f : i
(28) MacLachlan, D. 3. Nugent, J. H. A, Warden, J. T.. Evans, M. C. W. unexchanged and exchanged species. The signal intensities due

Biochim. Biophys. Actd994 118§ 325-334. to unexchanged and exchanged species are deconvoluted from

(29) Kuehne, H.; Szalai, V. A.; Brudvig, G. VBBiochemistryL999 38 6604 each spectrum and normalized against total intensity to obtain

(30) Chen, H.; Tagore, R; Das, S.; Incarvito, C. D.; Faller, J. W.; Crabtree, R. concentrations of unexchanged and exchanged species, as
H.; Brudvig, G. W.Inorg. Chem.2005 44, 7661-7670.

(31) Manchanda, R.; Brudvig, G. W.; de Gala, S.; Crabtree, Rnétg. Chem. eXpIamEd below.
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(32) Pal, S.; Olmstead, M. M.; Armstrong, W. kiorg. Chem1995 34, 4708- (a) 0 BO EXChange'The compounds used in the pr?sent
4715. study contain several types of oxygep:O, u-OAc, NOs~,
(33) Pal Si,Shan, M. K.i Armstrong, W. H. Am. Chem. Sod.992 114 CIO4~. In compoundd—4° only the twou-O oxygens undergo
(34) Chen, H.; Faller, J. W.; Crabtree, R. H.; Brudvig, G. W.Am. Chem. exchange with the oxygens of addeg'#, while we did not
S0c.2004 126, 7345-7349. ;
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for compounds with two exchangeable oxygens. However, the

the fractions of unexchanged)), singly exchangeds)j, and

calculations can be readily extended to the case of a higherdoubly exchangedX) molecules in terms of measured intensi-

number of exchangeable oxygens.

Let the total number of molecules of the observed species
be N, with a natural isotope distribution between maskks
and M + n. Upon exchange of one or bofirO oxygens,
molecules change mass by two or four, respectively. Therefore,
molecules originally with mask, will have masdv, M + 2,
or M + 4 after addition of H!%O. There will always be some

ties and calculated isotope distribution patterns. In the final plots
of the time course of species in exchange, fractions were
converted to percentages.

(b) CH3COO~/CD3sCOO~ Exchange. We observed the
exchange of one G400~ by one CRCOO . Thus, exchange
causes the incorporation of zero, or three D atoms. Let the
fractions of unexchanged and exchanged moleculed bad

unexchanged molecules due to the presence of significantE, respectively.

concentrations of background,¥0. The total number of
moleculesNr, is now distributed between masddsto M +
n + 4. Also, the number of moleculds$ with masseM, M +
2, M + 4, ..., and the number of molecul&§ with masses
M+ 1, M+ 3, M+ 5, ... remain constant throughout the
exchange, as molecules change mass by 0, 2, or 4 units
Therefore, either ofit, N, or N' can be used as a normalization
factor. It is convenient to usH or N’ since a smaller number
of peaks have to be tracked.

At any time during exchange, I&t, S, andD be the fractions
of molecules within the set of moleculdswith 0, 1, or 2180

atoms at the exchangeable sites, respectively. The resultant mass

distribution is a combination of three identical overlapping mass
distributions scaled by, S andD, and starting at massé,

M + 2, andM + 4, respectively. The basis distribution making
up the resultant distribution is obtained from the isotope
distribution calculator program by putting in the formula of the

molecule under consideration, minus the number of exchange-

able oxygen atoms (two in the present case). Let the fraction of
molecules at mas$/ in the calculated distribution bé&y,.
Denoting the intensity due td molecules by, and noting that
signal intensity at mad¥l (lv) is proportional to the number of
molecules with masM, we get

I,/ = (UNF )/N = UFf_
o/l = (SN, + UNF, )N = Sf, + Uf .,

(1a)
(1b)

(the second term is due to overlap with the distribution starting
at M).

lysa/! = (DNF, + SNf,., + UNF,, )/N=Df_+ Sf,,,+
Ufinia (1€)

(second and third terms due to overlap with distributions starting
atM + 2, andM, respectively). Note that we have equated mass

to the ratio, mass/charge, because we are always looking at

monopositive ions in this study.
From eq 1a, we get

U= (1)) @)
Substituting forU from eq 2 into eq 1b,
S= () = (Frneol o)) ®)

Finally, substituting fold and S from egs 2 and 3 into eq 1c,

D = (Uf)(msa = P/ fd) vz — (ialfn — f2M+2/f 2M)|M)
(4)

This gives us the fractions of molecules with zero, one, or two

180 atoms at the exchangeable sites. In other words, we have

As before, let the natural isotope distribution of the species
under observation be between masseandM + n, and the
number of molecule® with massesM, M + 3, M + 6, ... is
constant over the course of exchange, and is a constant fraction
of the total number of moleculéé;. With considerations similar

to those noted fot®0—180 exchange, we get

I/l =f.U (5a)
Iyesll = fgsU + 1. E (5b)
which rearrange to
U = 1/ )M (6)
E= £D)(urs = (rrafndl) (7

General Considerations

Quantitation of Species by ESI-MS. Gas-phase mass
spectrometry has commonly been used for the quantitation of
gaseous species. However, there are two principal difficulties
in attempting quantitative mass spectrometry of solutions. First,
the “response factor” of a mass spectrometer, or the relationship
between signal intensity and concentration of species, is different
for different chemical species. Second, the response factor varies
from one scan to another, so that the same concentration of a
given species will produce different signal intensities in different
scans. However, the first problem does not apply to this work,
because the different species that we are trying to quantitate
are isotopes of each other and, therefore, should have equivalent
response factors. The fact that the experimental isotope patterns,
in the absence of exchange, match with calculated isotope
patterns shows that mass spectrometers do have very similar
response factors for isotopes of a given chemical species. The
second problem is solved by our data analysis method of
dividing the intensity at a givemvz value (y) by the total
intensity of the isotope patterm)( This cancels the effects of
the signal fluctuations from one scan to another inherent in the
ESI-MS instrument and yields the relative proportions of
exchange states. These can then be converted to actual
concentrations by normalizing to the total concentration of the
complex, which is unchanged during the isotope exchange
process.

Quantitation of species by ESI-MS has been applied to
chemical reactions by calibrating intensities against nonreacting
internal standard8 or known concentrations of reacting spe-
cies37:38Using the signal intensity from a known concentration

(36) Konermann, L.; Collings, B. A.; Douglas, D. Biochemistry1997, 36,
5554-5559.

(37) Attwood, P. V.; Geeves, M. AAnal. Biochem2004 334, 382—-389.

(38) Li, Z.; Sau, A. K.; Furdui, C. M.; Anderson, K. @&nal. Biochem2005
343 35-47.
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of reacting species obtained from a different scan as a calibrationexponential extrapolates back to 100% and was typically about
factor, does not correct for intensity fluctuations of the ESI- 70 s for the continuum mode experiments.

MS instrument from one scan to another (although this effect Ligand Exchange Rates by NMR, Infrared (IR), and

may be small in general), and the calibration varies with Raman Spectroscopies.NMR spectroscopy has been the
instrumental conditions such as flow rdteThe use of nonre-  technique of choice for obtaining solvent exchange kinetics due
acting internal standards, on the other hand, may be limited by to the wide range of rates accessible to sttfdf® and Raman

the availability of suitable standards. Moreover, the Mn spectroscopies have been used to monitor isotope exchange
complexes measured in this study give weak ESI-MS signals. processes and could be used to study exchange between labeled
Therefore, real-time data acquisition requires fast data collectionand unlabeled solvent. However, in the present study, ESI-MS
over a narrowm/z range, and thus the signal from any internal has significant advantages over these techniques.

standard used must necessarily be very close to the signal of NMR generally requires significantly higher concentrations
interest, imposing another limitation on the use of internal of sample as compared to ESI-MS. This problem is magnified
standards. Thus, for monitoring isotope exchange reactions, ourin the case of paramagnetic metal complexes (such as the present
method of signal normalization affords a convenient and ones) which give very broad NMR signals. The minute-scale

rigorous method of quantitation of reaction progress. exchange processes being studied, therefore, are more conve-
Time Resolution of ESI-MS Experiments.Real-time moni- niently studied by ESI-MS.

toring of ESI-MS spectra with a continuous sample introduction ~ Examples of the use of solution IR spectroscopy are not very

setup has been reported by Lee e¥’and Sam et &%41 The common?* and generally require extremely high sample con-

time resolution of these early experiments has been greatly centrations. Solid-phase IR is disadvantageous in requiring
improved by later workers through the use of low-volume quenching of the reaction and drying of the sanfgt®Raman
mixing tees and capillary tubes (of well-defined length and spectroscopy is preferred over IR for monitoring exchange rates
diameter) interfaced to the ionization source of the mass because solution spectra can be acquired, and setups have been
spectrometer. Such setups avoid real-time data acquisition andouilt to achieve time resolutions of1 min#® However, it still

can achieve time resolutions of about half a sec8raohd even requires high sample concentrations as compared to those for
down to a few millisecond®4?without the requirement of fast  ESI-MS.

data acquisition capability. In the present study, however, we
have used an unmodified commercially available ESI-MS setup,
where the time resolution is limited by the time taken to transfer  ES|-Mass Spectra. The use of nonaqueous solvents is

the sample to the detector after mixing of reactarts.6 min). advantageous for isotope-labeling experiments with labeled
Effect of the ESI Process on Kinetic Data.The high water. This is because even a small amount of labeled water
temperatures experienced during the electrospray process arachieves a high labeling ratio, in contrast to aqueous media,
likely to speed up the exchange reactions, but this effect shouldwhere there are very large amounts of unlabeled water present.
be equivalent for each measurement, irrespective of the time atAcetonitrile-soluble manganese complexes were, therefore, used
which the sample is subjected to the electrospray process. Thein the present study. The structures of complexes used are shown
change in the spectrum recorded from one time point to the in Figure 1. The spectra of complex&s 6 in acetonitrile are
next, therefore, represents the change that occurred in that sameguite complex due to fragmentation during the ESI process, and
time interval at room temperature (which is what the sample the extent of fragmentation varies considerably from one
experiences before ionization). Heating does, however, cause a&complex to another. The solutions themselves, however, are
change in the amount of exchange by a constant proportion, stable over the time course of the experiments, as verified by
and the resultant offset can be estimated by fitting the EPR and U\~visible spectra. Thus, all fragments observed by
experimental time-dependent curves to an appropriate equatiorESI-MS originate from the pure compound, and the label
and extrapolating to zero time. For example, the curves obtainedincorporation in all fragments should reflect the label incorpora-
for U in %0—180 exchange experiments fit to a single- tion in the parent compound in solution. The spectruni of
exponential decay. We expect that at the time gf@ addition shown in Figure 2.
(zero time), there will be 100% U, and no S or D. However,  The peaks visible in the positive ion ESI-MS can be attributed
the curve for U extrapolates to less than 100% at zero time, to pairing of anions available in solution with cationic species
and 100% is reached upon extrapolation to a negative valuegenerated from the manganese complexes by ligand coordination
for time. This implies that there is more reaction than predicted and decoordination, by the fragmentation shown in Scheme 1,
by the exponential fit, which assumes a constant observed rateand by the aggregation of fragments. Thus, in the spectrum of
constantKspy. It is likely, therefore, that the reaction proceeds 1, we observe the free ligand mes-terpy (peak 1)! Idpecies
more rapidly during the ionization process, giving rise to an (peaks 2, 4, 5), and Mhspecies (mes-terpy)Mi®, (peak 3)
“excess” reaction. In other words, the reaction would have taken formed by the above-mentioned fragmentation, and the native
longer in absence of the accelerated reaction during ionization. dimeric species with water ligands 18t(peaks 6, 7). The
This time difference is given by the value of time at which the assignment of the Mhspecies was confirmed by addition of
H,180, which showed the presence of two exchangeable
(39) Lee, E. D.; Muck, W.; Henion, J. D.; Covey, T. B. Am. Chem. Soc. oxygens, and by exchange with several other substituted

1989 111, 4600-4604.
(40) Sam, J. W.; Tang, X.-J.; PeisachJJAm. Chem. S0d.994 116, 5250~
5256

Results and Discussion

. (43

(41) Sam, J. W.; Tang, X.-J.; Magliozzo, R. S.; Peisacl, Am. Chem. Soc. (44
1995 117, 1012-1018.

(42) Pan, J.; Rintala-Dempsey, A. C.; Li, Y.; Shaw, G. S.; Konermann, L. (45
Biochemistry2006 45, 3005-3013. (46

Helm, L.; Merbach, A. EChem. Re. 2005 105 1923-1960.

Larson, D. L.; McLaughlin, J., Jd. Am. Chem. Sod955 77, 1359~
1360.

Murmann, R. KInorg. Chem.198Q 19, 1765-1770.

Li, T.; Johnson, J. E.; Thomas, G. J.,Biophys. J1993 65, 1963-1972.
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Figure 1. Structure of complexes used. Abbreviations used in the text for ligands are indicated.
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Figure 2. Positive ion ESI mass spectrum bfin acetonitrile. (Panel A) Full spectrum. The'z values and assignments of labeled peaks are as follows:
(1) 352, mes-terpyH; (2) 378.5, [(mes-terpyMn'']2+; (3) 438, [(mes-terpy)MWO;] T; (4) 468, [(mes-terpy)MA(NO3)]*; (5) 819, [(mes-terpyMn' (NO3)] *;

(6) 941, [(mes-terpgMn "V O,(NO3)CI] *; (7) 968, [(mes-terpyMn,'VIV O,(NO3),]*. (Panel B) Expanded view of peak 7, along with the calculated isotope
pattern for the assigned species (dotted line). The shift in isotope pattern of peak 7 upon the addition of labeled water was followed-t0 ektiiange
kinetics for1.

Scheme 1. Proposed Fragmentation of Oxomanganese Core channels, and peak 6 is due to ion-pairing with such adventitious
under ESI-MS Conditions Cl-. Because peaks 6 and 7 are assigned to species containing
O |IlI | o | pL-_O bridges, tr_]e isotope incorpo_rati(_)n in eithe_r of these_ peaks
\Mn/ ‘Mn/ _ > \M,\,'é + MnV will reflect the isotope incorporation in the O bridges ofl in
-~ | ot N ~ | \o |\ solution. The more intense peak 7 was followed in this study.
The satellite peaks at/z = 969-973 accompanying the most
terpyridine ligands, which confirmed the presence of one intense peak atvVz = 968 are due to the natural abundance of
terpyridine ligand. N& and CI are found to be ubiquitous in  heavy isotopes of C, H, N, and O. This needs to be accounted
the mass spectrometer even after careful rinsing of samplefor in calculating the fractions of U, S, and D, because there is
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Figure 3. u-O exchange ofl by ESI-MS. (Left panel) Changes in the isotope pattern of peak 7, assigned as [(megviasi§y O(NOs)2] ™, in the ESI
mass spectrum df in acetonitrile upon the addition of #O. (Right panel) Percentages (of tofalof unexchanged (U), singly exchanged (S), and doubly
exchanged (D) complex extracted, as explained in main text, from peak intensities. The trace for U contains an exponential fit, which is ncldlearly vi
due to the large number of data points and the closeness of the fit. The fit yields the observed rate constant for the exchange, listed in Table 1.

Table 1. Observed Rate Constants Obtained at 20 °C for u-O and u-OAc Exchange Processes

reactants? ligand exchanged Kobs (S7Y), tu2 (S) oxidation state of Mn

1+ Hy180 u-0 (2.54+0.2) x 1078, 2804+ 20 MV

2+ HJ'%0 u-0 (5.4 0.2) x 104, 1280+ 50 MgV

3+ H,1%0 u-0 (6+ 1) x 1074, 12004 200 MgV

4 + Hy'0 u-0 (4.540.2) x 1074, 1540+ 70 MV

4% + H,180 (@u-0in4 (@) (3.24 0.3) x 1074, 2200+ 200 Mn "V (present in a solution o)
(b) u-O in 40 (b) (5.04+ 0.3) x 1075, 139004 80C° MnViv

4+ CDsCOOD u-OAC >55x 1072 <13 Mnp!v

4°x4 CD3COOD (a)u-OAcin4 (a)=5.5x 1072 <13 MV (present in a solution o)
(b) u-OAcC in 4°x (b) (1.64+ 0.1) x 1074, 4300+ 30C° Mnp Vv

5+ H,1%0 u-0 <2x107,23x 10° M ViVIVIV

6+ H,%0 #-0 <1x 10826 x 107 MnVAVIvIV

a[Mn-complexes}= 600uM, [H,180] = 260 mM, [CD;COOD] = 550uM. P Rates measured in solutions containing bétmd4°* represent the lower
limit and upper limit, respectively, for exchange processe$ amd4°%, to account for the possibility of interconversion betwdeand 4% (see text).

overlap between the parent peaks of a given isotopomer with Because molecules change mass by units of 2 dpor180
satellite peaks from the other isotopomers. This deconvolution exchange, the masses 969, 971, ... do not need to be tracked.
is achieved by the formulas developed in the Data Analysis This is explained in more detail in the Data Analysis section.
section. Similarly, peaks assigned to native dimeric or tetrameric Note that, even after completion of exchange, there is negligible
species containing-O bridges were followed for obtainingO intensity atmyz = 976, and so we do not need to track any
exchange kinetics of other complexes. further than 974. The time profile of concentrations of unex-
For 4 and4°, the dimeric species also contains fOAc changed (U), singly exchanged (S), and doubly exchanged (D)
bridge, and thus yields the kinetics @fOAc exchange upon  dimer, as extracted from these data, is shown in Figure 3, right
addition of CXCOOD. The loss of coordinated water ligands panel. The data for U fit to a single-exponential decay of the
during the ESI process, as noted above, precludes the measurggrm A + B exp(—kepd) Where A, B are constants, is time,

ment of the exchange rate of the terminalCHigands ofl. In andkeps is the observed rate constant (Table 1).
any case, this exchange is likely to be too fast to be resolved To confirm that the observed changes are dueut®
by the present method. exchange, we looked for changes in peak 4 in Figure 2. This

Complex 1. The change with time in the isotope pattern of
peak 7 upon addition of 0 is shown in Figure 3, left panel.
In a typical run, the changes are complete witkib5 min of

peak is assigned as [(mes-terpy)NMOz)] * and shows no shift
upon addition of H®O. This confirms that there is n&O
addition of K0, with the intensity of the parent peak at :\7;{28{:“% : Lﬂ? t:sgp?e)fo:ge:g]bTh; ig;'ZSOtTr: doxri/]%zrt]s
m/z = 968 dropping to~2—5% of its original intensity. This ) ’ '
z PRIng oo ginal | - Al therefore, be the sites %0 incorporation. We also note that

change is too rapid to be tracked accurately by manually he | X K7 q hiah b
acquiring spectra at different times during the reaction, becausell® |sotope pattern o bea extends to higher mass )y N0 more
it typically takes at least-2—3 min to start the next scan after than 4 units after addition of #£O (as compared to the isotope

finishing the previous one. Therefore, the automated “con- Pattern in the absence of,#10), showing that there are only
tinuum” mode of data acquisition, as described in the Experi- two oxygens that are exchangeable with water. The observation
mental Section, was used, allowing spectra to be recorded everyOf buildup and subsequent decay of S shows that the exchange
~2—5 s. Data used in Figure 3 consist of spectra recorded atoccurs sequentially, where U is converted to S, and S is
intervals of 2.5 s, and every 48th spectrum is plotted in the left Subsequently converted to D.
panel, starting from the 24th. The time of mixing the labeled water with the manganese
To extract the kinetics of exchange, we need to follow the complex is taken as zero time, but it takes additional time to
time course of the set of peaks at 968, 970, 972, and 974.load the sample and for the sample to reach the detector through
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Figure 4. Percentages (of totd) of unexchanged (U), singly exchanged
(S), and doubly exchanged (D) complex duria@ exchange o# with
added HO.

the flow lines. This is reflected by the absence of data points
for the first ~100 seconds.

Complexes 4, &, In addition to observing:-O exchange
upon addition of labeled water, we also obserye®Ac
exchange fod and4°* upon addition of CRCOOQOD. As for1l,
the site of'®0 incorporation was confirmed to be theO bridges
by the shift of 4 mass units in the peaks assigned to
[(bpea)Mn,'"V O,(OAC)(CIOy)]T and [(bpeaMn,VV O,-
(OAC)(CIOy)7] T, and the absence of shift in the peaks assigned
to [(bpea)Mr (OAC)] and [(bpeaMn,!'Cly(ClO4)] ™. The shift
of 3 mass units upon addition of GDOOD shows that the
CH3COO bridge is replaced by a GGOO™ bridge. The rates
of u-O exchange oft and4°* and foru-OAc exchange fod°*
were found to be slow enough that the continuum mode of the

Table 1. Exchange of the-OAc bridge with free acetate fef
was found to be too fast to be resolved by our method; thus,
we were only able to put a lower limit to the exchange rate.

The rates 0f:-O andu-OAc exchange fod°* were such that
the solution was not stable enough to obtain a complete time
course as shown fdt and4 in Figures 3 and 4. Instead, only
the initial linear part of the time course was recorded, and a
kobsvalue was calculated by assuming a single-exponential shape
for the complete time course. The ESI-MS45f shows peaks
due to4 (Figure 5, peaks 4 and 8).

The presence afin the solution o#°* was verified by EPR,
which showed 16-line signals characteristic of mixed valent
Mn "V species. Autoreduction of a MMV complex in solu-
tion to the corresponding MMV complex has been observed
by us in the case of the complex [(terpyna(u-O)(SQu)2]. If
electron transfer occurs to a significant extent betwéemd
4°¢ during the time course of the ligand exchange processes,
then the observed rates of exchange for either species will not
give the intrinsic rates for those species. Because a given
molecule will exist in both MgV and MYV states during
the time required for ligand exchange, the observed rate of
exchange will be a weighted average of the exchange rates for
the two oxidation states. In the limit where interconversion
betweend and4°% is very rapid compared to the rate of ligand
exchange, the two observed rates will become equal. The fact
that two very different rates are observed 4caind4° for 4-O
andu-OAc exchange shows that we are not in the fast electron
transfer regime. This is clearly evident from Figure 6, which
shows the different extents of shift in isotope patterns of peaks
assigned to MA"V and Mn!VV species in the same solution.
However, the extent to which the observed rates deviate from
the intrinsic rates is still undetermined, and so we take the

mass spectrometer was not required. Instead, individual spectreobserved rates of ligand exchange #fand 4°% in the same

were collected manually in the MCA mode (see Experimental
Section) at intervals 0f~5—30 min. As explained fod, the
resultant intensity data at differemtyz values allowed the

solution to be the lower and upper limits, respectively, for the
intrinsic rate.

The rate ofu-acetate exchange fer remains unresolvable

percentages of species in exchange to be extracted. A plot ofin solutions of both4 and 4°%, so that we put the same lower

U, S, and D versus time for the O exchange of is shown in
Figure 4. As forl, sequential conversion of U to S, and then to

limit on both rates. However, the rates obtained for ghe@xo
exchange o# are slightly different in solutions oA and 4.

D, is shown by the build up and subsequent decay of S. The The slightly slower rate in the solution df* is consistent with

observed rate constakgys obtained from a single-exponential
fit of the time course of U fou-O exchange o#, is listed in

the occurrence of electron transfer betweérand 4°% as
discussed above.

1
x 20
6
3
4 Te
I‘J. l2 l "T T = T ¥ T LLL‘L T '? 1
200 300 400 500 600 700 800 900
m/z

Figure 5. ESI-MS of 4%, The m/z values and assignment of labeled peaks are as follows: (1) 228, bp&814, [(bpea)MHO,]™; (3) 317, [(bpea)-
Mn2'CITH; (4) 327.5, [(bpeaMnV O,(OAC)?; (5) 352, [(bpea)MH CLL]*; (6) 669, [(bpeaMn'Cl3]™; (7) 733, [(bpeaMn,'Clx(ClO)]*; (8) 754,

[(bpeayMn;"" Ox(OAC)(CIOs)]*; (9) 853, [(bpeaMn2VV Ox(OAC)(CIOu)] .
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no szo differences in core structures and identity of ligands, the
v b e H 0 added unavoidable presence 4in the solution of°* could potentially
[(bpea),Mn, "0, (OAC)(CIO)] : enhance the observed exchange rates4fr(as discussed
vy * above). However, the differences in-O exchange rates
[(bpea) Mn, "0 (OAc)(CIO,) ] ) in 9

measured in this study agree well with theoretical estimates of
the change in ligand exchange rates with a change in oxidation
state of Mn from+3 to +4.47

The solution of5 also contains small amounts of a MAY
species?* However, interconversion betwegrand the MgV
species is expected to be much slower than the simple electron
transfer and bond-length adjustment process leading to inter-
conversion betweer and 4°*. Therefore, the presence of
Mn "V in the solution of5 is expected to have a relatively
small effect on the observedO ligand exchange rate fd.
We conclude that-O ligand exchange on a Mn center, which
remains in thet4 oxidation state, will be one or more orders
Figure 6. 10 exchange of MA™ and MV dimers in the same of magnitud_e slower than on a Mncenter or on a Mn _center
solution .byﬂESI-MS. Peaks assigned to [(bpb™V (1-O)p(u-OAC)- that can switch betweett4 and+3 states during the time of
(ClOg)]* and [(bpeaMn,V/V (4-O)y(u-OAC)(ClOs) ] * in the ESI MS of exchange.
an acetonitrile solution of*, before (solid line) ane-15 min after (broken Presence of Labile Coordination Site on Metal. The
line) addition of H'%0. complexesl and 2, in addition to having the same metal
oxidation state and core structure, also have very similar
stereoelectronic properties of the chelating ligands around Mn.
However, theu-O exchange rate fat is ~5 times faster than
for 2. The most significant difference betwe&rand2, which
could lead to increased lability ity is the presence of one labile

e

)/
T T T T T T 7

. i
752 754 756 758 760 762 76 852 854 856 858 860
m/z

Complexes 2, 3In the ESI-MS of2 and 3, peaks assigned
to [Lzanllmv Oz(C|O4)2]+ and [LaMﬂz”mV 02(C|O4)2]+, where
L = bpy or phen, were used to obtain the kineticsueD
exchange. This was because the intact dimeric species

[LaMn;""Y O5(CIO,);]* was not observed in the ESI-MS of  orminal coordination site on each Mn ib (occupied by
either complex. As pointed out above, the isotope incorporation .qqdinated waters in the solid state). Thus, the presence of a
in the fragment species does reveal information on the isotope|pije terminal water-binding site leads to enhancemenp6f
incorporation in the intact species in solution. This is confirmed exchange rates.

by the fact that the rates obtained from following either peak Lability of Chelating Ligands. Complexes2 and 3, while

are identical within experimental error for bafhand3. Only very similar, are expected to differ in the ease of de-coordination
one value is, therefore, reported for each in Table 1. of the chelating ligands. While bpy can undergo sequential de-
_ Complexes 5, 6.We observed no significant shift in the .4 qination of the pyridine rings by rotation along the interring

isotope pattern fob over the time that it remains stable in  gj,q16 hond, phen must de-coordinate both rings simultaneously,

squ'Fioq ,(Vlz h)',6 seems to be indefinitely stable anq Sh(,)W.S due to the planar bridge between two pyridine rings. This was
no significant shift even after several days. Thus, a shift within suggested to be a determining factor for the significantly

the experimental error was assumed to occur to obtain an uppelyitarent rates of the cluster expansion reactiong ahd3 by
limit of the exchange rate for both these compounds. Complexesy;onchanda et #€ However the:-O exchange rates of the two
5 and6 contain five and six potentially exchangeapi®xos, complexes are essentially the same. This indicates that de-

respectively. ,TP Obt"?“n observed rate constaks, fF’r these coordination of chelating ligands, if at all required, is not a rate-
compounds, it is tedious and unnecessary to obtain the eXPreSyetermining step in the-O exchange process

sions for all exchange intermediates (unexchanged, singly Identity of Exchangeable Ligand. The exchange af-O with
exchanged, and so on, up to completely exchanged). Thegee 145 requires rearrangement of the M core during the
expression for the unexchanged species suffices to ¥gld breakage of a Mau-O bond and also involves the double
1 0oX
as explamgd above fdr to. 4% . ) deprotonation of a water molecule. The OAexchange, on
Comparison O,f Rgtes. Factors Affec““_g Ligand Ex- the other hand, could proceed by elementary ligand substitution
change.An examination of the values listed in Table 1 shows steps. Moreover, the bonds between the strongly donatng O

several factors that affect exchange rates. These are discusse&roUIOS and Mn are expected to be stronger than those between

below. _ _ Mn and OAc. In keeping with the above consideratiopsQ

s o W sy 19 w3 urd fo bet20 s clowe ra-OR:
! . X ' ‘ exchange fod. A similar comparison fod°* is complicated

a relatively nonlabile #ion. The presence of labile Mh due to the presence dfin a solution of4°.

drastically increases-O ligand exchange rates, as is evident

from a comparison of the present series of complexes. Com-Summary and Conclusions

plexes5 and6, containing only MK ions, showu-O exchange

rates that are several orders of magnitude slower than those of

the mixed-valent compounds studied here. The'¥¥ dimer

4°¢ while still significantly slower than the corresponding (47) Lundberg, M.; Blomberg, M. R. A.; Siegbahn, P. E. Theor. Chem. Acc.

Wydrzynski and co-workers have examined in detail the
ncorporation of oxygen atoms from bulk water into the evolved

(AT . 2003 110, 130-143.
Mn" dimer 4, undergoegi-O exchange much faster thén o 312 202", “Bridvig, G. W.: Crabtree, R.Néw J. Chem1994 18,
and 6. While 4°% is not directly comparable t6 or 6 due to 561-568.
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dioxygen in the OEC of PSI-2! Because of their experimental is ~1 x 10*times greater than that observed for th® ligands
design, the rate of incorporation reflects the rate at which bulk in 1 and is unlikely to reflect water exchange withugO site
water incorporates into the water-binding site of the OEC in a on Mn.

given S state. The following pOintS emerge from their Study: The slow rate of exchange measured af€0n the OECO

(a) The two substrate water molecules bind to separate sitesapproaches the-O exchange rate fdr somewhat more closely,
throughout the S-state cycle. (b) The two sites are characterizedoeing ~25 times faster in the ;Sstate,~1800 times faster in

by very different exchange rates. The slow exchanging site the S and S states, and~5600 times faster in the State.
exchanges-10 times slower than the fast exchanging site in while the substantially faster exchange in the Sate is

the S state~100 times slower in thesState, and=5000 times  consistent with the unlikeliness of a substrate water being doubly
slower in the $state. (c) The two substrate waters are already deprotonated to a-O bridge by such an early S state, the rate
bound to the OEC at the,Sstate. (d) C& is involved in in the § state is more consistent with the expected rate-6f
substrate water binding at the slow exchanging site. (e) The exchange. We also note that the experimental activation energies
rate constants measured at D for the slow exchanging site  of the slow exchange in the, $0 S; states are~75 kJ mot?,

range from 2.2x 102 s™* in the § state to 14 stin the $ in reasonably good agreement with the theoretically calculated
state, and those for the fast exchanging site range fromB0 s \41uef” of ~80 kJ mofL.

) O
in th.e S state 102100 s* in the § and $ stat.es. ) We note that the exchange rates of bridging oxo and hydroxo
It is generally accepted that the redox active Mn in the S |igands measured in complexes of other metals span a wide
state of the OEC are in th¢3 and+4 oxidation states with range! as do the rates measured in this study. A useful
di-u-O linkages. Compleg, a dix-O M"Y dimer with water  comparison between the two is difficult due to the simultaneous
binding sites, can therefore be considered a model for the S yariation of structure, formal charge, number of electrons, etc.
state. Theu-O exchange rate id is ~5 x _104 times slower  Ap example of the measurement ofeD exchange rate in a
than the fast rate of exchange detected in thet&te. In the protein is the 8x 1074 s~ rate attributed to &-O ligand on
present experiments, fO] = 0.26 M, whereas [(°0] = Fé'' in ribonucleotide reducta$8 although there is no obvious

7.4 M in the experiments by Wydrzynski et al. This80-fold comparison to the exchange rates in the OEC.
difference in [H180] would translate into a smaller difference

in effective concentrations of #fO, considering that water
access to the OEC is expected to be greatly restricted in
comparison to a small molecule in solution. The difference in
[H2180] is therefore unlikely to account for the observed
difference in exchange rates between the model contpénd

In summary, we have measured the rates of ligand exchange
in several high-valent multinuclear oxomanganese complexes.
Our method demonstrates the use of ESI-MS to measure the
rates of isotope exchange reactions in general. We show that
the exchange rates are sensitive to the structure and oxidation

the S state OEC. While the factors affecting ligand exchange state of the complex. Although exchange rates in a protein may
be governed by many complex factors, the nature of the

rates may be quite complex in a protein environrffemd there dependences in model complexes provides a basis for the

are differences in the experimental procedures for determina'[ionin,[er retation of the changes in rates of isotope exchanae with
of the rates of exchange in the OEC and Mn model complexes, P 9 P 9

. . changes in the S states of the OEC. On this basis, we conclude
we conclude that the fast exchange rate in thest8te is too ; .

. . N . that both substrate waters do not bindua® bridges between
fast to be attributed to water incorporation intg&D site on Mn atoms in the Sand S states of the OEC, thus providing
Mn. . . ~ . additional constraints on proposed mechanisms of water oxida-

There has been considerable debate on the site of oxidationy;,, by the OEC. Howevep-O exchange rates are likely to be
during the $ to S transition;**°with some authors favoring  ¢tected by hydrogen bonding, ligation to other metal centers
Mn oxidation and others favoring oxidation of a ligand to the ¢, as the G4 cofactor in the OEC, and the specific pathway
OEC. According to the former view-O ligand exchange rates exchange. These are presently under investigation.
on Mn should slow considerably upon going from thet®the
S; state, with the OEC most likely changing from a ¥ng'V Acknowledgment. This work has been supported by the
state to a MgV state. Predicting the effect of ligand-centered National Institutes of Health (GM32715).
oxidation, on the other hand, is more complicated. If oxidation
of au-O ligand occurs, thep-O exchange rates are expected Supporting Information Available: ESI-MS and peak as-
to be affected, but the direction or magnitude of this effect signments of complexe 3, and4. This material is available
cannot be predicted due to the absence of exchange studies offee of charge via the Internet at http://pubs.acs.org.

Mn model systems witp-Oe radicals. If a different ligand, such JA061348!

as the redox active tyrosine or histidine, is oxidizedD
exchange rates are unlikely to be affected significantly. In any
case, the fast exchange rate of 30 sbserved in the $state
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