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Manganese is an essential transition metal that, among other func-
tions, can act independently of proteins to either defend against
or promote oxidative stress and disease. The majority of cellular
manganese exists as low molecular-weight Mn2þ complexes, and
the balance between opposing “essential” and “toxic” roles is
thought to be governed by the nature of the ligands coordinating
Mn2þ. Until now, it has been impossible to determine manganese
speciation within intact, viable cells, but we here report that this
speciation can be probed through measurements of 1H and 31P
electron-nuclear double resonance (ENDOR) signal intensities for
intracellular Mn2þ. Application of this approach to yeast (Saccharo-
myces cerevisiae) cells, and two pairs of yeast mutants genetically
engineered to enhance or suppress the accumulation ofmanganese
or phosphates, supports an in vivo role for the orthophosphate
complex ofMn2þ in resistance to oxidative stress, thereby corrobor-
ating in vitro studies that demonstrated superoxide dismutase
activity for this species.

ENDOR ∣ phosphate ∣ Saccharomyces cerevisiae ∣ superoxide dismutase

Manganese is an essential transition metal that is required by
organisms ranging from simple bacteria to humans (1).

Although manganese is most commonly associated with its role
as a catalytic and/or structural protein cofactor (1, 2), the majority
of manganese is thought to be present as low molecular-weight
Mn2þ complexes (3) that, among other functions, can act inde-
pendently of proteins to either defend (4–9) against or promote
(10, 11) oxidative stress and disease. The balance between oppos-
ing “essential” and “toxic” roles is thought to be governed by the
nature of the ligands coordinating manganese. For example,
orthophosphate and carboxylate complexes of Mn2þ have the
capacity to act as antioxidants by lowering superoxide concentra-
tions (12, 13), whereas the purine and hexa-aquo complexes may
induce neurodegeneration by catalyzing the autoxidation of do-
pamine (14, 15). Thus, an understanding of manganese speciation
in cells is critical for deciphering the mechanisms by which cells
appropriately handle this “essential toxin”, and for addressing the
role of manganese in human health and disease.

Unfortunately, standard analytical procedures that employ
lysis and fractionation of cells or isolated organelles cannot be
used to determine Mn2þ speciation because low molecular-
weight Mn2þ complexes exchange their ligands very rapidly in so-
lution (16), and such procedures therefore inherently alter spe-
ciation (5). Only a method of analyzing speciation in situ, using
live cells and intact isolated organelles, can provide the required
information. X-ray spectroscopic techniques can measure the
amounts and distribution of metal ions such as Mn2þ in cells
(17), and give the oxidation state(s) of Mn as well as some infor-
mation about speciation (18). Herein we show that it is possible to
probe Mn2þ speciation in intact, viable cells through measure-
ments of 1H and 31P pulsed electron-nuclear double resonance
(ENDOR) (19) signal intensities for intracellular Mn2þ. ENDOR

of a paramagnetic metal-ion center such as Mn2þ provides an
NMR spectrum of the nuclei that are hyperfine-coupled to the
electron spin, and thus can be used to identify and characterize
coordinating ligands (20). We apply this technique to explore the
relationship between manganese-phosphate interactions and oxi-
dative stress resistance in mutants of the genetically tractable
Baker’s yeast (Saccharomyces cerevisiae) that have been engi-
neered to exhibit altered manganese and phosphate homeostasis.
These measurements reveal a striking correlation between the in
vivo concentration of orthophosphate (Pi) complexes of Mn2þ
with oxidative stress resistance, thereby supporting previous in
vitro studies that demonstrated the superoxide dismutase activity
of the Mn2þ-Pi complex (13).

Results
Genetic Perturbation of Manganese and Phosphate Homeostasis. To
probe variations in manganese-phosphate speciation in cells,
and their possible correlations with resistance to oxidative stress,
we employed genetically engineered pairs of strains of S. cerevi-
siae designed to alter the levels of accumulated manganese or
phosphate and used atomic absorption spectroscopy (AAS) to
measure the cellular manganese and biochemical methods to
measure phosphate levels that were achieved (See SI Text). As
shown in Table 1, the smf2 strain, lacking the Smf2p Nramp man-
ganese transporter (21, 22), accumulates manganese at tenfold
lower levels than the wild-type (WT) yeast, whereas the pmr1Δ
mutant, lacking the Mn transporting ATPase for the Golgi
(23, 24), accumulates sevenfold higher levels of manganese. The
table further shows that these disruptions to manganese homeo-
stasis have no major effects on intracellular phosphates levels.

To alter phosphate levels specifically, we targeted the Vph1p
subunit of the vacuolar ATPase, needed for phosphate accumula-
tion (4, 25), and the Pho85p kinase, which negatively controls
phosphate uptake and storage (25–27). As shown in Table 1, the
resulting vph1 and pho85 strains respectively exhibit a fourfold
decrease and an eightfold increase in cellular Pi, polyphosphate
(pP), and total phosphates concentrations, with negligible
changes in manganese concentrations. These pairs of mutants
with elevated and lowered phosphates (pho85 and vph1) and
manganese (pmr1 and smf2) provide an ideal test of the utility
of EPR and ENDOR spectroscopy for probing Mn-P speciation
in intact cells and its effects on oxidative stress resistance.
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Probing Mn2þ Speciation Using EPR and Electron-Nuclear Double Re-
sonance Spectroscopies. Continuous Wave EPR spectra of all the
yeast strains, taken at X (9 GHz), Q (35 GHz), and W
(95 GHz) bands and electron-spin echo EPR spectra at 35 GHz
all show only intense signals from low molecular-weight Mn2þ
(S ¼ 5∕2) complexes, with no evidence of the broader features
associated with Mn2þ enzymes (28–30). However, we find that
EPR spectroscopy is not sensitive to the speciation of Mn2þ
complexed with biologically available ligands (Fig. S1).

In contrast, 35 GHzDavies pulsed ENDOR (19) spectra reveal
details of Mn2þ speciation in viable yeast cells. Fig. 1 presents
whole-cell ENDOR spectra of WT yeast and of the strains with
genetically engineered perturbations of Mn and phosphate home-
ostasis, while Fig. S2 presents those of Mn2þ in aqueous solution
and in the presence of saturating amounts of Pi and pP. The 31P
spectra for ATP and pP complexes are the same, so any ATP con-
tribution is combined with that of pP. All spectra show 1H signals
that can be assigned to the protons of bound water (31–33). As
indicated, these signals include resolved doublets associated with
the main (ms ¼ �1∕2) Mn2þ EPR transition, each centered at
the 1H Larmor frequency and split by its hyperfine interaction,
along with satellite features associated with the electron-spin
ms ¼ �3∕2, �5∕2 electron-spin transitions. The spectra of all
strains and of the phosphates standards also show a sharp ms ¼
�1∕2 31P doublet from a phosphate moiety bound to Mn2þ

(28, 32) as well as 31P ms ¼ �3∕2 satellite peaks. Thus, all the
yeast strains contain populations of Mn2þ with aquo and phos-
phato ligands. In contrast, careful investigation reveals no 14N
signals, which indicates that the cells contain no significant popu-
lations of Mn2þ coordinated by nitrogenous ligands.

The 31P and 1H ENDOR signals for the standards (Fig. S2)
and yeast strains (Fig. 1) all exhibit similar 31P and 1H hyperfine
couplings, so it is not possible to use the values of the couplings to
decompose the spectra into contributions from individual species.
However, the intensities of these signals for the different standard
reference species differ significantly (Fig. S2), and analysis of the
31P and 1H intensities does provide a means of assessing specia-
tion and its variation with changes in homeostasis.

As Mn2þ enzymes contribute negligibly to the cellular EPR
signals, the observed cellular ENDOR responses, 31P% and
1H%, can be formulated in terms of the fractional populations,
f i, and absolute ENDOR responses, Pi and Hi, for each of four
low molecular-weight species present: Mn2þ complexes with
bound (i) Pi, (ii) pP, and (iii) ENDOR-silent ligands (denoted,
Mn2þ-s; s), as well as (iv) the hexa-aquo-Mn2þ ion (denoted
Mn2þ-aqua; Aq):

31P% ¼ PPif Pi þ PpPf pP
1H% ¼ HAqfAq þHPif Pi þHpPf pP þHsf s [1.1]

fAq þ f Pi þ f pP þ f s ¼ 1 [1.2]

The presence of the Mn2þ-s species is suggested by considering
the variation of 1H% and 31P% across the suite of yeast variants,
as collected in Table 2. The 31P% rises smoothly with phosphates
concentration; a plot (Fig. 2) as a function of the analytically
derived total [Pi] (Table 1) presents the appearance of a simple
binding isotherm versus [Pi], even though both Pi- and pP-bound
Mn2þ must be contributing to the signal. The corresponding 1H%
shows a correlated decrease, as expected if Mn2þ-bound H2O
is being replaced by Pi and pP. However, extrapolation of the cel-
lular 1H% back to ½Pi� ¼ 0 only yields a value roughly half that for
hexa-aquo-Mn2þ, which implies there is a population of Mn2þ
bound by ENDOR-silent ligands, presumably carboxylato meta-
bolites, which also displace bound H2O.

The absolute ENDOR responses forMn2þ-aqua were obtained
from Mn2þ in aqueous solution (Fig. S2); those for Pi- and
pP-bound Mn2þ from titrations of Mn2þ with Pi or pP
(Figs. S3, S4). The Pi titration fits well to the isotherm in which
a single Pi binds to Mn2þ-aqua, replacing one H2O (Fig. S4);
the pP titration instead is well-fit by an isotherm in which
Mn2þ-aqua cooperatively binds n ¼ 2 pP chelates (Fig. S4), losing

Fig. 1. 35 GHz Davies pulsed ENDOR spectra of the several yeast strains dis-
cussed here, with the 1H and 31P features from the individual Mn2þ (S ¼ 5∕2)
substates indicated. “Mn” corresponds to the third harmonic of a 55Mn
transition that was not filtered out, leaving a fiduciary mark. The double-
headed arrows indicate the features used to quantitate the ENDOR intensi-
ties. Conditions: T ¼ 2 K, MWpulse ¼ 60 ns, τ ¼ 700 ns, RFpulse ¼ 40 μs,
repetition time ¼ 20 ms.

Table 1. Total cellular manganese and phosphate in yeast mutants

Phosphate (mM)

Strain Mn (uM) Pi pP

WT 26 42 23
pmr1 170 35 20
smf2 2.4 55 27
pho85 35 290 140
vph1 29 10 5

Fig. 2. Plot for yeast strains of cellular 31P% (solid circles) and 1H% (open
circles) versus Pi concentration. The lines are to guide the eye, but correspond
to fits of the data to a simple one-site binding isotherm with KD

eff ¼ 38 mM.
The square corresponds to 1H% for Mn2þ − aqua.
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all or most of its water. In agreement with published reports (34,
35), pP binds to Mn2þ with an affinity constant roughly two–three
orders of magnitude greater than Pi. Competition experiments
show that Pi and pP bind competitively, with negligible formation
of mixed-ligand complexes, justifying the formulation of Eq. 1.1 in
terms of distinct Pi and pP-bound species.

Of the four f i, three must be determined experimentally; we
take these to be f s, fPi, and f pP. The fourth, fAq then is fixed
by the normalization condition, Eq. 1.2. Of the three unknowns,
f Pi and f pP can be expressed in terms of f s and (parametrically)
the Pi and pP concentrations through use of the corresponding
phosphates binding isotherms (SI Text), leading to the formula-
tion of Eq. 1.1 in terms of the three unknowns, [Pi], [pP], and
f s. It is possible to solve for the effective whole-cell f i, namely
the average whole-cell speciation, through use of the two experi-
mental 31P% and 1H% ENDOR responses by assigning each cell
line an effective Pi concentration equal to the measured cellular
Pi concentration, Table 1; the results for the yeast strains studied
are presented in Table 2.

Speciation in WT Yeast and Variants with Perturbed Manganese and
Phosphates Homeostasis. WT yeast:Decomposition of the ENDOR
spectrum of the Mn2þ in WTyeast into its four component com-
plexes as described above, Table 2, indicates that nearly three-
fourths is bound to phosphates, with the majority of this as
the Pi complex. Approximately one-fourth is coordinated by
ENDOR-silent ligands, and there is minimal Mn2þ-aqua.

Mn homeostasis variants: The electron-spin echo intensities of the
low-Mn smf2 and high-Mn pmr1 strains change relative to that of
WTyeast in parallel with changes in the total manganese concen-
trations, as expected for Mn2þ as the dominant oxidation state
(18), while the signal shapes are invariant. The ENDOR response
of the low-Mn smf2 strain is essentially unchanged from that of
WT yeast, Fig. 1, as is the computed speciation, Table 2. Thus,
although this mutation strongly decreases the total cellular Mn
and slightly alters the total phosphates, the Mn2þ speciation is
unaltered. As this speciation reflects an interplay among the man-
ganese distribution between cellular compartments, the concen-
tration of phosphates within and/or among these compartments,
as well as the availability of ENDOR-silent ligands, it would seem
that all these are essentially unchanged by this mutation.

In contrast, the speciation of the additional Mn2þ in the high-
Mn pmr1mutant strain is notably different from that in WTyeast,
Table 2. Most noticeably, the amount of phosphates-bound Mn2þ
in this strain has increased to roughly 90% of the total Mn2þ of
the cell, the increase reflecting conversion of Mn2þ coordinated
to ENDOR-silent ligands to Pi-coordinated Mn2þ.

Phosphates homeostasis variants: The vph1 (low phosphates) and
pho85 (high phosphates) (Table 1) mutations do not significantly
modify [Mn] (Table 1), and as expected, the electron-spin echo
intensities from these cells were roughly unchanged from WT.

vph1: The ENDOR spectrum of this low-phosphates strain
shows a more than twofold decrease in 31P% relative to that
for WT, accompanied by a slight increase in 1H% (Fig. 1 and
Table 2). Both changes indicate decreased coordination of Mn2þ
by phosphates. The calculated Mn2þ speciation of vph1 (Table 2)
shows a roughly twofold decrease in the total fraction of phos-
phates-bound Mn2þ compared to WT yeast, down to about
one-third of the total, with most as the pP complex. About half
of the Mn2þ in this strain is bound to ENDOR-silent ligands, and
this is the only cell type examined that is calculated to have a
significant amount of Mn2þ-aqua.

pho85: The ENDOR spectrum of this strain (Fig. 1) changes
relative to the spectrum of WTcells in ways that might have been
anticipated for a cell with increased phosphate levels: marked in-
crease in 31P% response and decrease in 1H% response. These
changes correspond to dramatic changes in Mn2þ speciation
(Table 2), with ∼85% of the Mn2þ bound to phosphates. The ma-
jority exists as the pP complex, a result that nicely parallels the
sharp increase in [pP] measured analytically (Table 1). The
remainder of the Mn2þ is mostly in ENDOR-silent complexes.

Mn2þ-L concentrations: The yeast strains exhibit wide variations in
the total Mn concentration, Table 1, so the speciation fractions, f i,
of Table 2 have been converted to the biologically relevant con-
centrations of the different Mn2þ species through multiplication
by the total Mn concentrations, and these are given in Table 3.
This calculation assumes that negligible amounts of Mn occur
as Mn3þ, a reasonable first-approximation as demonstrated by
X-ray spectroscopy (18) and the fact that Mn-SOD, a principal
repository of Mn3þ, is present at ∼0.3 μM (10,900 molecules
per cell) (36), which constitutes ∼1% of the total Mn (Table 1).

Oxygen Sensitivity of the Manganese-Phosphate Mutants. As seen
in Fig. 3, sod1Δ mutants grow poorly in atmospheric (20%) oxy-
gen and not at all at higher O2. This oxygen sensitivity is rescued
by the pmr1Δ mutation, which causes cells to accumulate very
high concentrations of Mn-Pi (greater than 100 μM; Table 3). By
comparison, the vph1 mutation, which leads to WT levels of
[Mn2þ-Pi] (∼10 μM; Table 3) does not affect sod1Δ oxygen
tolerance (Fig. 2), and the smf2Δ mutation, which leads to very
low accumulation of Mn2þ-Pi (<1 μM), causes severe oxidative
stress to the point that the sod1Δ smf2Δ double mutant is not
viable in atmospheric oxygen. Aerobic growth of sod1Δ cells also
is prevented by a pho85Δ mutation that lowers [Mn2þ-Pi] to

Table 2. ENDOR-derived Mn2þ average/effective speciation*

Experimental†

Assigned‡ Calculated*

Mutation Strain 31P% 1H% [Pi]/mM [pP]/mM fPið%Þ fpPð%Þ fPð%Þ FAqð%Þ f sð%Þ
WT 37 19 42 0.6(0.2) 47(10) 24(4) 71(6) 5(3) 24(7)

Mn(−) smf2 38 17 55 0.9(0.2) 38(11) 32(4) 70(7) 3(2) 27(7)
Mn(+) pmr1 43 22 35 0.5(0.1) 60(10) 25(5) 85(6) 7(4) 8(7)

P(−) vph1 15 21 8§ 0(0.2) 34(7) 0ðþ7Þ 34(6) 16(5) 50(8)
P(+) pho85 54 12 290 6(2) 12(10) 73(5) 85(7) 0 15(7)

*Fractions (f i) of Mn2þ bound to Piði ¼ PiÞ, pPði ¼ pPÞ, ENDOR-silent ligands (i ¼ s), or present as Mn2þ-aqua (i ¼ Aq)
calculated from [31P%, 1H%] (See Text and SI Text). Uncertainties are the larger of those calculated from uncertainties
in 31P% and 1H% (†) or by increasing/decreasing the assigned [Pi], 2-fold (‡).

†ENDOR-response; 10× percentage change in Electron Spin Echo (ESE) intensity measurements on four samples yield
uncertainties, �2.

‡Except as noted, speciation calculated with the experimental [Pi] from Table 1.
§Maximum [Pi] compatible with speciation model (Eq. 1 and SI Text).
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about one-third of WT levels (Table 3), in spite of elevated total
phosphate (Table 1). These observations all are consistent with
the interpretation that Mn2þ-Pi can compensate for loss of Sod1p
function.

It is noteworthy however that the strain with the lowest
[Mn2þ-Pi] (smf2) is not the most sensitive to oxidative stress.
Rather, in an apparent deviation from the correlation between
oxidative stress resistance and [Mn2þ-Pi], the pho85 mutation
confers extreme oxidative stress sensitivity to sod1Δ cells: the
sod1Δ pho85Δ strain is inviable even at 10% O2 (Fig. 3). Severe
sensitivity to oxygen also has been reported for the sod1Δ pho80Δ
strain, which lacks the Pho80p cyclin partner to Pho85p (4). How-
ever, our preliminary studies indicate that loss of the Pho85p
cyclin-dependent kinase not only alters Pi and pP levels, but
activates a Rim15p-dependent signaling pathway, thereby exacer-
bating the oxidative damage caused by the decrease in [Mn2þ-Pi]
(37). Aside from this nonphosphate effect of pho85 on oxidative
stress, the observed correlation between cellular [Mn2þ-Pi] and
oxidative stress resistance strongly supports the notion that
Mn2þ-Pi is a genuine cellular antioxidant, and that it is respon-
sible for Mn antioxidant activity.

Discussion
Herein, we show that Mn2þ speciation in viable cells can be
probed through measurements of whole-cell 1H and 31P pulsed
ENDOR signal intensities and describe a procedure that
decomposes the ENDOR spectra into the average/effective
contributions from complexes with: (i) HPO4 (Pi), (ii) polypho-
sphate (pP), and (iii) ENDOR-silent ligands, as well as from
(iv) hexa-aquo Mn2þ. The in vivo study of low molecular-weight
complexes of Mn2þ can be profitably compared and contrasted
with the study of biological Fe speciation. Fe is readily examined
with multiple tools, including Mossbauer, EPR, X-ray absorption,
and optical spectroscopies (38, 39), whereas it is likely that only
X-ray absorption methods (6, 18, 40) can complement ENDOR
studies of cellular Mn2þ.

The ENDOR measurements show that speciation is not al-
tered when Mn levels are strongly decreased (smf2, Table 2).
However, when Mn accumulation is sharply increased (pmr1),
the average fraction of phosphates-bound Mn2þ, particularly
the Pi-bound complex, increases noticeably, despite the fact that
the total cellular accumulation of phosphates is slightly dimi-
nished by this mutation (Table 1). Thus, the speciation measure-
ments suggest that the additional Mn2þ in pmr1 cells is differently
distributed within cellular compartments than in WT cells.

Mn2þ speciation is strongly altered by changes in phosphates
concentrations. In the vph1 mutant strain, which exhibits low
levels of phosphates, only approximately one-third of the Mn2þ
is phosphates bound, compared to over two-thirds in WT yeast,
while about one-half of the vph1 manganese is bound by
ENDOR-silent, presumably carboxylato, metabolites, up from
the one-quarter that is bound to such ligands in WTyeast. In con-
trast, in pho85 cells, which accumulate high levels of intracellular
phosphates, about four-fifths of the Mn2þ is phosphate bound,
mostly in pP chelates, with less than one-sixth bound to
ENDOR-silent ligands.

The ENDOR spectroscopic studies described herein agree
with previous in vitro studies that have implicated manganous
Pi complexes as potential antioxidants and as protecting cells
against oxidative damage (13). They reveal a correlation of the
viability of sod1 mutants under atmospheric oxygen with the
concentration of Mn2þ-Pi , but not with the concentrations of
Mn2þ-pP, Mn2þ-aqua, or Mn2þ-s (Table 3), or even with total
[Pi] and/or [pP] (Table 1). For instance, the sod1 pmr1 mutant
has the greatest [Mn-Pi] concentration and is most resistant to
oxygen stress, whereas the sod1 smf2 and sod1 pho85 mutants
have the smallest [Mn-Pi] and are most sensitive to oxygen. It
is important to note that without the application of ENDOR
spectroscopy, one might have reached the opposite conclusion
based on the analytical results, namely, that in vivo manganese-
Pi interactions do not correlate with oxidative stress resistance
(4). The present use of ENDOR to probe whole-cell Mn2þ
speciation, which allows us to distinguish between Mn2þ-Pi
and Mn2þ-pP, thus reveals the potential hazard of assuming a
transition metal speciation based on altered total cellular concen-
trations of a given ligand, thereby highlighting the importance of
in situ biophysical techniques to probe metal speciation.

The pulsed ENDOR protocol has provided information about
theMn2þ speciation as averaged over the whole cell, whereas spe-
ciation is likely to differ in different cell compartments and metal
concentrations to vary across the cell (17). To address this issue,
experiments are under way on isolated, intact organelles, includ-
ing vacuoles, mitochondria, and nuclei, as well as on other strains
and organisms.

Methods
Yeast Strains, Growth Conditions, and Biochemical Assays. All yeast strains in
this study were derived from BY4741 (MATa, leu2Δ0, met15Δ0, ura3Δ0,
his3Δ1), and were either purchased from the commercially available kanMX4
deletion collection or genetically engineered as described in SI Text.

Experiments employed cells freshly obtained from frozen stocks and cul-
tured on a yeast extract, peptone, dextrose medium (YPD) media at 30 °C
(41). For experiments involving sod1Δ mutants, cells were precultured

Fig. 3. Oxygen sensitivity of the phosphate and manganese mutant strains.
104, 103, and 102 cells of each of the indicated strains were plated on YPDE
plates and incubated at 30 °C under varying oxygen tensions for 3 d.

Table 3. Correlation of the oxygen resistance of sod1Δ yeast mutants with concentrations of various cellular Mn(II) complexes (μM)

Oxygen resistance* Strain [Mn-P]† [Mn-pP]† [Mn-aq]† [Mn-s]†

1 ¼ Most resistant sod1 pmr1 115 34 6 15
2 sod1 vph1 10 0 5 15
2 sod1 13 6 1 6
3 sod1 smf2 1 1 0.1 1
4 ¼ Least resistant sod1 pho85 4 26 0 5

*Oxygen resistance ranked by visual inspection of the pO2 dependent growth assays depicted in Fig. 3.
†Concentrations determined by dividing total cellular Mn (AAS), by number of cells and typical volume/cell, 70 fL,then multiplying by ENDOR fractions, f i ,
(Table 2).
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anaerobically on YPD medium supplemented with 15 mg∕L ergosterol and
0.5% Tween 80 (YPDE) media and grown at 30 °C in anaerobic chambers
(GasPak, Becton-Dickinson). For EPR/ENDOR analysis of yeast cells, cultures
were inoculated, grown in YPD media, washed, and prepared in EPR tubes
as described in SI Text.

To assay for oxygen sensitivity, yeast strains were serially diluted onto
YPDE plates and grown under atmospheres of 0%, 10%, 20%, or 40% O2,
balance N2, for 3 d at 30 °C, as described in detail in SI Text.

Cellular manganese and phosphate content of cells was determined by
AAS and the colorimetric molybdate assay for phosphates, respectively, as
described in SI Text.

Electron-Nuclear Double Resonance Measurements. 35 GHz pulsed EPR and
Davies ENDOR spectra were collected on a laboratory-built spectrometer;
W-band (95 GHz) CW EPR spectra were collected on a laboratory-designed
homodyne spectrometer: see SI Text.The absolute 31P and 1H ENDOR inten-
sities, denoted 31P% and 1H%, are defined as the percentage changes in the
electron-spin-echo signal (x10) as manifest in Davies ENDOR spectra collected

as described in SI Text. The values of Table 2 are measured as changes in in-
tensity of the peaks indicated in Fig. 1; integrations of the 31P peak or of all or
part of the 1H pattern gave equivalent results (see SI Text). The 31P% and
1H% are reproducible within ∼2% for a given sample; entries in Table 2
are the averages of four separate preparations of each yeast strain.
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