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The reaction of peroxides with peroxidases oxidizes the heme iron
from Fe(III) to Fe(IV)=O and a porphyrin or aromatic side chain to a
cationic radical. X-ray–generated hydrated electrons rapidly re-
duce Fe(IV), thereby requiring very short exposures using many
crystals, and, even then, some reduction cannot be avoided. The
new generation of X-ray free electron lasers capable of generating
intense X-rays on the tenths of femtosecond time scale enables
structure determination with no reduction or X-ray damage. Here,
we report the 1.5-Å crystal structure of cytochrome c peroxidase
(CCP) compound I (CmpI) using data obtained with the Stanford
Linear Coherent Light Source (LCLS). This structure is consistent
with previous structures. Of particular importance is the active site
water structure that can mediate the proton transfer reactions
required for both CmpI formation and reduction of Fe(IV)=O to
Fe(III)-OH. The structures indicate that a water molecule is ideally
positioned to shuttle protons between an iron-linked oxygen and
the active site catalytic His. We therefore have carried out both
computational and kinetic studies to probe the reduction of Fe
(IV)=O. Kinetic solvent isotope experiments show that the transfer
of a single proton is critical in the peroxidase rate-limiting step, which
is very likely the proton-coupled reduction of Fe(IV)=O to Fe(III)-
OH. We also find that the pKa of the catalytic His substantially
increases in CmpI, indicating that this active site His is the source
of the proton required in the reduction of Fe(IV)=O to Fe(IV)-OH.
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Peroxidases, and especially yeast cytochrome c peroxidase
(CCP), have long played a central role in metalloenzymology

owing to the relative ease of trapping and characterizing highly
reactive intermediates (1). Of particular importance is com-
pound I (CmpI; Fig. 1A), the first intermediate formed by oxi-
dation of the heme center by H2O2. The first structure of a
peroxidase (2) suggested a mechanism of CmpI formation
wherein the catalytic His52 shuttles a proton from the iron-
linked peroxide O atom to the distal peroxide O atom, thus
promoting heterolytic fission of the O-O bond (3). This mecha-
nism later was modified to include a water molecule (4) (Fig. 1A)
that mediates the transfer of protons between the peroxide and
His52. The water-modified mechanism is energetically more
feasible because His52 is too far (≈3.6 Å) from the iron-linked
peroxide for direct proton transfer. Crystal structures of CmpI
support this water-modified mechanism. The required water
bridges the Fe(IV)O oxygen atom and His52 and is perfectly
positioned to serve a role in proton transfer (5, 6). However, a
major problem with using crystallography to study high potential
centers like Fe(IV)=O is that X-ray–generated photoelectrons
can readily reduce metal centers in metalloprotein crystals. For
some time, mechanistic conclusions were based on the incorrect
assumption that the metal redox state remains unchanged during
X-ray data collection. Quite prominent has been the discrepancy
between spectroscopic studies and crystal structures of the ferryl

Fe(IV)O, which is critically important not only for peroxidases but
also for cytochrome P450 and NOS mechanisms (1). A majority of
spectroscopic methods are most consistent with a short Fe(IV)=O
double bond, whereas a number of crystal structures are consistent
with an Fe(IV)-O single bond, leading to the incorrect conclusion
that ferryl O atom is protonated to give Fe(IV)-OH (7). More
careful low-radiation-dose composite data collection protocols,
coupled with single crystal spectroscopy of CmpI (5, 6) have par-
tially resolved this problem, and these more recent structures agree
with the extensive spectroscopic data supporting Fe(IV)=O. Al-
though peroxidase CmpI is relatively stable, it is impossible to
prevent X-ray damage completely and it would be highly desirable
to eliminate the X-ray–induced reduction of metal centers alto-
gether. Until very recently, the only feasible way of obtaining such a
structure was with neutron diffraction, and a 2.5-Å resolution
neutron diffraction structure of CCP CmpI has recently been
solved (8). Neutron diffraction offers a major advantage because it
allows visualization of hydrogen atoms, thus enabling enzymatically
important H-bond donor/acceptor relationships to be precisely
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determined. However, the experimental constraints for neutron
diffraction, such as crystal size, hydrogen-deuterium exchange, and
the limited facilities for neutron diffraction, have greatly limited its
application. A second approach is to obtain X-ray data using the
new generation of X-ray free-electron lasers (XFELs), which
produce X-ray pulses on the tenths of femtosecond time scale. The
extremely short, bright pulses allow diffraction to take place before
significant radiation damage occurs (9–13). This method is partic-
ularly advantageous for the determination of catalytically relevant
structures of metalloproteins, because diffraction is completed
before atomic rearrangements occur around the metal center.
Given the historical significance of CCP, we herein present a 1.5-Å
structure of yeast CCP CmpI obtained from XFEL data collected
at the Stanford Linear Coherent Light Source (LCLS). Although
this structure, together with the neutron diffraction and other
CmpI structures, is consistent with the mechanism shown in Fig.
1A, Casadei et al. (8) propose a substantially different mechanism
based on the observation that the distal His52 is protonated in
CmpI and that the H-bond donor/acceptor relationship does not
support a water-mediated proton transfer mechanism but, rather,
directs proton transfer from peroxide to His52 (Fig. 1B). Relevant
to the discrepancy between the mechanisms in Fig. 1 A and B is the

pKa of His52. The pKa is important, because we recently showed
that the proton-coupled electron transfer reduction of CmpII (Fig.
1C) is rate-limiting in peroxidase catalysis (14) and a protonated
His52 could directly participate in proton transfer to the ferryl O
atom during reduction of Fe(IV)=O. Therefore, we also present
computational and kinetic solvent isotope effect (KSIE) experi-
ments that examine the pKa of His52 and address the importance
of proton transfer in CmpII reduction. For the experimental
work, we have used Leishmania major peroxidase (LmP) rather
than yeast CCP. We and others have shown that LmP is struc-
turally and functionally very similar to yeast CCP, including the
structure of the LmP–cytochrome c (Cytc) complex, stability of
CmpI, and formation of the active site Trp radical (15–18). LmP,
however, offers some advantages owing to simplified kinetics be-
cause, unlike yeast CCP, LmP has only one binding site for Cytc
and kcat is independent of ionic strength (14). As a result, the in-
terpretation of kinetic results is more straightforward with LmP.

Results
Crystal Structures. The X-ray damage-free XFEL structure of CCP
CmpI is shown in Fig. 2 and is identical to our previous low-dose
structure obtained by a composite data collection protocol that

Fig. 1. Peroxidase mechanism. (A) Traditional “water-modified” mechanism of CmpI formation. In this mechanism, peroxide first coordinates with the heme
iron, followed by proton transfer to the distal peroxide O atom via an ordered water molecule and the distal His. The protonation state of the distal His
depends on the His pKa. Our computational experiments indicate that the pKa substantially increases in CmpI. (B) Modified mechanism based on the ob-
servation that His52 in CCP CmpI is protonated in the neutron diffraction structure (8). Going from the initial peroxide complex to CmpI proceeds via two
possible routes, one of which involves the Fe(IV)-OH intermediate. (C) Mechanism of CmpII reduction, which includes a proton-coupled electron transfer event
resulting in a net transfer of a proton from the distal His to the ferryl O atom.

Chreifi et al. PNAS | February 2, 2016 | vol. 113 | no. 5 | 1227

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y



required several crystals, each exposed for no more than 10 s (6).
The solvent structure is especially important, given that even partial
reduction of CmpI alters the active site solvent architecture, possibly
due to the change in charge on the heme iron and to the associated
changes in the local electrostatic environment. The ordered solvent
directly H-bonded to both the ferryl O atom and His52 is important
to consider when discussing mechanism. Consistent with the low-
dose structures, the Fe-O bond length is 1.7 Å, and thus is best
described as Fe(IV)=O, whereas the Arg48 and Trp51 are in hy-
drogen bond contact with the ferryl oxygen. In earlier studies, we
showed that the Trp191 radical is stable in the crystalline state (19),
and we assume that the Trp191 radical is fully formed in our present
structure. We find no changes in structure around Trp191, which is
perhaps not unexpected because it has been demonstrated that the
local electrostatic environment has been carefully tuned to stabilize
a Trp cationic radical (1).
In our previous work, we found that the Fe-O bond length

increases linearly with X-ray dose (6) because Fe(IV)=O is re-
duced by the X-ray beam. The final high-dose X-ray structure
has an Fe-O bond length of 1.9 Å, but the redox state of the iron
was uncertain. Fig. 3 shows the single crystal spectrum obtained
from crystals before and after extensive X-ray exposure. The
spectral features of the X-ray–reduced crystal are similar to the
solution spectrum of dithionite–reduced CCP. Even so, a water/
hydroxide only 1.9 Å from the iron would be very unusual for
Fe(II) heme, whereas Fe(III)-OH would be more consistent with
the known solution properties of heme proteins. Unfortunately, it
is not possible to compare the solution and crystal spectra because
CCP is unstable at the pH levels required to form Fe(III)-OH.
When the crystal is annealed by briefly warming and then cooling
back to liquid nitrogen temperatures, followed by collection of a
1.55-Å dataset, the water density moves to a distance of 2.3 Å from
the iron and the electron density becomes much weaker (Fig. 3).
The weaker electron density is indicative of low occupancy and/or
higher thermal motion, which would be consistent with five-
coordinate Fe(II) or Fe(III) or, possibly, a mixture of both. It is
therefore very likely that the high-dose structure (Fig. 3C) rep-
resents a cryotrapped Fe(III)-OH or, possibly, Fe(II)-OH2. This
conclusion also suggests that previous structures of CmpI or CmpII
with a long Fe-O bond are Fe(III) or Fe(II) and not Fe(IV).

pKa of Catalytic Distal His. The neutron diffraction structure of
CCP CmpI shows that the distal His52 is protonated in CmpI but
is unprotonated in the resting Fe(III) state. Based on these ob-
servations, Casadei et al. (8) have proposed a mechanism for
CmpI formation (Fig. 1B) that differs substantially from the

generally accepted mechanism (4, 20) (Fig. 1A). The main dif-
ference is that the mechanism in Fig. 1B requires a proton from
some external source and Fe(IV)-OH as a possible intermediate
in CmpI before movement of the proton from the ferryl hy-
droxide to His52, thus generating Fe(IV)=O.
There are at least two problems with this mechanism. First, the

possible existence of Fe(IV)-OH is unlikely, given that extended
X-ray atomic fine structure and resonance Raman studies show
that the pKa of the ferryl O atom in ferryl systems with an axial
His ligand is ≤4 (7, 21). Second, Casadei et al. (8) reject the

Fig. 2. 2Fo-Fc electron density map of the XFEL CmpI structure contoured at 2.0 σ. The dashed lines indicate H-bonding interactions, which are all less than
3.0 Å. The Fe(IV)-O bond length is 1.7 Å. Close-up view of the ferryl center is shown (A), as well as the extensive H-bonded network connecting the ferryl O
atom to the surface of the enzyme (B).

Fig. 3. Spectra and structure of CmpI as a function of X-ray dose. (A) Single
crystal spectra of CmpI before and after extensive (7.8 MGy) X-ray exposure
and the solution spectrum of CCP reduced anaerobically with dithionite.
2Fo-Fc maps of the low-dose (B) and high-dose (C) CmpI structures taken
from Meharenna et al. (6) are shown. (D) Structure (1.5 Å) of a high-dose
crystal after annealing. All maps were contoured at 2.0 σ.
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water-mediated mechanism of CmpI formation (Fig. 1A) pro-
posed by Vidossich et al. (4), based on the H-bond donor/
acceptor relationships observed in the neutron diffraction
structure. However, it is the H-bonding pattern in the tran-
sition state, and not CmpI, that is relevant, so the conclusion
that the H-bonding pattern of the ordered water in CmpI is
not consistent with water-mediated proton transfer is not
sound. In addition, the peroxide iron-linked O atom is about
3.6 Å from His52, which is too long for direct H-bonding and
proton transfer. As shown by the computational work of Vidossich
et al. (4), a water-mediated proton transfer mechanism as depicted
in Fig. 1A is energetically more feasible. This mechanism also is
consistent with the CmpI X-ray crystal structures because the
water molecule H-bonded to both His52 and the ferryl O atom is
ideally positioned to mediate proton transfer.
One simple explanation for why His52 is observed to be pro-

tonated in the neutron diffraction structure is that the pKa of
His52 increases in CmpI. This explanation is reasonable because
the crystals were grown at pH 6, so one might expect a significant
fraction of His52 to be protonated if the pKa were 7 or higher. As
outlined in Materials and Methods, we used two computational
procedures to estimate the pKa of His52 in both the resting Fe(III)
state and CmpI. Both methods give a substantial increase in the
pKa of His52 (Table 1) from ≈5.1–5.4 in the ferric resting state to
≈7.6–7.8 in CmpI, consistent with the neutron diffraction struc-
ture, where the crystals were grown at pH 6 (8). These results are
also consistent with resonance Raman studies (22, 23), where a
group, most likely the distal His, with a pKa near 8.8 (24) affects
the Fe(IV)=O stretching frequency of horseradish peroxidase
CmpII via changes in H-bonding strength to the ferryl O atom.
The increase in pKa can be readily rationalized by the structures
and the charges on the heme atoms derived from density func-
tional calculations. In the resting Fe(III) state, there is little di-
electric shielding between His52 and the heme iron. This
shielding, together with the nearby Arg48, surrounds His52 with
an electropositive environment that depresses the His52 pKa rel-
ative to a His free in solution. In CmpI, however, the partial
negative charge on the ferryl O atom increases the basicity of
His52, which is why a protonated His52 is observed in the neutron
diffraction structure (8) and is not due to an unknown source of
protons as depicted in Fig. 1B.

KSIEs. Despite the problematic mechanistic conclusions based on
the neutron diffraction structure (8), that His52 is observed to be

protonated is a critically important finding relevant to the re-
duction of CmpII (Fig. 1C). In the first electron transfer step to
CmpI, Cytc delivers an electron to the Trp radical to give CmpII.
The reduction of CmpII involves internal electron transfer from
Trp to Fe(IV)=O to give the Trp radical and Fe(III)-OH (25,
26). As shown in Fig. 1C, protonation of the ferryl O atom during
reduction of CmpII requires transfer of the His52 proton via
ordered solvent. This step is thought to be rate-limiting for CCP
at high ionic strength (25, 26), whereas for the closely related
LmP, this step is limiting at all ionic strengths (14). If CmpII
reduction is limiting and solvent plays an important role in
proton transfer, as suggested by the CmpI structures, then one
might predict a considerable KSIE.
The KSIE studies were carried out with LmP and its physio-

logical redox partner L. major cytochrome c (LmCytc) rather
than CCP. As noted in the Introduction, LmP is also a CCP and
forms the same stable Trp radical (17), and the crystal structure
of the LmP–LmCytc complex (16) is very similar to the CCP–
Cytc complex (27). LmP, however, exhibits simpler kinetics be-
cause kcat for LmP is relatively insensitive to ionic strength (14),
whereas kcat for CCP increases substantially with ionic strength
(25). This increase is generally thought to be the result of a
change in rate-limiting step in CCP, where product dissociation
is limiting at low ionic strength and reduction of CmpII is lim-
iting at high ionic strength (25, 26). An additional complication
with CCP is the presence of a second low-affinity site for Cytc at
low ionic strength (25, 28). Given that the rate-limiting step for
LmP appears not to change with ionic strength and that there is
no indication of a second Cytc binding site, we focused on LmP
for detailed KSIE studies.
As shown in Fig. 4A, the KSIE is 3.3 with no effect on Km,

clearly indicating that proton transfer is critical in the rate-lim-
iting step. We also determined the KSIE as a function of pH and
found that the KSIE increases slightly as the pH increases, to a
maximum of 4.4 at pH 7.0 (Table 2), with maximum activity
peaking near pH 7.0 and then decreasing at pH 8.0. These ob-
servations are consistent with previous studies (18). A plot of
rate vs. fraction of D2O (proton inventory, Fig. 4B) shows a
linear relationship, indicating that a single proton is involved in
the rate-limiting step.

Conclusions
The present work, together with a wealth of data on peroxidase
catalysis, supports the water-modified traditional peroxidase
mechanism of CmpI formation highlighted in Fig. 1B. This
conclusion includes the recent data provided by the neutron
diffraction structure determined by Casadei et al. (8). One factor
that was previously omitted, and that is critical to a correct in-
terpretation of the mechanism, is that the His52 protonation
observed in the CmpI neutron diffraction structure (8) is almost
certainly due to an increase in the His52 pKa. This increase in the

Table 1. Calculated pKa values of His52

Method pKa resting pKa CmpI

H++/MEAD 5.4 7.4
Constant pH 5.1 7.8

Fig. 4. KSIEs. (A) Comparison of the LmP reaction in H2O (blue triangles) and D2O (red circles) together with kcat and Km determinations using fits of these
plots to the Michaelis–Menten equation. (B) Proton inventory plot of rate vs. fraction of D2O.
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His52 pKa has important implications for CmpII reduction. Re-
duction of Fe(IV)=O to Fe(IV)-OH requires both electron and
proton transfer, which our KSIE studies suggest is rate-limiting.
As depicted in Fig. 1C, His52 is the ideal source of the required
proton. Once the iron is reduced to Fe(III), the pKa returns to the
resting state value of ≈5.1–5.4. Our CmpI structure is consistent
with this mechanism and with previous crystallographic work
based on complicated composite data protocols, which validates
the earlier studies (5, 6). Our work also illustrates the utility of
using the new generation of XFELs to carry out traditional crystal
structure determinations with the obvious advantage of no X-ray
damage or reduction of metal centers, thus providing an accessible
and beneficial tool in structural biology for probing short-lived
intermediates in enzyme catalysis.

Materials and Methods
Protein Expression, Purification, and Crystallization. The N184Rmutant of CmpI
was produced and crystallized as previously reported (29). Briefly, 10 μL of sitting
drops containing 400 μM protein, 22% (vol/vol) (4S)-2-methyl-2,4-pentanediol
(MPD), and 50 mM Tris·phosphate (pH 6.0) were seeded and incubated at 4 °C
for a few days. Freshly grown crystals were soaked in 10 mM H2O2, 35% (vol/vol)
MPD, and 50 mM Tris·phosphate (pH 6.0). Crystals ranging between 150 μm and
1 mm in length were harvested onto Hampton-style cryoloops, flash-frozen, and
stored in a Stanford Synchrotron Radiation Lightsource (SSRL) cassette.

LmP and LmCytc used in KSIE experiments were expressed and purified as
previously reported (14).

Data Collection. Data were collected at the X-ray pump probe end station at
the LCLS in December 2013 and in June 2014 under a stream of liquid ni-
trogen. Crystals were mounted on a goniometer using the Stanford Auto-
mated Mounting System (30), and diffraction patterns were collected on a
Rayonix MX325 detector as described previously (31). The helical data collection
mode was used in which each crystal was translated and rotated after each
exposure (31) so that multiple radiation damage-free diffraction images were
obtained from each crystal. During the December 2013 beam time, a total of 96
still images were collected from nine crystals. Crystals were exposed to a 3-μm ×
3-μm X-ray beam at a photon energy of 9.49 keV with a pulse length of 25 fs.
Crystals were translated by 50 μm and rotated by 0.5° between exposures.
During the June 2014 experiment, 275 stills were collected from 25 crystals using
a 15-μm × 15-μm beam at a photon energy of 9.43 keV and a pulse length of
40 fs. Crystals were translated by 60 μm and rotated by 0.5° between exposures.

Crystallographic Data Processing. Data were indexed and integrated sepa-
rately for each experiment using nXDS (32) with profile fitting turned off,
and the minimum Ewald offset correction set to 0.1. Reflections from both
experiments were scaled together with XSCALE, and intensities were con-
verted to structure factor amplitudes using XDSCONV. Two hundred fifty-
three images of a total of 371 collected images were used in the final dataset.

Molecular replacement was performed using MOLREP (33) utilizing data
between 18 Å and 1.5 Å. A low-radiation dose structure of CCP CmpI
obtained at SSRL beamline 9-2 [Protein Data Bank (PDB) ID code 3M23] (6),
from which the heme was removed, was used as a starting structure for
molecular replacement. The MR structure was refined for 10 cycles at 1.5 Å
using the program REFMAC (34), after which the heme was modeled in.
Several more rounds of refinement were performed with all restraints on
the iron removed, including the Fe-N and Fe-O restraints. Processing and
refinement statistics are shown in Tables S1 and S2.

Annealed Crystal Structure. We have shown previously that the CmpI spec-
trum in the crystal (Fig. 3A) is identical to the solution spectrum and that
significant reduction does not occur until a dose of ≈0.1 MGy is attained (6),
as calculated by RADDOSE (35). However, at a 7- to 8-MGy dose, the spec-
trum dramatically changes (“high-dose” spectrum in Fig. 3A) and the Fe-O
distance increases to 1.9 Å (Fig. 3B). To probe the nature of the X-ray–
reduced species further, data were collected at two different positions on
a 0.2-mm3 × 0.2-mm3 × 0.15-mm3 CmpI crystal at 13,000 eV on BL12-2,
resulting in an absorbed dose of 7.8 MGy, which ensures complete re-
duction. The visible spectrum of the crystal was measured on beamline BL9-1
and showed significant photoreduction. The crystal was then annealed by
blocking the cryostream for 10 s. Gas bubbles were observed leaving the
crystal during the warming of the crystal. The visible spectrum of the crystal
was measured again, and surprisingly demonstrated some ferryl features.
The crystal was exposed for an additional 1,000 s at 13,000 eV with a 200-μm
X-ray beam on beamline BL9-1. The absorbed dose for the exposure was cal-
culated to be 0.8 MGy, resulting in a cumulative absorbed dose of 8.6 MGy for
the crystal. The crystal was annealed again, and the measured visible spectrum
retained ferryl features. Finally, a 360° dataset with 10 s per degree was col-
lected to a resolution of 1.55 Å. A calculated additional 2.87 MGy was
absorbed by the crystal, resulting in a cumulative dose of 11.5 MGy. The
dataset was processed by the SSRL’s “autoxds” script using XDS (36), POINT-
LESS, and AIMLESS (37), utilizing the AIMLESS CC1/2 (half data set correlation
coefficient) > 30% criteria for a resolution cutoff. The previous CmpI structure
(PDB ID code 3M23) was also used to initiate refinement using BUSTER (38).
Data collection and refinement statistics are listed in Tables S1 and S2.

Computational Methods. Two procedures were used for estimating the pKa of
the catalytic distal His in both ferric resting state CCP (PDB ID 2CYP) and CCP
CmpI (PDB ID code 3M23). In both cases, protein charges were assigned using
the Amber ff99SB force field. Heme parameters, including the oxyferryl
oxygen atom, were taken from density functional calculations by Harris
and Loew (39). The first method used the H++ webserver (biophysics.cs.vt.
edu/index.php), which is a simplified user-friendly adaption of MEAD
(Macroscopic Electrostatics with Atomic Detail) (40). This approach uses a
continuum dielectric model to calculate the electrostatic difference in
work required to change the protonation state of a titratable group in
solvent compared with the lower dielectric milieu within the protein.

The second approach is based on the methods initially developed by
Warshel et al. (41) and later adapted for Amber by Mongan et al. (42). Here,
the free energy required to deprotonate a titratable group in the protein
(ΔGprotein) is compared with the same calculation free in solution (ΔGwater)
and the ΔΔG = (ΔGprotein − ΔGwater) is used to calculate the pKa of the
protein-bound group. The constant pH protocols using a Generalized Born
implicit solvent model as implemented in Amber 12 were used. Provided
with Amber 12 are the free energy calculations for all standard titratable
amino acids free in solution, which leaves only the ΔGprotein to be calculated.
This calculation is achieved by a Monte Carlo sampling of the Boltzman
distribution of the two possible protonation states during a molecular dy-
namics run. In our case, a Monte Carlo step was performed every 100 fs over
a 2-ns molecular dynamics run and the pH was set to 7.0. Because explicit
solvent was not used, we found, consistent with previous results (43), that
the protein can adopt unrealistic conformations. Therefore, a 1.0-kcal/mol
restraint was placed on backbone atoms. The output provides the fraction of
time the titratable group spends in any one of the two protonation states,
which is directly related to ΔGprotein from which ΔΔG can be calculated. The
pKa in the protein is readily calculated from

pKaprotein =pKawater +ΔΔGð1=2.03 kTÞ.

KSIEs. All kinetic experiments were performed at room temperature on a Cary
300 UV/Vis spectrophotometer. LmCytc was reduced by adding a small excess of
fresh sodium ascorbate and incubated on ice for 1 h. All LmCytc solutions used
wereensured to containnomore than2%LmCytc(III). Deuteratedbuffers forKSIE
experiments were prepared in 99.9% D2O (EMD Millipore), and pD (pH in D2O)
was adjusted according to the following relationship: pD = pHobs + 0.38. LmP
and LmCytc stock solutions were highly concentrated using 10,000 molecular
weight cutoff Amicon concentrators (Millipore) to ensure minimal protium
contribution to deuterated buffers, and were equilibrated in D2O buffer before
each activity measurement. All concentrations were determined using the ap-
propriate molar extinction coefficients (e558 of 29 mM−1·cm−1 for reduced
LmCytc, e408 of 113.6 mM−1·cm−1 for LmP, and e240 of 0.0436 mM−1·cm−1

for H2O2), and LmCytc oxidation rates were calculated using a Δe558 of
19.4 mM−1·cm−1. The reaction was initiated by the addition of H2O2

Table 2. KSIE as a function of pH/pD

pH/pD

D2O H2O

H2O/D2O ratioVo/e, s
−1

6.0 58.9 ± 3 175 ± 7 3.0 ± 0.3
7.0 76.2 ± 6 338 ± 8 4.4 ± 0.4
8.0 66.2 ± 7 261 ± 10.2 3.9 ± 0.6

All measurements were done in 5 mM potassium phosphate (KH2PO4/
K2HPO4) buffer titrated to the appropriate pH/pD, taking into account the
following relationship between pH and pD: pD = pHobs + 0.38. Additional
details are provided in Materials and Methods. Vo/e, [velocity/(enzyme)].
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(0.15 mM), and LmCytc(II) oxidation was monitored at 558 nm. The Km and kcat
measurements were done in 25 mM potassium phosphate (KH2PO4/K2HPO4)
at pH 6.8 and in the same deuterated buffer at pD 6.8. Data were fit according
to the following hyperbolic term:

Vmax½LmCytc�
Km+ ½LmCytc�.

The pH/pD dependent assays were done in 5 mM KH2PO4/K2HPO4 buffer at
pH/pD 6.0, pH/pD 7.0 and pH/pD 8.0, and in a final reaction mixture con-
taining 0.5 nM LmP and 30 μM LmCytc.
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