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ABSTRACT: Rieske proteins are a class of electron transport proteins that are intricately involved in respiratory
and photosynthetic processes. One unique property of Rieske proteins is that the reduction potential is
pH-dependent. The ionizable groups responding to changes in pH have recently been shown to be the two
histidine residues that ligate the [2Fe-2S] cluster. To probe the chemical reactivity toward and the accessibility
of the ligating histidines to small molecules, akin to the substrate quinol and the inhibitor stigmatellin, the
Thermus thermophilus Rieske protein was reacted with diethyl pyrocarbonate (DEPC) over a range of
pH values. The modification was followed by UV —visible, circular dichroism, and EPR spectroscopies and
the end product analyzed by mass spectrometry. The ligating His154, as well as the two nonligating histidines
and surface-exposed lysines, were modified. Interestingly, modification of the protein by DEPC was also
found to reduce the metal cluster. The ability to control the redox state was examined by the addition of
oxidants and reductants and removal of the DEPC—histidine adduct by sodium hydroxide. Characterization
of the DEPC-modified Rieske protein, which remains redox active, offers a probe to analyze the effects of
small molecules that inhibit the function of the hc; complex and that have also been shown to interact with the

ligating histidines of the Rieske [2Fe-2S] cluster in crystal structures of the complex.

Rieske proteins are electron transport proteins that are invol-
ved in key biological processes such as cellular respiration (as part
of the b¢; complex) and photosynthesis (as part of the bg f complex)
(1, 2). The redox-reactive component of the Rieske protein is a
[2Fe-2S] cluster that is ligated by two cysteine and two histidine
residues which are the only strictly conserved residues across the
Rieske and Rieske-type family (3). All Rieske proteins, including
the soluble portion of the Rieske protein from Thermus thermo-
philus (truncTtRp)" utilized in this study, have been shown to have
pH-dependent reduction potentials (4, 5), with the histidines ligat-
ing to the cluster deprotonating in response to increases in pH (6).

Diethyl pyrocarbonate (DEPC) is a widely used chemical modi-
fier that reacts with deprotonated histidines to transfer a carbethoxy
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moiety (C(O)OCH,CHj) onto the ring nitrogen (Figure 1b) (7).
In addition, it reacts with side chains of lysines and tyrosines and
the protein N-terminus. Many studies over the years have used
this reagent as a probe to determine whether a catalytic mecha-
nism involves a critical histidine, as indicated by disruption of
enzymatic action after formation of a DEPC—histidine adduct (8).
DEPC has been shown to inhibit the bc; complex, and prelimi-
nary studies suggested that the mechanism of inhibition is through
formation of a functionally inert adduct of the Rieske protein.
A possible mechanism of inhibition is modification of the histidines
ligating to the [2Fe-2S] cluster (9—12).

The importance of the ligating histidines can be examined, in
part, by analyzing their interactions with small molecule inhibi-
tors of the he; complex. There are numerous crystal structures
of the complete hc; complex (43 total) from several different
organisms which also have small molecules bound in the active
site of those structures (/3—28). Stigmatellin has been used as a
small molecule probe of the quinol binding site in numerous
crystallographic studies and has been shown to interact with the
Rieske protein via a hydrogen bond to the Ne of the higher
numbered ligating histidine residue (13— 18, 21—25). Stigmatellin
was originally reported in 1985 to be an inhibitor of the bc; com-
plex (29) and was subsequently shown to inhibit movement of the
Rieske protein between quinol and cytochrome ¢; (/3). A more
recent study suggested that the mechanism of inhibition also in-
volves the reduction of the [2Fe-2S] complex of the Rieske protein.
The source of electron in this process, however, is unknown (30).
Additionally, it has been hypothesized that hc; complex inhibition
by other xenobiotics, such as chromonols and ascochlorin, is also
through, at least in part, interaction with the ligating histidine(s)
of the Rieske protein (37, 32). The degree to which these small
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FiGURE 1: (a) Crystal structure of trunc77Rp (PDB code 3FOU) in ribbon representation (purple). The [2Fe-2S] cluster, histidines, and ligating
residues are shown as sticks in color by atom. (b) Scheme, based on the figure in ref 7, of the reaction of DEPC with deprotonated histidines.

molecule—protein interactions influence the electronics of the
[2Fe-2S] cluster, however, has yet to be fully characterized.

The Rieske protein from 7. thermophilus has been reported
to have two pK, values for the oxidized protein, pK,y, = 7.8 and
PKox> = 9.6, and one pK, for the reduced protein, pKq =
12.5 (4). An additional role for the histidine ligands, substanti-
ated by spectroscopic measurements and theoretical calculations,
is that these pK, values reflect the protonation/deprotonation of
the Ne atoms of the two ligating histidines and, thus, are respon-
sible for the pH-dependent reduction potential (33—37). A recent
study showed pH-dependent "N NMR shifts for Hisl34 and
His154 of the T. thermophilus Rieske and assigned the lower pK,
to His154 (6). Thus, the pK,, of the ligated histidines is lowered
from the expected pK,, of 14.5 due to ligation to the [2Fe-2S]
center. Clarifying the reactivity of the histidines ligated to the
[2Fe-2S] cluster is critical for elucidating the available types of
molecular interactions with the intended redox partners (quinol
and cytochrome c, or their equivalents), small molecule inhibitors,
or protein/protein interactions within the complete b¢; complex.

In this study, DEPC was used to modify the protein in order to
gain insight into the reactivity of the histidines and to probe the
effects of chemical modification of the ligating histidine(s) on
the redox state of the [2Fe-2S] cluster. We used DEPC to trap the
deprotonated ligating histidine(s). UV—visible, circular dichroism
(CD), and electron paramagnetic resonance (EPR) spectros-
copies were utilized to monitor the effect(s) of this modification
on the electronics and structure near the metal center. Subsequently,
mass spectrometry analysis definitively identified the ligating
His154, among other residues, as being modified by DEPC. Chemi-
cal modification of the Rieske protein from T. thermophilus by
DEPC affords a way to examine the reactivity of the ligand histi-
dines of Rieske proteins and provides insight into how the inter-
actions of the ligating histidine residues influence the protein’s
redox properties.

MATERIALS AND METHODS

Mutagenesis and Expression of Rieske Protein. The
vector used for expression of trunc77Rp, which lacks 17 residues
found in TtRp, is the construct previously described (37). Muta-
genesis of the histidine residues in the large domain (His120 and
His162) was accomplished in sequential PCR reactions using the
Strategene QuikChange kit (Agilent Technologies, La Jolla, CA)
supplemented with 5 uL. of GC-Melt buffer (Clonetech, Mountain
View, CA) and 2.5 uL of DMSO to the 50 L reaction. The follo-
wing primers were used: 5-GAGGTGGCCCAGCAAGCCG-
CGGAGGGC-3 for H120Q and 5-GTACGACCTCAGG-
CAAGGCGCCCAGGTC-3 for H162Q. The plasmid containing

the gene for truncT:Rp and His120GIn/His162GlIn truncT¢Rp
(H120Q/H162Q) in the multiple cloning site was transformed
into C41(DE3) competent cells (Lucigen Corp., Middleton, WI)
according to the manufacturer’s protocol. The transformed cells
were grown on YT plates and in TB broth in the presence of ampi-
cillin (100 ug/mL). A 6 L culture was grown and induced with
0.4 mM IPTG when the ODgyy = 1 AU. Supplements, 150 uM
cysteine and 150 ug/mL ferric ammonium citrate (final con-
centration), were added to the cultures upon induction to aid the
in the synthesis of the [2Fe-2S] cluster. The cells were harvested
and lysed as described previously (37). The lysate was dialyzed
into 50 mM Tris, pH 8.0. All subsequent steps in the isolation
proceeded as previously described except that the ammonium
sulfate precipitation step was not used. Removal of this step in-
creased the yields of isolated protein. Allisolated proteins were in
the oxidized state and were found to be stable. The purity of each
protein was assessed by SDS—PAGE. The concentration of each
protein was determined by the difference in AU57, of the isolated
oxidized form and the reduced form obtained by the addition of
an excess of sodium dithionite (37). The expression of H120Q/
H162Q (4.3 mg/L of culture) was lower than that of truncT¢tRp
(20 mg/L of culture). The addition of iron- and sulfur-containing
supplements at induction increased the expression of H120Q/
H162Q 9-fold.

DEPC Modification Monitored by UV—Visible Spectro-
photometry. All UV—visible data were collected on a Hitachi
U-3000 spectrophotometer (Chicago, IL) with a 1 cm path length
in quartz microcuvettes. The experimental conditions used were
as follows: scan speed 600 nm/min; slit 2 nm; cycle time 2 min.
The purified proteins were stored in 25 mM Tris buffer with
100 mM NaCl at pH 8.0. Prior to the modification experiments,
the proteins were dialyzed to exchange the Tris buffer (which
readily reacts with DEPC) into 25 mM bulffer at the desired pH
(see below). The buffers used at the various pH conditions were as
follows: pH 6, MES buffer; pH 7, MOPS buffer; pH 8 and 9,
sodium phosphate. The pH was checked after dialysis and before
modification to ensure that no drift had occurred. The samples
were diluted to 0.5 mL (48 uM), and UV—visible spectroscopy
(650—230 nm) was used to monitor the modification after the
addition of DEPC (5 uL, neat) at 2 min intervals over 24 min. The
experiments were performed in triplicate, and the data were pro-
cessed as difference spectra by subtracting the spectrum of the
protein prior to the addition of DEPC from each spectrum taken
after DEPC addition.

DEPC Modification Monitored by Circular Dichroism.
CD spectra were collected on a Jasco J-815 spectropolarimeter
(Tokyo, Japan). Experimental conditions used for single scans



7274  Biochemistry, Vol. 49, No. 34, 2010

were as follows: bandwidth, 2 nm; scan speed, 500 nm/min; reso-
lution, 1 nm; temperature, 25 °C; response time, 1 s. The purified
protein was diluted to a final concentration of 100 #M in a final
volume of 400 uL of 25 mM buffer appropriate for the desired
pH for spectra collected from 650 to 230 nm and 34.5 uM for the
spectra taken at 260—200 nm. For the spectral comparison of
reduced and oxidized trunc77Rp and H120Q/H162Q), the protein
concentrations were 138 uM in 20 mM Tris, pH 8.0, and 100 mM
NaCl. All chemicals used were obtained from Sigma Aldrich
Chemical Co. (St. Louis, MO). Prior to analysis, the purified
proteins were dialyzed into 25 mM buffer at the desired pH
according to the protocols above. CD (650—230 nm) was used to
monitor the modification by DEPC (5 uL, neat) at 2 min intervals
over 90 min at various pH values from 6.0 to 9.0. All experiments
were performed in triplicate at 25 °C.

Oxidation| Reduction of DEPC-Modified HI20Q/HI162Q.
Immediately after modification of H120Q/H162Q, the sample
was treated with potassium ferricyanide (I mM) or sodium
dithionite (10 mM). The change in oxidation state of the modified
protein was monitored with CD (650—230 nm) at 2 min intervals
over 20 min.

EPR of the DEPC-Maodified Proteins. TruncTtRp and
HI120Q/H162Q were modified with DEPC as described above.
For the ferricyanide experiment, 10 mM potassium ferricyanide
was added to the sample after the 90 min reaction with DEPC.
The samples were then dialyzed and concentrated to a final pro-
tein concentration of 900 M after being cryoprotected with 30%
(v/v) glycerol. The samples were frozen at —80 °C. EPR spectra
were acquired at the CalEPR center at the University of California,
Davis, on a Bruker ECS 106 continuous wave X-band spectro-
meter. Data were collected at 10 K in an Oxford ESR 900 liquid
helium cryostat using an Oxford ITC503 temperature controller.
Field calibration was done at room temperature using g-value
marker LiF:Li (g = 2.002293).

Removal of DEPC Adducts of Histidine(s). Immediately
after DEPC modification of H120Q/H162Q using CD, 5 uL of
9 M sodium hydroxide (final concentration of 150 mM) was
added to the sample. The removal of the DEPC adduct from the
histidine was monitored by CD (650—230 nm) and UV—visible
(600—230) spectroscopies at 2 min intervals over 40 min. Addi-
tionally, a control sample of the same pH and concentration
(no DEPC added) of H120Q/H162Q was treated with an equal
amount of sodium hydroxide and characterized by CD to account
for any effect of pH on the spectrum.

Mass Spectrometry. After modification of trunc7¢Rp or
H120Q/H162Q with DEPC, the protein was dialyzed into 20 mM
ammonium bicarbonate. The protein was diluted 1:1 into 0.2%
trifluoroacetic acid (TFA) and applied to a C4 ZipTip (Millipore,
Billerica, MA). The protein was subsequently eluted from the
ZipTip by 50 uL of 50% acetonitrile containing 0.2% TFA
and dried by vacuum centrifugation (SpeedVac; Thermo Fisher
Scientific, Waltham, MA). Proteolytic digestion was accom-
plished by addition of 20 ng of chymotrypsin (Sigma Chemical
Co.) in 10 uL of 40 mM ammonium bicarbonate, pH 8, contain-
ing 10% acetonitrile, S mM TCEP, and 5 mM EDTA to the dried
sample to give an enzyme:protein ratio of ~20:1. The digestion
was allowed to proceed overnight at 30 °C. The digests were
analyzed by capillary HPLC—electrospray ionization—tandem
mass spectrometry (HPLC-ESI-MS/MS) using a Thermo Fisher
LTQ linear ion trap mass spectrometer fitted with a New Objec-
tive PicoView 550 nanospray interface. Online HPLC separation
was accomplished with an Eksigent NanoLC micro HPLC:
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column, PicoFrit (New Objective; 75 um i.d.) packed to 11 cm
with CI8 adsorbent (Vydac; 218MSBS, 5 um, 300 A); mobile
phase A, 0.5% acetic acid (HAc)/0.005% TFA; mobile phase B,
90% acetonitrile/0.5% HAc/0.005% TFA; gradient, 2—42% Bin
30 min; flow rate, 0.4 uL/min. MS conditions were as follows: ESI
voltage, 2.9 kV; isolation window for MS/MS, 3; relative collision
energy, 35%; scan strategy, survey scan followed by acquisition
of data-dependent collision-induced dissociation (CID) spectra
of the seven most intense ions in the survey scan above a set thres-
hold. The uninterpreted CID spectra were searched by means of
Mascot (Matrix Science, London, U.K.) against a database that
contains the sequences of the expressed proteins concatenated to
the Swiss-Prot database. Chymotrypsin was specified as the
proteolytic enzyme, and three missed cleavages were allowed.
Variable modifications considered were DEPC modification of
histidine and lysine and oxidation of methionine and proline.
Peak lists were created using extract_msn.exe. Precursor and
fragment ion mass tolerances were 1.5 and +0.8 Da, respec-
tively. Cross-correlation of the Mascot results with X! Tandem
and determination of protein identity probabilities were accom-
plished by Scaffold (Proteome Software, Portland, OR).

RESULTS

To investigate the reactivity of the ligand histidines that are
involved in the pH-dependent reduction potential, Rieske pro-
teins from T. thermophilus (Figure 1a) were reacted with DEPC.
When DEPC reacts with histidines, it only modifies deprotonated
histidines (Figure 1b) to form a covalent carbethoxy—histidine
adduct. TruncTtRp contains a total of four histidine residues
(Figure 1a), two of which are ligated to the [2Fe-2S] cluster
(His134 and His154) and are strictly conserved across isoforms.
The remaining two histidines (His120 and His162) are not spati-
ally close to the metal cluster and are not conserved across
isoforms. A double mutant, H120Q/H162Q, was designed to
provide a protein in which each nonligating histidine was
mutated to glutamine. Thus, only the ligand histidines remained.
The mutant was produced and purified in order to directly probe
the roles of the conserved histidine residues ligated to the redox-
active [2Fe-2S] cluster.

Spectroscopic Characterization of HI20Q/H162Q. To
ensure that the mutagenesis to H120/H162Q did not fundamen-
tally alter the protein structure, the protein fold was assessed by
CD (260—200 nm) in the amide backbone region and compared
to truncTtRp. The oxidized and chemically reduced forms (using
excess dithionite) of trunc7tRp and H120Q/H162Q were com-
pared using CD and are nearly identical (Supporting Information
Figure S1). The pK, values of the oxidized H120Q/H162Q pro-
tein were determined by fitting the change in AUys4 as a function
of pH using UV —visible spectroscopy, as previously described (37).
The pKox; = 7.29 £0.15 and pKyxp = 9.69 £ 0.10 for HI20Q/H162Q
are similar to truncT¢Rp (Supporting Information Figure S1) (37).
Thus, truncTtRp and H120Q/H162Q were considered to be suffi-
ciently identical in structural and biophysical characteristics to be
used for the current study.

Monitoring DEPC Modification by UV—Visible Spectro-
scopy. Modification of histidine with DEPC occurs only when
the imidazole side chain of the histidine is deprotonated (Figurelb)
(7). As such, this modification is a particularly useful tool to
probe the protonation state of histidine residues. The extent of modi-
fication of trunc7tRp and H120Q/H162Q by DEPC was initially
determined by UV—visible spectroscopy using the characteristic
absorbance of the carbethoxy—histidine chromophore at 240 nm (7).
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FIGURE 2: Treatment of (a) trunc7/Rp and (b) H120Q/H162Q modified at pH 8.0 by DEPC as analyzed by UV—visible difference spectra
(650—230 nm) of time points taken 2, 4, 6, and 18 min after the addition of DEPC. Arrows denote the increase at 250 nm due to the accumulation
of the DEPC—histidine adduct and the decrease in the LMCT bands. Insets: Raw data before subtraction. Plot of change at 250 nm of treatment of
(c) truncTtRp and (d) H120Q/H162Q by DEPC at pH 6.0 (triangles), 7.0 (circles), and 8.0 (squares). Dotted lines are shown for depiction only.

Error bars shown are SEM of triplicate measurements.

Upon addition of DEPC to both trunc7tRp and H120Q/H162Q),
the absorbance increased maximally at 250 nm? and was moni-
tored over time (panels a and b of Figure 2, respectively) in order
to confirm that DEPC—histidine adducts were forming. Detec-
tion of the chromophore in the DEPC adduct of the H120Q/
H162Q mutant (which contains only the two ligating histidines)
indicated that at least one of the ligands had been modified.
DEPC modification was performed at pH 6.0, 7.0, 8.0, and 9.0
for both truncTtRp and H120Q/H162Q. For pH 6—8, the rate of
modification, as determined by the time needed to reach maxi-
mum change in absorbance at 250 nm (A250,,,.x), increased with
increasing pH for both proteins (Figure 2c,d); A250,. was
achieved by 24 min for all pH values. Using the published molar
absorptivity of 3200 M ™' cm ™" for the chromophore at 240 nm (7),
with the caveat that the maximum in this study is actually at 250 nm,
the number of modified histidines for trunc7¢Rp can be estimated,
and it increases from 0.8 to 1.6 to 2.5 for pH 6—38, respectively
(Table 1). The behavior of both trunc7¢Rp and H120Q/H162Q at
pH 9.0 was slightly different than for pH 6—8 (see below).
Interestingly, the extent of modification, as defined by A250,,y,
was only pH-dependent for trunc7tRp and not for H120Q/
H162Q. A250,,,,« for DEPC modification of H120Q/H162Q was
less than that of truncTtRp, consistent with removal of 50% of
the histidines by mutagenesis. In addition, estimating the number
of modified histidines indicates that only 0.6—0.7 histidines are
modified at pH 6—9 (Table 1). These results indicate that there is
only one histidine that is modified in H120Q/H162Q.
TruncTtRp behaved differently when modified by DEPC at
pH 9.0 compared to pH 6—8. The extent of modification (A250,,ax)

>The chromophore of the histidine—DEPC adducts of the Rieske
protein are red shifted from the canonical 240 to 250 nm. Additionally,
the ligation of either 50% (truncTtRp) or 100% (H120Q/H162Q) of the
available histidines to the [2Fe-2S] cluster would inevitably affect the
molar absorptivity of the ligated residues. The calculated values repre-
sent, therefore, an estimate of the number of modified histidines.

Table 1: Extent of DEPC Modification of trunc77Rp and H120Q/H162Q
A250,,,x, nm (AU)*

estimated no. of modified histidines”

pH trunc7:Rp HI120Q/H162Q  trunc7tRp H120Q/H162Q
6.0 0.12540.003 0.381 £0.006 0.8+£0.02 0.6+0.04
7.0 0.092 £0.003 0.098 £0.002 1.6£0.02 0.7+0.01
8.0 0.25040.004 0.127£0.009 24+0.03 0.6 £0.06
9.0 0.112+£0.005 0.0954+ 0.001 0.8+0.03 0.6£0.01

“A250,,.« nm is calculated as the maximum difference at 250 nm, with
the regorted value as the average + the standard deviation of the three
runs. “These numbers represent an estimation of the number of modified
histidines using the molar absorptivity of 3200 M~ ' cm ™" at 240 nm. These
values come from the maximum at 250 nm (see footnote 2).

at pH 9.0 was less than that at pH 8.0 (Table 1). This result can be
explained by the reversibility of the carbethoxy—histidine at
alkaline pH (7). Estimating the number of modified histidines
gives 0.8 histidines modified at pH 9. These data are consistent
with at least one histidine in trunc7fRp that was modified by
DEPC retaining the adduct at this pH. In contrast, there was no
loss of the histidine—DEPC chromophore of modified H120Q/
H162Q at pH 9.0. One interpretation is that the ligating histidine
residue(s) modified by DEPC is stable at pH 9.0. However, the
nonligating histidine residues (present in trunc7¢Rp but not in
H120Q/H162Q) that are modified by DEPC are not stable at
high pH.

While the observed increase in absorbance at 250 nm con-
firmed the successful modification of histidines by DEPC in both
trunc7tRp and H120Q/H162Q, the histidine—DEPC chromo-
phore is not able to discriminate between ligating and nonligat-
ing histidines. To examine the effects of DEPC modification on
the metal center, the three major LMCT bands in the oxidized
truncTRp protein (325, 458, and 560 nm) were analyzed. Con-
current to the increase in the absorbance at 250 nm, a decrease in
the LMCT bands in the visible region (600—300 nm) was observed
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were taken at 2 min intervals over 90 min. The initial spectrum is in black, and the final spectrum is in green.

upon addition of DEPC (Figure 2a). The decrease in the LMCT
bands became more pronounced at higher pH. There was also a
blue shift of the 325 nm LMCT band upon DEPC modification
that became evident at higher pH (Figure 2a, inset). The changes
in the LMCT bands resulting from DEPC modification were
only slightly different between trunc7tRp and H120Q/H162Q
(Figure 2a,b). The similarity in changes to the LMCT bands bet-
ween the two proteins provides compelling evidence that the reac-
tion with DEPC produced modified histidines that are ligands
to the cluster since H120Q/H162Q contains only the two ligand
histidines.

Monitoring DEPC Modification by CD Spectroscopy.
CD spectroscopy is an especially useful tool for the current study
because the presence of the [2Fe-2S] cluster gives a strong spectro-
scopic signature in the visible region. Modification of H120Q/
H162Q using an excess of DEPC was performed at different pH
values (6.0, 7.0, 8.0, 9.0) and monitored using CD (600—230 nm)
for 90 min after the addition of excess DEPC (Figure 3). A com-
plex set of changes at 315, 340, 385, 400, 450, and 500 nm resulted
from DEPC modification; the extent of change in these signals
was more pronounced with higher pH (Figure 3). No significant
alteration of the global fold was observed after DEPC modifica-
tion (Supporting Information Figure S2). Additionally, no loss of
signal originating from the metal center was observed, indicating
that the protein remained predominantly in /i0lo form. Modifica-
tion of truncTtRp by DEPC in various pH environments resulted
in similar changes as H120Q/H162Q (Supporting Information
Figure S3). Taken together, these results substantiate the con-
clusion that the altered spectroscopic signals in the visible region
derive from the common histidines in the two proteins, the ligands
to the [2Fe-2S] cluster.

Removal of DEPC— Histidine Adduct(s). Histidine mod-
ification by DEPC is reversible by treatment with hydroxylamine
or alkaline pH (7). The ability to remove the DEPC adduct from
histidine is particularly useful to differentiate between the reversible
reactions of DEPC with histidine from the irreversible, nonspecific

reactions with lysine or tyrosine residues. H120Q/H162Q was
reacted with DEPC at pH 8.0 as described above. After the modi-
fication reaction, concentrated sodium hydroxide was added, and
the time course of removal of the DEPC from histidine was
monitored by UV—visible and CD spectroscopies (Figure 4). A
matched control sample, also at pH 8, was treated with the
same amount of sodium hydroxide. The final spectrum of sodium
hydroxide-treated, modified protein was nearly identical to un-
treated protein at the same pH, indicating that removal of the
DEPC adduct from the ligating histidine residue(s) restored
the [2Fe-2S] cluster to its native state (Figure 4b). The removal
of the DEPC adducts on histidine by sodium hydroxide also
restored the LMCT bands, concurrent with the loss of the 250 nm
chromophore (Figure 4a), further confirming that the H120Q/
H162Q is still in the holo form after modification and that the
changes induced by DEPC modification are reversible. Protein
treated in this way can still be reduced with dithionite (data not
shown).

Mass Spectrometry Analysis of DEPC-Modified Proteins.
The modification of histidine residues by DEPC is readily detectable
in the UV—visible spectrum due to the characteristic carbethoxy—
histidine chromophore, but the adducts with tyrosines and lysines
are not readily observed by spectroscopy since they do not pro-
duce new chromophores. However, it is possible to fully charac-
terize the end product(s) to determine the specific location of the
chemical modifications on the proteins through use of tandem
mass spectrometry. Trunc77Rp and H120Q/H162Q modified
with DEPC at pH 7.6 were proteolytically digested with chymo-
trypsin and analyzed by HPLC—electrospray tandem mass spectro-
metry. The sequence information provided by the tandem mass
spectra permitted unambiguous identification of the modified
residues which exhibited the expected mass shifts due to addition
of +72 Da per carbethoxy group.

After chymotryptic digestion, all four of the histidine residues
of truncTtRp were detected, each in a separate peptide. Ligating
His154 was found as DEPC-modified and unmodified states in
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FIGURE 4: Removal of the carbethoxy—histidine adduct of H120Q/H162Q by treatment with sodium hydroxide monitored by (a) UV—visible
difference spectra of time points taken every 2 min after the addition of sodium hydroxide. The difference is the DEPC-modified protein
subtracted from DEPC-modified protein with sodium hydroxide. The final spectrum is in black. (b) CD spectra of H120Q/H162Q (black), DEPC-
modified HI20Q/H162Q (red), sodium hydroxide-treated DEPC-modified H120Q/H162Q (cyan), and sodium hydroxide-treated H120Q/
H162Q (purple).

b

Residue | truncTiRp [ H120/162Q Pre- Pre- NaOH
oxidized | reduced | treated

His134 - - - - -
His154 + + + - -
His120 > n/a n/a nia n/a
His162 + n/a n/a na n/a
Lys49 + + + + +
Lys53 + + + + +
Lys68 + + + + +
Lys76 + + + + +
Lys90 + + + + +
Lys92 + + + + +
Lys95 - -

Lys100 + + + + +

FIGURE 5: Mass spectrometry analysis of trunc7tRp and H120Q/H162Q treated with DEPC under various conditions. (a) Representation of
all histidine and lysine (PDB code 3FOU, ribbon in purple) with the residues that have been observed in the DEPC-modified state shown in sticks
and colored in red. Residues pictured in color by atom are not observed as DEPC-modified. (b) Chart showing the state of modification by DEPC
in trunc77Rp (column 1), H120Q/H162Q (column 2), “preoxidized” H120Q/H162Q treated with DEPC (column 3), “prereduced” H120Q/
H162Q treated with DEPC (column 4), and DEPC-modified H120Q/H162Q subsequently treated with sodium hydroxide (column 5). The ligat-
ing histidine that was modified by DEPC, His154, is in bold.

trunc7tRp. The other ligating histidine, His134, was never obser- DEPC for 90 min strongly resembled reduced protein. The signal
ved to be modified by DEPC. The two nonligating histidines in loss at 340 nm, the red shift at 385 nm, and signal shift from posi-
truncTtRp, His120 and His162, were observed as both DEPC- tive to negative at 500 nm after the addition of DEPC were remini-
modified and unmodified. As in trunc7tRp, His154 was found to scent of changes seen when the proteins were chemically reduced

be modified in H120Q/H162Q, while His134 was not (Figure 5). with a small excess of dithionite (Figure 6a). Since a decrease in
In addition to DEPC-modified histidines, mass shifts of +72 the LMCT bands, as observed by UV—visible spectroscopy, was

Da were observed for seven of the eight lysines in DEPC-treated also seen when trunc7tRp was chemically reduced, it is possi-
truncTtRp and HI120Q/H162Q, relative to control samples. All ble that the proteins have become reduced as a consequence of
eight of the lysines of trunc77Rp and the mutant are solvent-exposed DEPC modification.

on the large domain and are not close to the small domain con- We tested the reduction hypothesis in several ways. First, the
taining the [2Fe-2S] cluster. One lysine, Lys95, was never found oxidant potassium ferricyanide was added to DEPC-modified

to be modified, most likely because of a crystallographically H120Q/H162Q (Figure 6b). The observed shift to positive at
observed hydrogen bond with either Glu50 or Asp56 (PDB codes 500 nm is consistent with the reoxidation of the [2Fe-2S] cluster of

INYK and 3FOU) (Figure 5). the DEPC-modified protein; however, it does not return to its

The DEPC-modified H120Q/H162Q that was treated with initial value. This result also indicates that the [2Fe-2S] cluster
sodium hydroxide to remove the histidine adducts was also analyzed remained ligated by the histidines over the course of DEPC modi-
by mass spectrometry. Consistent with the spectroscopic data, the fication and that the redox state of the protein can be manipu-
DEPC adduct of His154 was not observed. The lysine modifications lated with small molecules. Second, the reducing agent sodium
were not affected by base treatment due to the irreversibility of dithionite was added to DEPC-modified protein. There was no
the DEPC—lysine adducts and, thus, still showed the +72 Da mass change in the CD spectrum upon addition of the reducing agent
shifts. Overall, the mass spectrometry results of the products from (Figure 6¢), which is consistent with the protein becoming fully

DEPC modification and reversal confirmed that ligating (His154) reduced during the course of DEPC modification. Lastly, EPR
and nonligating histidines (His120 and His162 in trunc7tRp) as well spectra of DEPC-modified proteins (both trunc7tRp and H120Q/
as multiple lysine residues in the large domain of trunc77Rp and H162Q) were acquired. This method provides the most definitive
H120Q/H162Q were modified by DEPC (Figure 5b). answer to the question of reduction because the oxidized [2Fe-2S]

Effect of DEPC Modification on Redox State. The CD cluster of trunc77Rp is EPR silent whereas the chemically redu-
spectrum of trunc7tRp or HI20Q/H162Q after reaction with ced [2Fe-2S] cluster has an EPR signal with g-values at 2.03, 1.90,
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FIGURE 6: Similarity between chemically reduced and DEPC-treated H120Q/H162Q as characterized by CD. (a) HI120Q/H162Q treated with a
2-fold excess of dithionite monitored every 2 min after addition. The initial spectrum is a solid black line, and the final spectrum is a dotted black
line. The arrows depict the signature drops at 340 and 500 nm when the [2Fe-2S] cluster is reduced. (b) H120Q/H162Q (black line) is modified with
DEPC (red line) and subsequently treated with the oxidant potassium ferricyanide (blue line). (c) H120Q/H162Q (black line) modified by DEPC
(red line) and subsequently reduced with dithionite and monitored at 2 min intervals over 40 min with the final spectrum shown in green. (d) EPR
spectrum of DEPC-modified H120Q/H162Q. The spectrum was collected after modification, with no added reductant. Conditions: ten scans,
sweep width 2500 G, microwave power 5.02 x 1072, modulation amplitude 8.06 G, conversion time 41.0 ms, and RTC 81.9 ms.

and 1.80 (37). The EPR spectrum of DEPC-modified H120Q/
H162Q was consistent with that of a reduced Rieske protein
(Figure 6d). Addition of potassium ferricyanide to the DEPC-
reduced protein completely removes the EPR signal (Supporting
Information Figure S4). The g-values for both modified proteins
[DEPC—truncT1Rp, (2.03, 1.90, and 1.79) and DEPC—H120Q/
H162Q (2.01, 1.91, and 1.82)] were slightly shifted from the
signals for chemically reduced trunc7tRp and H120Q/H162Q
(Supporting Information Table S1), consistent with a small
change to the cluster environment, the DEPC adduct on His154.

Effect of Redox State on DEPC Modification. The pK,
value of the reduced T1Rp protein has been reported to be
12.4 (4). If the pK, values of the protein are a measure of the
histidine protonation/deprotonation, then the predominately proto-
nated ligating histidines of the chemically reduced trunc77Rp
would not be available for reaction with DEPC. H120Q/H162Q
was reacted with an excess of dithionite and confirmed to be in
the reduced state by CD. DEPC was added to the sample using
the same protocol as above, and no change in the spectrum was
observed (Figure7a), indicating that reducing the cluster had,
in fact, prevented the modification from occurring. When this
sample was characterized by mass spectrometry, no modification
of His154 was observed, but the lysine modifications were the
same as in H120Q/H162Q that had not been “prereduced”
(Figure 5b, column 4). These data are consistent with the model
that the high pK, of the ligating histidine residues in the reduced
Rieske proteins from 7. thermophilus precludes the modification
of this residue by DEPC.

Potassium ferricyanide was added to H120Q/H162Q prior to
the addition of DEPC, and the reaction was subsequently moni-
tored over 90 min. The same signals (315, 340, 385, 400, 450, and
500 nm) were affected by DEPC modification in the presence or
absence of an oxidant. However, the changes observed in the
presence of potassium ferricyanide were of lower amplitude than

when the oxidant was not added (Figure 7b). Therefore, the DEPC-
modified but oxidized (Fe(III)—Fe(III) state of [2Fe-2S] cluster)
HI120Q/H162Q has a significantly altered spectrum relative to the
untreated protein. This is consistent with the previously discussed
result that the treatment of DEPC-modified H120Q/H162Q with
the oxidant does not return the spectrum to that of untreated
protein. When this sample was characterized by mass spectro-
metry, modification of Hisl154 and multiple lysines was seen to
the same extent as in a sample of H120Q/H162Q that had not
been “preoxidized” (Figure 5b, column 3). Therefore, the pre-
sence of the oxidant does not preclude modification and follows
the same pattern of reaction as without the oxidant.

When H120Q/H162Q that was “preoxidized” was dialyzed
after the reaction to remove excess DEPC and oxidant, and the
CD spectrum was collected after dialysis, there was no color to
the protein, and most of the CD signals were lost (data not
shown). This indicates that the cluster is no longer incorporated
in the protein under these conditions. It appears, therefore, that
when forced into the oxidized state the DEPC-modified protein
is unstable, in contrast to the DEPC-modified protein in the
reduced state, which is stable.

DISCUSSION

Rieske proteins are electron transport metalloproteins that are
central in cellular respiration. The protein’s function is to transfer
anelectron and a proton from quinol to cytochrome ¢ (or its equi-
valents). As such, the molecular determinants of the pH-dependent
reduction potential and their influence on interactions with small
molecule inhibitors that mimic quinol are important to study.

The Rieske protein from 7. thermophilus has two pK, values of
the oxidized protein, 7.8 and 9.6, which have been shown to originate
from the deprotonation of the two ligating histidines (6, 33—37).
The reported pK,; and pK,, values for the nitrogens in the imi-
dazole side chain of “free histidine” are approximately 6 and 14,
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FIGURE 7: The effect on H120Q/H162Q DEPC modification by pretreatment with (a) the reductant, dithionite, and (b) the oxidant, potassium
ferricyanide, monitored at 2 min intervals over 90 min after the addition of DEPC. The initial spectrum is in black, and the final spectrum is in

green.

respectively. These values, however, can be altered by local protein
environmental factors such as solvent accessibility, hydrogen bond-
ing, and ligation to metal centers (38, 39). The two nonligating
histidines of trunc77Rp, His120 and His162, are solvent exposed
(Figure 1a) and should retain pK,; values close to 6. The first
deprotonation event is not available for the ligating histidines,
His134 and His154, due to the coordinate covalent bond of No to
the Fe atoms of the [2Fe-2S] cluster. Since the estimated pKj, of
histidine is 14, it is generally considered to be inaccessible in the
physiological pH range. However, ligation of the histidine to the
[2Fe-25] cluster, a Lewis acid, could conceivably lower the pK,»
value into the pH range of 7—10 (39).

The chemical modification reagent DEPC allows for the trap-
ping of deprotonated histidines, since only the deprotonated
histidines react and form a DEPC adduct. While this reagent has
been used for protein modification for over 40 years, with few
exceptions (40—44), the end products of DEPC modification
have not been fully characterized. The analysis of the DEPC
modification of the Rieske proteins in this study was very com-
prehensive and included spectroscopic monitoring and definitive
identification of the amino acids modified by DEPC using mass
spectrometry.

UV—visible and CD spectroscopic data showed increases in
reactivity of Rieske proteins with DEPC with higher pH (Figures 2
and 3), consistent with a greater concentration of deprotonated
histidine ligands under these conditions. Previous work showed
that the CD peak at 315 nm was responsive to changes in pH, and
the changes in the signal could be plotted and fit with a single pK,.
Likewise, the signal at 340 was also sensitive to pH, and those
changes best fit with two pK, values (37). Therefore, it is likely
that the signals at 315 and 340 nm report on the protonation/
deprotonation of the histidine residues that ligate the [2Fe-2S]
cluster. If so, after DEPC modification of the ligating histidine
residue(s), the CD signals at both 315 and 340 nm would be
affected. Indeed, both were observed to change after reaction
with DEPC. The change at 315 nm occurred on the same time
scale as the accumulation of the 250 nm chromophore, as seen
by UV—visible spectroscopy, indicating a relationship between
formation of the adduct on Hisl154 and the change at 315 nm.
Elevation of pH increased the amount of change seen at these
wavelengths (Figure 3). All of the spectroscopic data are, there-
fore, consistent with a model in which DEPC is reacting with and
modifying a deprotonated ligating histidine residue as shown
schematically in Figure 8.

Mass spectrometry results indicated that one ligating histidine,
His154, was modified by DEPC, but His134, the other histidine
ligand to the [2Fe-2S] cluster, was never detected in the modified
state (Figure 5b). The accessibility and reactivity of Hisl54 to

H

V \ raise 7 \
in pH
154His Fe(" His134 154His Fe(II) His134
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FiGURE 8: Model of DEPC modification of ligating histidine His154
of the Rieske protein from 7. thermophilus. As the pH is raised,
His154 becomes deprotonated, allowing reaction with DEPC. The
formation of the carbethoxy—histidine adduct on His154 subse-
quently induces a one-electron reduction of the [2Fe-2S] cluster from
Fe(I11)—Fe(III) to Fe(I1)—Fe(III).

covalent modification by DEPC are consistent with His154
having the lower pK (6). Additionally, this covalent modification
may mimic the hydrogen bond interactions observed in cocrystal
structures made between the His154 equivalent in the bovine or
Rhodobacter sphaeroides bcy complex and small molecules such
as stigmatellin. Among these cocrystal structures, the histidine
equivalent to Hisl54 is always the residue that is hydrogen
bonded to the small molecule, while the His134 equivalent does
not interact (14—16, 18, 21, 22, 24). The reactivity of His154 and
the inaccessibility of His134 to DEPC modification in solution
closely parallel the interactions seen in the cocrystal structures.

The modification of His154, and not His134, by DEPC is con-
sistent with and independently confirms the finding that the lower
pK, corresponds with His154 (6). His134 is sterically restricted by
Leul35. Interestingly, this leucine (n + 1 of the lower numbered
ligating histidine) is conserved among the respiratory-type Rieske
proteins (7, 3). In fact, preliminary studies of DEPC modification
of a mutant of trunc7tRp, L135A, in which the bulky side chain
of leucine is eliminated, can be modified at both Hisl54 and
His134 (data not shown). Thus, His154 is the first to deprotonate,
and there is conserved steric hindrance for His134 that precludes
reaction with the DEPC molecule.

Another important consideration is that the mass spectro-
metry analysis shows multiple lysine modifications as well as
histidine modifications. The overall effect of these modifications
is unclear. However, once the adduct from His154 is removed using
high pH (Figure 4a), the CD spectrum is identical to untreated
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protein at an equivalent pH. These data indicate that the lysine
modifications do not affect the CD spectrum in the visible wave-
lengths appreciably. Thus, the changes observed in the visible region
with DEPC modification are due to alteration of the ligating
histidines and not due to the modification of lysines.

In myoglobin, modification of one of the ligating histidines
(His97) by high concentrations of DEPC resulted in loss of the
heme cofactor (40). However, in the case of cytochrome bsqy,
modification of the heme-ligating histidine by DEPC did not
disrupt the coordinate-covalent bond of the heme iron to the No
of the modified histidine (45—48). In our study, reaction of trunc-
TtRp and H120Q/H162Q with DEPC resulted in modification of
the ligating histidine His154 and alteration of the reduction
potential and the spectral signals originating from the [2Fe-2S]
cluster but did not weaken the coordinate-covalent bond such
that the cluster was lost. In previous work, addition of DEPC to
the complete bc; complex inhibited activity. The authors sug-
gested that modification of histidines was responsible, but they
did not elucidate the mechanism for this inhibition (/0—12). The
results presented here confirm that the addition of the carbethoxy
functional group to a ligating histidine residue causes reduction
of the [2Fe-2S] cluster, which would stop the Rieske protein from
gaining an electron from quinol within the larger bc; complex,
thus inhibiting the complex.

Inhibition of the be; complex by stigmatellin, chromonols, and
ascochlorin has been postulated to be, at least in part, through
interaction with a ligating histidine of the Rieske protein (30—32).
Previous work showed that when stigmatellin was added to the
bovine be; complex, there was an increase in reduction potential
from 4290 to 4540 mV (29). Stigmatellin has also been recently
shown to reduce the [2Fe-2S] cluster of the Rieske protein in the
bovine be; complex (30). Like the reduction caused by stigma-
tellin, the source of the electron for the DEPC-induced reduction
is unknown. In order for the observed DEPC-induced reduction
of the proteins in our study to take place, the reduction potential
must increase as a consequence of modification, analogous to
the effects of stigmatellin, though no covalent bond is formed as
a consequence of treatment with this inhibitor. Therefore, the
DEPC adduct of His154 that ligates the [2Fe-2S] cluster in trunc-
TtRp and H120Q/H162Q models the possible mechanism of
inhibition by stigmatellin and related compounds.

In summary, the reaction of trunc7tRp and H120Q/H162Q
with DEPC at various pH values results in modification of
His154 as well as multiple lysine residues in the large domain. The
formation of the ligand histidine adduct traps the deprotonated
histidine, and it is detected at pH 7.6 by mass spectrometry. The
reduction of the [2Fe-2S] cluster as a result of DEPC modifica-
tion models the interaction of Rieske proteins with small mole-
cule inhibitors of the mitochondrial b¢; complex such as stigma-
tellin. Chemical modification by DEPC offers a way to study the
reactivity and accessibility of the ligating histidine residues and
probes the influence of these histidines on the redox properties of
the Rieske protein.
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