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ABSTRACT: The recently determined crystal structures of bacterial and bovine cytocloroxigases show

an area of organized water within the protein immediately above the active site where oxygen chemistry
occurs. A pathway for exit of protons or water produced during turnover is suggested by possible
connections of this aqueous region to the exterior surface. A non-redox-acti/esligyis located in the
interior of this region, and our previous studies [Florens, L., Hoganson, C., McCracken, J., Fetter, J.,
Mills, D., Babcock, G. T., and Ferguson-Miller, S. (1998)Rhototropic ProkaryotegPeschek, G. A.,
Loeffelhard, W., and Schmetterer, G., Eds.) Kluwer Academic/Plenum, New York] have shown that the
protons of water molecules that coordinate the metal can be exchanged within minutes of mixing with
2H,0. Here we examine the extent and rate of deuterium exchange, using a combination of rapie freeze
guench and electron spin echo envelope modulation (ESEEM) analysis?ofdvbstituted cytochrome

¢ oxidase, which retains full activity. In the oxidized enzyme at room temperature, deuterium exchange
at the Mri#™ site occurs in less than 11 ms, which corresponds to an apparent rate constant higher than
3000 s1. The extent of deuterium substitution is dependent on the concentratféh®fin the sample,
indicative of rapid equilibrium, with three inner sphér;O exchanged per M. This indicates that the

water ligands of the M#T/Mg?" site, or the protons of these waters, can exchange with bulk solvent at
a rate consistent with a role for this region in product release during turnover.

Cytochromec oxidase is the terminal enzyme in the channel which could serve this function was noted in the
electron transport chains of most aerobic organisms. At the original bovine oxidase X-ray structures)( (Figure 1)
active site, electrons donated by cytochromare used to immediately above the active site, at the interface of subunits
reduce dioxygen to two water molecules in an exothermic | and Il. We proposed that this aqueous region could provide
reaction. In addition to the four protons required for oxygen a proton and/or water exit pathway and further that control
reduction, the energy gained from the reaction is used to of its directionality could regulate the rate and the efficiency
transport an additional four protons across the membrane.of coupling of cytochrome oxidase 7). However, increas-
The resulting electrochemical gradient produced by this ingly high-resolution structures indicate that water in this
proton translocation is later used in ATP synthesis. region is highly ordered, as indicated by Id®vvalues at

High-resolution crystal structures of bacteridl) (and high and low temperatures, and therefore not likely to
bovine @) cytochromec oxidases specify a similar spatial exchange readily or conduct protons (S. Yoshikawa, personal
organization of the metal centers (Figure 1) and define somecommunication). Further, it is clear that unrestricted proton
possible routes for proton translocation within the molecule exchange between the outside and the active site would short-
via hydrogen-bonded paths. Several pathways for protonscircuit the proton pumping mechanism of the enzyme. To
and water are expected in cytochromexidase: on the  understand the mechanism of proton translocation, the
inside of the membrane, entry pathways for protons to be boundary defining the “outside” (or region of free access to
pumped and for substrate protons required for oxygen solvent) in cytochrome oxidase needs to be determified (
reduction; on the outside of the membrane, an exit route for A non-redox-active Mg" ion lies at the bottom of the
pumped protons and water. Candidates for the entry pathwaysproposed water channel, 12 A from the surface of the protein.
have been identified by mutational and structural analysis It bridges subunits | and Il, shares a ligand with the binuclear
(3—5), but the exit path remains unclear. A possible water Cu, center, and is bonded through a histidine ligand and a
water to the D-ring propionate of henag. The role of the
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on the top are from subunit Il and contain the dinucleag Site (larger light blue spheres). To the far right, in green ribbons, is subunit

I, which contains no metal centers and does not directly contribute to the proposed water channel. The purple ribbons represent subunit
I, the largest subunit, which contains the two hemes (in red) ard|@it green sphere). The proposed water channel is shown as the gap
between subunits | and Il, beginning near the hempropionates and the Mg/Mn site (brown sphere), with residues lining the channel in

stick form. The three crystallographically defined water ligands of manganese are represented by small blue spheres. Crystal structures of
bacterial cytochrome oxidases show a similar channel.

molecules. The paramagnetic nature of“Mallows the use  teristics of the MA™ and Mg*-substituted wild-type
of the advanced EPR methods of electron nuclear doubleenzymes were identical, and oxygen consumption activities
resonance spectroscopy (ENDOR) and ESEHR®) {0 detect were unaltered9).

its ligation structure, and changes in structure, through the Rapid-Mix Freeze-Quenct?H,0 ExchangeThe samples

measurement of ligand hyperfine coupling. were prepared using an Update Instruments System 1000
In the present study, we have combined spectral (ESEEM) chemicalifreeze quench apparatus (Model 715 Ram Con-

e}nd kinetic (rapid freezequench) methods to measurf the troller and Model 1019 Syringe Ram). Two syringes of equal
time scale and extent of deuterium exchange at thé"Mg volume containing 6QM cytochromec oxidase in buffer

oo ; . . .
e T ludies provide eyiderice of ac welef &1/ A (50 mi KH,PO:_KOH, b 7.4, 0.1 b EDTA, 0.1%
p X 9 S p lauryl maltoside) and varying concentrations of deuterium

site. oxide (99.9 atom % D, Aldrich), respectively, were main-
EXPERIMENTAL PROCEDURES tained either at room temperature or in a water bath°a.4
The syringe contents were combined in a Wiskind grid mixer
Protein Production and PurificationThe amount of Ma" (model 1155) at a ram velocity of 1.25 esn’. Different

incorporated into the protein has been shown to depend onreaction times were achieved either by varying the length
the [Mg?*] to [Mn?'] ratio in the growth mediumg). The  of the tubing (aging hose) connecting the mixer to the spray
YZ-300 strain (1) of R. sphaeroideswvhich overexpresses  nozzle or, for reaction times longer than 500 ms, by using
the wild-type cytochrome oxidase with a histidine tag added  the delay setting with a constant hose length (with the hose
to the C-terminus of subunit |, was grown on “high Mn” ylume corresponding to the volume to be collected). The
medium (with MnSQ and MgSQ at final concentrations  reaction mix was ultimately sprayed from a 0.008 in.
of 700 and 5QuM, respectively). The protein was purified  giameter spray nozzle into a 4.5 in. long fused quartz EPR
by Ni?*-NTA affinity chromatography 12) and used with e equipped with a funnel filled with cold isopentane
no further pur|f|cat|on steps. Th_e enzyme was concentrated(HPLC grade, Sigma), which quenches the reaction in
and washed into buffer containing 50 mM m_KOH' approximately 5 ms (A.-L. Tsali, personal communication).
pH 7'.4' 0.1 _mM ED.T.A' and 0.1% Iau_ryl mal_t03|de, usSiNg & The EPR tube and funnel were filled with isopentane and
centrifugal filter (Millipore Ultrafree filter) with a 50 kDa equilibrated for at least 5 min inna8 L isopentane bath

nominal molecular mass limit. The visible spectral charac- maintained at—140 + 2 °C with a LakeShore Model 340

temperature controller equipped with a copper-constant
1 Abbreviations: EDTA, ethylenediaminetetraacetic acid; ENDOR, thermocouple by an external liquid nitrogen bath. The frozen

electron nuclear double resonance; EPR, electron paramagnetic reso- Is of Oxi ked i h ) f1h

nance: ESE, electron spin echo; ESEEM, electron spin echo envelopeCTystals of oxidase were packed into the bottom of the EPR

modulation; FT, Fourier transform. tube by using a precooled packing rod until a densely packed
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sample with a height of at least 1 cm was obtained. The 3006 ~ ~ * ~ +* ~ T+ ~ * ~ T |
final concentration of cytochromeoxidase in the EPR tube 200
was measured to be approximately ABl. The freeze- 2000 |
guenched samples were stored in liquid nitrogen until 1500 |
analyzed by ESEEM. More recent studies were carried out -“g‘ 1000 [
using a starting enzyme concentration of 120, giving a % s0o
final concentration in the EPR tube of a0/, as indicated 5 o
in figure legends, to increase the signal-to-noise ratio. Funnels I ' | . . . —]
and EPR tubes were also modified to usepkessure to aid = 4% g ]
in the consistency of packing density, as described by Tsai = :;zg - ‘
etal. (3). y250 | \\CU
Electron Spin Echo Erelope Modulation (ESEEMESE- 1500 | //
detected EPR and two- and three-pulse ESEEM spectra were 750 | Mn
recorded at 1.8 K by using a liquid helium immersion dewar or . . . . ' )
under reduced~10 mbar) pressure on a pulsed spectrometer 2600 2800 3000 3200 3400 3600 3800 4000
constructed at Michigan State University4]. Processing Field Strength (G)

of experimental ESEEM data and Fourier transformations E 5 ESE.detected EPR ra of cvtoch "

; IGURE 2: -detecte spectra of cytochromexidases
(FTs) We.rekperformid L;.Smlg I\gatlgb SOftfwarehfr(.)m MdanNorks with Mg2* (A) or Mn2" (B) incorporated into the metal site.
Inc. (Natick, MA). The final 10 points of each time-domain  cytochrome: oxidase samples (ca. a0/ final concentration) were

data set were acquired with the integration window posi- diluted in deuterated buffer A and immediately transferred into EPR
tioned 200 ns off of the echo to define the background. tubes and frozen in liquid nitrogen. Experimental conditions=

Spectra were normalized from zero (background) to one 8-870 GHz; power= 42 dBm;z = 250 ns; 50 Hz pulse sequence
(maximum amplitude) before processing. Since the ESEEM {S,ﬁ’fg'e“f;?urriffg g/ents per point; each scan contains 512 points;
of a discrete paramagnetic center is the product of echo

modulations arising from each nucleus coupled ta% (.6),

the2H modulations were isolated by dividing data obtained characterized by modulation at 2.2 MHz, was detected for
for cytochrome oxidase diluted in deuterated buffer by data the control sample. Also shown in Figure 3 are the results
obtained in a parallel fashion using aqueous buffiEf.( of parallel experiments performed on cytochroomexidase
Frequency spectra of ESEEM data were obtained using thesamples incubated witfH,O for different lengths of time
dead-time reconstruction technique described by Mi8s ( using the freezequench apparatus. The 11.4 ms spectrum
Imperfections in dead-time reconstruction led to baseline roll, of Figure 3 was characterized by an intense signal at the
or distortions, seen in the FTs. To gauge how the reconstruc-deuteron Larmor frequency (2.2 MHz), showing that within
tion procedure influenced tHel modulation peak amplitudes, 11.4 ms protons magnetically coupled to the metal are
a power spectrum of each time-domain data set was takenexchanged for deuterons. When the sample was mixed in a
without dead-time reconstruction and used to calculate error1:1 ratio with 100%°H,0 to give a final concentration of

bars. 50% 2H,0, the 2.2 MHz signal reached its maximum
intensity during the dead time of the instrument (11.4 ms)
RESULTS and remained constant over a 10 s time course (Figure 3,

) 9800 ms spectrum). Assuming that the intensity of the 2.2
Rate of Deuterium EXChangé-.he ESE-detected EPR MHz peak as a function of mixing time is a Sing'e_

spectrum of wild-type cytochrome oxidase purified from  exponential function, a lower limit exchange rate is calculated
R. sphaeroidegrown in high Mi#* medium (Figure 2B)is {0 be 3000 sl
a composite of contributions from the LCaenter (peak near Number of Protons Exchange@ihe X-ray crystal struc-
3120 G) and the Mt ion (broad absorbance spanning from tyres of cytochromes oxidase indicate that three waters
2800 to 3800 G). Figure 2A shows an ESE-detected EPR contribute to the ligation of the MA/Mg?". While the
absorption spectrum of a sample of oxidase frén  deuterium exchange data demonstrate that proton/deuteron
sphaeroideggrown in high Mg* medium, which contains  exchange can occur on a catalytically relevant time scale, it
only EPR-silent Mg, that was taken under identical does not by itself indicate the number of waters/protons
conditions. This control shows that, at the X-band microwave exchanged.
frequency used in our studies, the absorption from @as To quantify the dependence of the extent of exchange on
characterized by a sharp decrease at magnetic field strengthg4,o concentration, a range of concentrationd-§O were
above 3150 G. Thus, the MhESEEM signal was studied  mixed with the enzyme, resulting in fin@,0 enrichments
at 3400 G where there is still significant Mhabsorbance  of 15—75% (v/v). The intensity of the 2.2 MHz deuterium
but no interference from the Gusignal. signal increased a3,0 concentration increased, and a
For cytochromes oxidase in nondeuterated buffer, the FT nonlinear relationship was observed between the echo
of three-pulse ESEEM experiments performed at 3400 G amplitude and the?H,O concentration (Figure 4). To
(Figure 3, 0 ms spectrum) shows a weak signal centered atextrapolate to the peak height for a sample with complete
the proton Larmor frequency typical of ambient water deuterium substitution (a O concentration of 100%), a
molecules (14.45 MHz). Peaks are also resolved at 1.9, 2.7,polynomial fit of the data was carried out. The best fit of
and 5 MHz. These low-frequency modulations were previ- the data was obtained with a cubic polynomial.
ously assigned to nitrogen modulation from the histidine To estimate the number of exchanged waters/protons,
ligand (H411) of the MA™ (19). No deuterium ESEEM, as  manganese aquo, Mf(H,0)s, was used as a standard. A
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Ficure 3: Fourier transforms of three-pulse ESEEM of cytochranogidase samples, showing the contribution from deuterium exchange
upon mixing into the MA* binding site. Cytochrome oxidase (ca. 6&M, in buffer A) was rapidly mixed witttH,O (1:1 volume ratio)

at room temperature (ca. 2€) by using an Update Instruments freezpiench apparatus and sprayed into an EPR tube containing cold
isopentane {140 °C) after 6.4 ms and 9.8 s mixing time. The cytochrocexidase concentration after packing was caud For at

= 0 time reference point, a cytochromexidase sample, at 1M in nondeuterated buffer A, was frozen in an EPR tube by immersion
in liquid nitrogen. Experimental conditions: = 8.870 GHz;Hy = 3400 G; power= 42 dBm;t = 200 ns;T = 40 ns; 50 Hz pulse
sequence repetition rate; 30 events per point; each scan contains 512 points collected in 10 ns increments; tempe3dure
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FiIGURe 4: Fit of the Fourier transformations of two-pulse ESEEM ) . .

spectra of wild-type oxidase incubated with various amounts of F'GURES: Fourier transformations of two-pulse ESEEM standard
deuterium oxide. Samples were prepared as described in Figure 3SP€Ctra of Mn(HO)s with increasing numbers ¢H,0 bound to
mixing with buffers with varying levels ofH,0, which resulted ~ Mn*'. The spectrum of one bouiH,O (1) was obtained by taking

in final concentrations ofH,O ranging from 15% to 50%. The the fifth root of a spectrum of a sample (5) containing 1 mM MaSO
75% final2H,0 concentration was obtained using a third syringe, (211I850|Ved in 8096H,0. Spectra for additional numbers of bound
containing 100% deuterated buffer, which was combined (using -H20 were obtained by raising the one bouftt,O spectrum to
another mixer) with the aging hose (6.4 ms) containing the mixture increasing powers. The final spectrum of five boihtO (5) is

of the first two syringes and incubated for an additional 8 ms. the original spectrum acquired. Experimental conditions were as
Plotting of the peak amplitude at 2.2 MHz vergO concentra-  described in Figure 4 but with = 8.830 GHz.

tion was fitted to a cubic polynomial, as described in the text. Error

bars were calculated as described in Experimental Proceduresthe standard can be calculated to be approximately 44 M,
Experimental conditionsy = 8.870 GHz;Ho = 3400 G; power= comprising 80% of the total water concentratfofihus the

42 dBm; starting = 250 ns; 50 Hz pulse sequence repetition rate; ; bt
30 events per point; each scan contains 512 points collected in sspectrum [Figure 5 (5)] shows the contribution of fi,0

ns increments; temperature 1.8 K. molecules (80% of the six molecules that ligate the metal)

standard deuterated sample was prepared by dissolving 1 mM Calculation of finaPH.0 . based | _

. % 2H O and addin lveerol to 40% (V/V) to alculation of finalFH,O concentration vv_as ased on molar ratios
MnSQ; in 100%°H,0 ng gly +U70 (VIV of 2H from 2H,0 andH from glycerol, assuming an exchange constant
ensure proper glassing. The final concentratiofHyO in of approximately 1.
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ol .~ - - - - ] dence for the greater contribution of outer sphere waters in
the echo modulation of the standard can be seen in the curves
sol (Figures 4 and 6). Previous ESEEM studies of metal aquo
. complexes have shown that the outer sphere proton/deuteron
= contribution to the spectrum can be approximated as a linear
E 40 ] addition @0, 21). In contrast, deuterons in the first coordina-
& I tion sphere have a large contribution, and additional nuclei
® 301 . contribute to the 2.2 MHz peak amplitude in a multiplicative
'§ fashion. In the plot of’H modulation amplitude versus
%- 20 | - increasing?H,O concentration for the protein (Figure 4), the
E L curve clearly shows asymptotic behavior with 50% (v/v)
10| i 2H,0 showing nearly maximal amplitude. This is indicative
of minimal contribution of outer sphere deuterons to the echo
0 . . ) . . , . , . \ modulation. However, the corresponding curve of theéMn
0 1 2 3 4 5 (®H,0)s standard shows a more modest rise, or less of a

# of Bound *H O “saturation” behavior, indicating a substantial contributio_n

_ _ o _ from outer sphere deuterons. The much smaller contribution

Ficure 6: Fit of the amplitudes of the deuterium modulation peak of outer sphere deuterons to the amplitude of the signal from
at 2.2 MHz from the data sets shown in Figure 5 for the M) the oxidase M#" site leads to an underestimation of the

standard. The amplitudes are plotted versus the number of directly b f h d W lcul h
ligated2H.0 contributing to the spectrum. In addition to the directly = "Umber of waters exchanged. We cannot calculate the extent

ligated?H,0, each point also has a contributidrom outer sphere = Of the underestimation with complete accuracy, but clearly
2H,0. For one boundéH,0, there are approximately 22 outer sphere our data imply that more than two Mhbound ?H,O

?H,0, for two bound?H0 there were approximately 43, for three  mplecules have exchanged by 11 ms after mixing. On the

bound?H,0 approximately 65, for four bourdH,O approximately . . . .
87, and for five boundH,O approximately 108. The data were fit basis of the crystallographically defined ligands, we have

to a cubic polynomial. The X on the fit indicates the extrapolated @0 Upper limit of three coordinating water molecules,
2.2 MHz peak height of oxidase in 100%H,0. Experimental indicating the likely exchange of all three.
conditions were as described in Figure 5. Proton Maement through IcePrevious studies have

indicated that protons can move rapidly through an ice matrix

ligated directly to the M along with outer spheréH,0  With an estimated speed of Tcn¥/(V+s) (22). This process:
molecules. Since the total echo modulation is the product of could be problematic for our studies if deuterons are moving
each contributing nucleus, the fifth root of the spectrum gives through the frozen enzyme even after rapid freezing, making
the echo modulation of M by one?H,0 ligand plus the  time points for exchange of protons or deuterons at thé"Mn
region containing approximately one-sixth of the outer sphere Site irrelevant. To determine if such an exchange is occurring,
deuterons [Figure 5 (1)]. Raising this spectrum to increasing @ Sample was prepared by spraying a 1#@ oxidase
powers (up to five) results in the spectrum of the echo Solution and a 100%H0O solution simultaneously, but
modulation resulting from that number of bourd,0  independently, into chilled isopentane, using the freeze
ligands and the associated outer sphere contribution. Thisdueénch apparatus but bypassing the mixing step. Sample
can be used to create a standard curve for deuteron pealacking and storage were carried out in the same manner as
height at 2.2 MHz versus the number of bo#hO ligands for the samples for all other experiments. After 2 weeks of
(Figure 6). Comparing the height of the extrapolated 100% Storage in liquid nitrogen, an ESEEM spectrum of the sample
2H,0 peak from oxidase samples to this standard curve, weWas taken. The spectrum shows no modulation at 2.2 MHz
get an amplitude equivalent to approximately two bound (Figure 7), indicating no deuterons had access to thé"Mn
2H,0. either during the packing of the sample or during storage
However, this number will be an underestimate of the between sample preparation and acquisition of the spectrum.
waters at the M# in the protein, because the model, ¥n
(°H.0), has a greater number of outer sphérO con- DISCUSSION
tributing to its modulation. Calculations reveal 130 water ~ The routes for proton uptake in cytochromexidase are
molecules contained within a 10 A radius sphere of the metal relatively well defined, but there is little evidence regarding
in solution Thus, three boungH,O molecules in Mn(HO)s the proton/water release pathway(s). Computer modeling and
have an additional contribution from 65 outer sph#igO crystallographic structures indicate a large number of waters
molecules (see legend to Figure 6). Comparatively, high- in the region above the hemes, but how rapidly these waters
resolution crystallographic analysis of bovine cytochrame exchange with bulk solvent is a critical issue. The model of
oxidase reveals that, in addition to the three bound waters, Wikstrom and colleague<2@) implies that when the protons

there are only 21 water molecules within 10 A of thean ~ are moved to the region above the hemes, they are already
(S. Yoshikawa, personal communication). Additional evi- outside or have unhindered access to bulk solvent. Alterna-
tively, the model of the Michel grou24) requires a location
3 The number of waters in a 10 A radius sphere around a metal was 2P0V€ the hemes where the proton can be trapped and
calculated on the basis of molarity and density of water. The number inaccessible to bulk solvent. A third suggestion is that all of
of waters in a smaller sphere of 2.3 A radius was calculated and the waters seen in this area above the hemes are structural

subtracted from the larger sphere to account for the van der Waals ; ;
volume of the metal. The six waters that are the direct ligands to the waters, and no rapid exchange can occur (S. Yoshikawa,

manganese aquo were also subtracted to yield the 130 waters calculate€rSOnal communication). Further complicating the search
in the sphere. for an exit route is the possibility of multiple or ill-defined
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20— 7+7+— accessibility, as in the case of bacteriorhodop80)% In

b 2.22 MHz ; bacteriorhodopsin, a proton exit route involving hydrogen-

161 . - bonded water and amino acid side chains exists in the resting
: ] state, but protons are not released until light induces a series

i of pK, and conformational changes. Future studies using the

] rapid freeze-quench/ESEEM methodology will address

i these questions.

Although the molecular turnover of cytochrome oxidase
can be as high as 2000's(giving a time constant of 0.5
ms), the 10 ms and longer time range that this method can
sample is suitable for measuring deuterium exchange rates
o ] at the Mr#t site during turnover in the 100 5range often
al o . S found in mutants, and it is ideal for determining if slow

2 4 6 8 10 12 14 16 turnover of mutant forms is correlated with slowed movement
Frequency (MHz) of water or protons in this region. Hence, we have established

FIGURE 7: Exchangeability of protons at the manganese site at 77 @ methodology combining rapid freezguench?H,0 ex-
K. Cytochrome ¢ oxidase (120uM) and 100% °H,O were change with ESEEM for measuring the kinetics of the water
simultaneously but independently frozen in an EPR tube using the flow in the outer water/proton channel, providing an assay

rapid freeze-quench method described above. The spectrum was ; ; ; ; ;
acquired 15 days after sample preparation. Peaks at 1.76, 2.73, ancfior mutants designed to reversibly or irreversibly block it.

5 MHz arise from*“N, while the peak at 14.45 MHz is due to

protons. Modulation from deuterons is expected to occur at 2.22 ACKNOWLEDGMENT
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