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ABSTRACT: In order to characterize the native Cys42-sulfenic acid redox center of the flavoprotein NADH
peroxidase by NMR, an expression protocol has been developed which yields'f@($s42-labeled
protein in 100 mg quantities. Difference spectra of the labeled minus unlabeled oxidized enzyme (E)
give a peak at 41.3 ppm (relative to dioxane) which represents the Cys42-sulfenic acid. Reduction of
labeled E with 1 equiv of NADH gives the air-stable two-electron reducedXBpecies, and oxidized
minus reduced difference spectra give maxima and minima at 41.3 and 30.8 ppm, respectively,
corresponding to the Cys42-sulfenic acid and -thiolate species. Peroxide inactivation of E, which has
previously been attributed to oxidation of the Cys42-sulfenic acid to the Cys42-sulfinic and/or sulfonic
acid states, gives rise to a new maximum in the difference spectrumagf&minus E at 57.0 ppm. A
similar expression protocol was used to obtain tiregf2-13C]His-labeled peroxidase HHAA mutant (Hiis

His sAlagzAlazsg); the spectral change over the pH range-58 is attributed to deprotonation of the
surface-exposed His23. Furthermore, replacement of Arg303, which is hydrogen bonded to His10, has
no effect on thé3C spectrum. These results provide direct evidence in support of the peroxidase Cys42-
sulfenic acid/thiol redox cycle and add significantly to our structure-based understanding of -protein
sulfenic acid stabilization and function.

The flavoprotein NADH peroxidase frofenterococcus
faecalis10C1 contains, in addition to FAD, a cysteinyl redox
center which undergoes reversible two-electron reduction (to K
Cys-SH) and oxidation by ¥D, during the catalytic cycle EHZ-NADJr k-—‘z— EH, + NAD™*
(1. The oxidized enzyme is reduced by NADH in an initial !

priming step; in the steady state the enzyme cycles between . -
EH,-NADH* and E-NADH forms: The recent crystal structure of the native oxidized enzyme,

determined at 2.8 A resolution using cryogenic conditions
(2), conclusively establishes the identity of this non-flavin
E(FAD, Cys42-SOH)}+ NADH + H™ — redox center as an unusual stabilized sulfenic acid derivative
+ of Cys42 (Cys42-SOH). C42S and C42A mutants lacking
EH,(FAD, Cys42-SH)+ NAD™ + H,0 this residue (Cys42 is the only cysteine in the protein; refs
3 and 4) have very low activity levels approximately 0.04%
K, that of wild-type enzymeg); flavin reduction by NADH is
EH, + NADH — EH,-NADH* very rapid, but the FADKlenzyme is seriously impaired in
its ability to catalytically reduce pD, without the reduced
Cys42-thiolate. We have also show8) (hat treatment of
ks the native wild-type peroxidase with millimolar concentra-
EH,:NADH* + H,0, — E:NADH + H,0O tions of HO, leads to inactivation of the cysteinyl redox
center and irreversible loss of peroxidase activity; these
results were attributed to oxidation of Cys42-SOH to
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al. (8) proposed that His10 functions as an adihse catalyst
during HO, reduction. Mande et al.9], however, have
concluded that His10 very likely remains unprotonated
throughout the catalytic cycle, since a hydrogen bond exists
between the Arg303 guanidinium moiety and the His10
imidazole. Furthermore, we have recently reported that
His10 is not essential for catalytic activity; rather, this residue
functions in part to stabilize the unusual Cys42-SOH redox
center within the active-site environment. In an earlier study
(11) we demonstrated thadt NMR spectra of the wild-type
peroxidase at millimolar concentrations were of surprisingly
good quality, given the tetrameric molecular weight of just
over 200 000. In order to investigate the Cys42-SOH redox
center and its interactions with His10 in the fully active,
native enzyme, we have now analyzed the protein labeled
independently with [32C]Cys and fing-2-1°C]His by NMR,

and these results form the basis of this report.

EXPERIMENTAL PROCEDURES

Materials and General MethodsL-Cysteine (3°C, 99
atom %) was purchased from Cambridge Isotope Labora-
tories, andL-histidine hydrochloride r{ng-2-13C, approxi-
mately 90 atom %) was provided by the Stable Isotopes
Resource, Los Alamos National Laboratory. All other

chemicals, buffers, and media components were of the best

grades available. The procedures used for DNA isolation

and manipulation, mutagenesis, and expression of unlabelecfl

NADH peroxidase have been reported previousit@), as

Crane et al.

Table 1: Composition of Glucose-Rich MOPS Medigsed for
Preparation of3C-Labeled NADH Peroxidase

[3-13C] [ring-2-13C]
Cys-labeling His-labeling
(mM) (mM)
A L-amino acid% Ala 18.7 0.8
Asp 0.5 0.5
Cys (63 0.8
Glu 0.8 0.8
His 0.6 (4]
lle 12.7 0.4
Leu 3.1 0.8
Met 0.7 0.7
Thr 0.8 0.8
Val 14.2 0.6
both mediagM)
B. nucleosides adenosine 50
guanosine 56
cytidine 48
uridine 56
thymidine 55
C. vitamins thiamine 10
pantothenate 20
riboflavin 5
pyridoxine 6
folate 2
nicotinic acid 20
biotin 0.8

aThe glucoseeMOPS medium of Neidhardt et al.14) was
mployed, except that concentrations of Mg&id CaCl are 0.25 mM
nd 6.6uM, respectively. Glucose concentration is 30 m\Con-
centrations of -amino acids and glycine are as given in Wanner et al.

have general protocols for enzyme assays and anaerobig1s), unless otherwise indicateeiConcentrations of Cys and His,

spectral titrationsg,12).

Mutagenesis and Expressiolhe HGAA triple mutant
(His10Gly2sAlag7Alazsg) was constructed in three stages; an
H23G, H87A double mutant was generated in the plasmid
pNPX14, as recently described for the peroxidase H10Q
mutation (0), while the H258A mutation was generated in
pNPR4, as recently described for the HL0A mutd®).(The
302 bpPst —Xbd fragment from the p258a plasmid and the
595 bpSal—Xbad fragment from p23,87a were then trans-
ferred directly to the pNPX12 expression plasmid)(to
give pHGAA. The HHAA double mutant (HigHis;sAlas~
Alagsg) was also constructed in pPNPX12 from a p87a mutant
derivative of pNPX14 and p258a. The R303M mutation was
generated in pNPR4, and the 250@¢ —Hindlll fragment
was ligated into pNPX12 directly. HHAA-R303M was
generated by ligating the sarRst —HindlIIl fragment from
pR303M directly into the pHHAA expression plasmid. In

respectively, are given in the text.

dase, and an overnight culture was grown at°87with
vigorous shaking in a 250-mL flask containing 100 mL of
the Cys-labeling medium described in Table 1 plus unlabeled
Cys (50ug/mL), kanamycin (5@:g/mL), and chlorampheni-
col (50 ug/mL). From this culture 1% inocula were
transferred to each of 10 2-L flasks containing 500 mL of
the labeling medium plus antibiotics and &&/mL [3-C]-
Cys. Once the cultures reachedAsg, of ~1.0 under these
Cys-limited conditions, they were harvested by centrifuga-
tion, and the combined pellets were resuspended L of
fresh labeling medium containing 40 mg of labeled Cys and
0.1 mM IPTG. These two 500-mL cultures were then
incubated with shaking fo5 h before harvesting, and the
pellets were stored at80 °C until use. Labeled enzyme
was purified as previously describetll}, except that the

all cases, final expression constructs were checked by bothresuspended bacteria were homogenized with an SLM/

sequence and restriction analysis.

The unlabeled HGAA, HHAA, R303M, and HHAA-
R303M mutants were all expressed Hscherichia coli
JM109(DE3) on induction with IPTG, and the HHAA and
HHAA-R303M mutant proteins were purified using the
procedure developed for wild-type recombinant NADH
peroxidase 11).

Preparation of [313C]Cys- and [ring-223C]His-Labeled
Enzymes.The [343C]Cys-labeled peroxidase was prepared
using theE. colilysogen strain BL2tys(DE3) (13), which
was kindly provided by Professor August &g Universita
Minchen. This Cys auxotroph carries a chromosomal copy
of the T7 RNA polymerase gene under the control of the
lacUV5 promoter. The strain was transformed with the
pNPX12 expression plasmid encoding the wild-type peroxi-

Aminco French press, and the yield of wild-type peroxidase
(~100 mg/5-L culture) was similar to that obtained from
cultures grown in TYP mediumi().

For the His-labeling studies, the. coli His auxotroph,
strain KL719 (provided by Dr. lan Blomfield, Wake Forest
University Medical Center), was converted into a DE3
lysogen [KL719(DE3)] using the kit purchased from Novagen.
For preparation of thé{C]His-labeled peroxidase, this strain
was transformed with the appropriate pNPX12 derivative
(PNPX12, pHHAA, or pHHAA-R303M) and grown over-
night in the His-labeling medium (Table 1) containing
unlabeled His (10Q«g/mL) and chloramphenicol (50g/
mL). This culture was used to inocutsh L offresh labeling
medium containing unlabeled His at only:§/mL; once this
culture was grown and harvested as described in the Cys-
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labeling protocol, the combined pellets were resuspended in
1 L of fresh medium containing 70 mg ofifig-2-13C]His.
Pellets obtained afte5 h of growth were processed as
described for the Cys-labeled protein; pure protein yields
for HHAA and HHAA-R303M peroxidases were75 mg/

5-L culture.

NMR SpectroscopyLabeled NADH peroxidase samples
were prepared for NMR analysis by three cycles of ultra-
filtration in 50 mM potassium phosphate buffer at the
appropriate pH, without EDTA, using a CM-30 microcon-
centrator (Amicon). The sample was transferred to a 5-mm
NMR tube with 60uL of D;0, giving a total sample volume
of 0.5-0.75 mL and a protein concentration of 3 mM
(FAD). The final DO concentration in the NMR solvent
was 8-12%, and the apparent pH values given in the text
(7.0 in most cases) are not corrected for th®D For most
measurements 04L of dioxane was added as an internal
standardd = 67.8 ppm) for3C spectra. NMR spectra were
recorded on a Bruker DPX 400 spectrometer operating at
400.13 and 100.62 MHz fotH and *C measurements,
respectively, with a sample temperature of 398.1 K. 13C
measurements werdd decoupled using a Waltz16 pulse
sequence. Spectra were acquired with @illse angles using
a 5-mm dual'*C/*H probe and a repetition time of 0.9 s.
Acquisition times ranged from 5 to 24 h (2066000000
transients), and all spectra were recorded under identical
settings. In all cases where spectra of the oxidized (E) form
of the peroxidase were measured, the enzyme was titrate
with substoichiometric KD, to convert any Ekipresent to
E (11). The peroxide-inactivated (Bcive and EH forms
were generated as previously describ&g) (

Mass Spectrometry.Mass spectrometric analysis was
carried out on a Quattro Il triple quadrupole mass spectrom-
eter equipped with an electrospray interface. Protein sample
(EH, and Ehacive) Were dialyzed against4® prior to analysis,
using CM-30 microconcentrators. Samples were then diluted
to a final concentration of 1,2M (FAD) in 50% acetonitrile
containing 0.1% formic acid and introduced into the elec-
trospray interface at bL/min. Acquisition parameters were
adjusted to maximize resolution.

RESULTS

Preparation of [313C]Cys-Labeled PeroxidaseEarlier
work in this laboratory 11) had led to the development of
a T7 RNA polymerase-baséf coli expression system, and
we decided to adapt our wild-type peroxidase expression
protocol for this study. Muer et al. L3) had developed
theE. coliBL21 cys(DES3) strain, which requires added Cys
for growth, in order to allow efficient biosynthetic replace-
ment of the Cys residues in thioredoxin with selenocysteine.
In our hands, this Cys auxotroph allowed for efficient growth

control mediated by the amounts of exogenous Cys added.

We were therefore able to program the culture during the
growth phase for a limitingsoo 0f ~1.0 by including labeled
Cys at 9.6ug/mL. The defined medium used in this study
is a modified version of the glucose-rich MOPS medium
developed by Neidhardt and co-worketgl,(5), containing

all amino acids except Cys plus vitamins and nucleosides.
Preliminary NMR analyses indicated that scrambling of the
[3-3C]Cys label, especially involving the methyl groups of

S
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FiIGURe 1: 13C NMR spectrum of [3¥C]Cys-labeled NADH
peroxidase Cys42-SOH form at pH 7.0, 3C€. The sample
concentration was 3 mM in active sites (FAD), and 55 781 transients
were accumulated. Inset: difference spectrum of E minus EH
peroxidase forms. The Bt¢ample concentration (FAD) was 3 mM,
and 49 943 transients were accumulated.

and Leu indicated in Table 1. This effect is most likely
mediated through end product inhibition of the branched-
chain amino acid and Ala biosynthetic pathways from
pyruvate {6), which can be formed as a consequence of

0[3—13C]Cys catabolism(7) with retention of label. Follow-

ing this protocol the yield of labeled peroxidase was 100
mg/5-L culture. E. colidoes not have an NADH peroxidase,
so endogenous enzyme expression by the host is not a factor.

Peroxidase E and EffForms. NADH peroxidase contains
only one Cys (Cys42) per subung,4), and Figure 1 gives
the 3C NMR spectrum of the oxidized enzyme (E; Cys42-
SOH) labeled with [3*C]Cys, as obtained with 3 mM
enzyme (FAD) at pH 7.0, 30C. In experiments similar to
that shown in Figure 1, we demonstrated that the wild-type
NADH peroxidase sample loses no appreciable activity over
24 h under these conditions. The difference spectrum of
labeled minus unlabeled E (data not shown) does indicate
that some scrambling of the Cys label has occurred, as
evidenced in the 3138 ppm region attributable t&°CP
contributions from, for example, lle and Vdl§). However,

a distinct peak also occurs at 41.3 ppm (relative to dioxane
at 67.8 ppm), which is essentially absent in difference spectra
of the labeled two-electron reduced (El€ys42-SH) enzyme
minus unlabeled E. Although othéiC? resonances (e.g.,
Leu) can be observed in the 4@1 ppm range, théC’
chemical shift for cystine is 40.2 ppri§), and we tentatively
concluded that the chemical shift at 41.3 ppm in E repre-
sented the [3%C]-labeled Cys42-SOH.

Further support for this conclusion is given in Figure 1,
in the difference spectrum of labeled E minus labeled EH
measured at pH 7.0, 3. The maximum and minimum
correspond to chemical shifts of 41.3 and 30.8 ppm,
respectively; the 41.3 ppm peak compares very favorably to
that observed in the labeled minus unlabeled E difference
spectrum and is attributed to Cys42-SOH. The minimum
at 30.8 ppm compares favorably with tH€# chemical shift
of 27 ppm for reduced Cys, reported by Wishart and Sykes
(18) as an average for Cys residues as identified in 12 known

Ala and the branched-chain amino acids, was suppressecrotein structures. Wilson et all9) have reported Ig,

significantly at the relatively high levels of Ala, Val, lle,

values for Cys32-SH and Cys35-SH in the thioredoxin D26A
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Table 2: 13C# Chemical Shift Values Calculatedor Oxidized ppm, respectively. We have previously shown thaOH
Forms of Cysteine inactivation of the peroxidase involves irreversible oxidation

of Cys42-SOH to the sulfinic and/or sulfonic acid stat®s (

compound 13C# chemical shift (ppm ’
c s: 205 (ppm) and we therefore undertook tF€ NMR analysis of Ractve
C¥§:S-OH 298 As a preliminary, both Eband Enacive Were subjected to
Cys-SEO)H 48.7 electrospray mass spectrometric analysis, as shown in' Figure
Cys-SS-Cys 38.7 2. The calculated molecular weight for the peroxidase
Cys-S0)OH 58.8 polypeptide, not including the noncovalently bound FAD
Cys-SEO),OH 56.0

which dissociates in the acidic solvent (0.1% formic acid in
2 1C7 chemical shifts were calculated using the C-13 NMR Module 5004 acetonitrile) used for sample introduction into the mass
for Chemintosh (SoftShell International; ref 22). spectrometer, is 49 551 (Cys42 included as Cys-SH; ref 4);
the mass determined for reduced peroxidase is 49 559 Da.
mutant; the protonated thié¥C? chemical shifts are-24.7 Similar analysis of the E.cive Sample gave a mass of 49 596
ppm, and the thiolate forms are observed-28.5 ppm. K, Da, representing an increase of 37 Da over the Cys42-SH
values have also been reported for these Cys residues irform. The accuracy of these measurements is to within
reduced wild-type thioredoxir(Q); the protonated thidFCs 0.01% (5 Da); the Cys42-SB and Cys42-SgH forms
chemical shifts are 24.3 and 25.9 ppm, respectively, and theshould correspond to 32 Dan(= 49 591 Da) and 48 Dan{
corresponding thiolate forms are observed at28 ppm. = 49 607 Da) increases, respectively, over the E(Cys42-SH)
These comparisons support our assignment of the 30.8 ppmmass of 49 559 Da. While the observed increase of 37 Da
chemical shift given in Figure 1 to the Cys42-SH of the is more consistent with Cys42-@formation, the accuracy
peroxidase Ebiform; we should emphasize that air oxidation of these measurements does not allow us to exclude the
of EH, under these conditions i€7.5% over a 12-h  possibility of an E(Cys42-Sgi) structure for Ractive
acquisition period. pH titration of the visible charge-transfer ~ Figure 3 gives both the ful®C NMR spectrum of Cys-
absorbance band of EHndicates that Cys42-SH has an labeled Eacive @and the labeled ikcive minus labeled E
unusually low X, of <4.5 @21); the 3C chemical shift difference spectrum. The full spectrum confirms the absence
attributed to the ELCys42-SH does not change on lowering of significant line-broadening effects forEive relative to
the pH to 5.8 and is consistent with this lo{p Measure- E, consistent with the results of spectr@) @nd structural
ments at lower pH values were precluded by the formation (7,8) analyses of Racive and E(Cys42-S¢H). The Baactive
of an extremely viscous protein gel during concentration. minus E difference spectrum indicates the loss of the 41.3
Calculated Chemical Shift Values for Cys-SH and beri ppm resonance attributed previously to Cys42-SOH, while
tives. In order to corroborate these assignments for Cys42- a new maximum appears at 57.0 ppm. On the basis of the
SOH and Cys42-SH of the peroxidase, tR€” shifts for mass spectrometric analysis, the C-13 NMR Module predic-
Cys and several oxidized derivatives were calculated (Tabletion, and earlier studies ofik&ve (6), we assign this new
2) using the C-13 NMR Module for Chemintosh (SoftShell peak to Cys42-SgH and/or Cys42-SeH. These data not
International), which is capable of predicting chemical shifts only support our conclusions regarding the usefulness of the
with an overall standard deviation of5.5 ppm @2). C-13 NMR Module predictions but also further substantiate
Another limitation is the requirement that all structures be the assignment of the Cys42-SOH structure to the peak at
analyzed in their protonated forms. With these provisions 41.3 ppm. The cumulative shift observed for Cys42-SH to
in mind, the predicted values for the [82] chemical shifts the -SOH and -SeH/-SO;H forms, which corresponds to
of Cys-SH and Cys-S-OH are 29.5 and 39.6 ppm, respec-an overallAd of 26.2 ppm, is also consistent with the further
tively, comparable to the Cys42-SH and Cys42-SOH values deshielding expected to occur on oxidation of the Cys42
of 30.8 and 41.3 ppm in the peroxidase. Furthermore, assulfur.
pointed out by Kice Z3) and by Hogg 24), sulfenic acids An additional observation based on tH€ NMR spectra
can exist in an S-protonated “sulfoxide” tautomeric form of the Cys42-SH, Cys42-SOH, and Cys42,BB0SO;H
(RSEO)H), although the O-protonated “sulfenyl” form forms of the peroxidase concerns the smaller line width for
generally predominates. Tripolt et a25) applied*C NMR the Bnaciive derivative (200 Hz) relative to those for Cys42-
analysis to determine that the unusually stable 4,6-dimethoxy-SH and Cys42-SOH (350 Hz). This indicates that the Cys42
1,3,5-triazine-2-sulfenic acid exists only as the sulfenyl residue in the SE@H/SO:H form has increased mobility
tautomer in solution, and Ishii et al2§) recently reached relative to the thiol and sulfenic acid forms. Cys42-SH and
the same conclusion based on spectroscopic analysis of th&€ys42-SOH have the same line widths, and hence the same
stable sulfenic acid derivative of thiophenetriptycene-8-thiol. mobility.
The C-13 NMR Module predicts a chemical shift of 48.7  Construction of HHAA and HHAA-R303M NADH Per-
ppm for the sulfoxide tautomer Cys=SQ)H, leading us to oxidase Mutants and [ring-23C]His Labeling. The wild-
conclude that the sulfenyl tautomer is preferentially stabilized type enzyme contains four His residues including the active-
in the oxidized peroxidase. Finally, although the predicted site His10 4,7). Inspection of the crystal structure indicates
shift for cystine (38.7 ppm) is similar to that observed for that His23, His87, and His258 are surface-exposed; His23
Cys42-SOH (41.3 ppm), the peroxidase contains no disul- is the C-terminal residue of helixl within the FAD-binding
fides, and the possibility of a redox-active disulfide in the pa-fold. We initially constructed and expressed the HGAA
peroxidase has previously been ruled d)6). triple mutant; although expression was observed at good
Peroxidase Facive FOrm. Similar calculations show that  levels, there was no peroxidase activity in the crude extract.
oxidation of Cys42-SOH to the Cys42-sulfinic (Cys42- Furthermore, initial purification trials indicated that the
S(E=O)OH) and/or Cys42-sulfonic (Cys42-S0),0OH) acid expressed protein did not bind FAD tightly, and this mutant
states could yield [33C] chemical shifts of 58.8 and 56.0 was not pursued further. Guided by the primary goal of
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Ficure 2: Electrospray mass spectra of NADH peroxidase B and Bhacive (B) forms. The charge states for the two forms are indicated.
The deconvoluted molecular weights are 49 559 and 49 596, respectively.
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FiGure 3: 13C NMR spectrum of [3¥C]Cys-labeled NADH
peroxidase Baciveform at pH 7.0, 30C. The sample concentration
(FAD) was 3 mM, and 84 220 transients were accumulated. Inset:
difference spectrum of i&cive Minus E peroxidase forms. The
spectrum of E was taken from Figure 1.

simplifying the 3C His NMR spectral assignments, we
constructed and expressed the HHAA mutant. The HHAA
peroxidase was purified; the specific activity, &Visible

absorbance and fluorescence spectral properties, and anaera-

bic titration behavior with NADH were essentially identical

to those of the wild-type enzymdl). In order to probe
the interaction of His1l0 with Arg3039), the R303M
derivative of HHAA was constructed and expressed as well.
A full characterization of the R303M peroxidas&y) is in
progress, and these results will be reported in a separate
communicatiort. Using theE. coli His auxotroph strain
KL719(DE3) and the defined medium given in Table 1, we
initially prepared thering-2-1°C]His-labeled wild-type and
HHAA proteins. The relatively high levels of Ala, Val, lle,
and Leu required to minimize scrambling of the Cys label
were not required for His labeling, and the HHAA protein
was obtained in a yield of75 mg/5-L culture.

HHAA Peroxidase. Figure 4 gives the full>*C NMR
spectrum of the HHAA peroxidase in the oxidized (Cys42-
SOH) form labeled withing-2-13C]His, as obtained with
2.3 mM enzyme (FAD) at pH 7.0, 3T. Comparison with
the unlabeled wild-type enzyme spectrum identifies the new
peak at 136.2 ppm, attributed to the C-2 carbons of His10
and His23. Hunkapiller et al2g) demonstrated that the C-2
resonance for the active-site His aflytic protease shifts
from 134.6 to 137.0 ppm on deprotonation, and Zhang et al.
(29) reported similarAd values (1.9-2.7 ppm) during
titration of two of the His residues in glutathiorge-
transferase isoenzyme 3-3 BC NMR. On the basis of
the spectrum in Figure 4, it appears that the C-2 resonances

2Crane, E. J., lll, and Claiborne, A., unpublished observations.
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reveals that Cys42-CA of the peroxidase occupies the same
position as the charge-transfer Cys63-CA in human eryth-
rocyte GR, when the FAD-binding domains are superim-
posed 7). Of the several partial and complete Npx and Nox
sequences available, Cys42 is absolutely conserved; the
active-site His10 is also conserved except for the Nox
sequence from the archaeliethanococcus jannasch{B3),
which is a strict anaerobe. While the presence of the active-
site His, given the essential role demonstrated for His439
in E. coli GR (34) (His444 in E. coli LipDH; ref 32),
represents a point of favorable comparison with these
160 120 80 40 ' disulfide reductases, mechanistic analyses have recently
shown (0) that His10 is not essential in the peroxidase
13¢C (ppm) catalytic cycle. His10 appears to remain unprotonated
FIGURE 4 3C NMR spectrum of fing-13C]His-labeled NADH throughout the reaction9), in direct contrast to the role
peroxidase HHAA mutant (E form) at pH 7.0, 3C. The sample  played by GR His439as an acid-base catalyst. In the
concentration (FAD) was 1.6 mM, and 59 016 transients were present study we have appli&€ NMR as a structural probe
accumulated. Inset: the 12050 ppm region of the spectrum is  of the peroxidase active site, focusing on the Cys42-SOH
displayed. redox center and His10.
Our analysis of Cys42 in the [BC]Cys-labeled peroxidase
is simplified by the fact that this is the only Cys residue in
the protein; the'3C resonance corresponds to thé &tom
bonded directly to the Cys42-SOH sulfur. Furthermore, we
have previously showrBj that two-electron reduction of E
— EH, corresponds to the reduction of Cys42-SOH
Cys42-SH. Wishart and Syke48) have compiled &3C
chemical shift index useful for the identification and location
of protein secondary structural elements; the backbone “coil”
13C range for Cys (oxidized; 40.2 0.7 ppm, relative to

14'0 . 120

of His10 and His23 in HHAA are not resolved; furthermore
the chemical shift of 136.2 ppm suggests that the neutral
forms of both His residues predominate at pH 7.0. When
the HHAA EH, (Cys42-SH) and Eacive (Cys42-SGH/-
SQ;H) forms are analyzed at pH 7.0 under similar conditions,
there is effectively no change in the observé&d spectrum,
indicating that protonation of neither His10 nor His23 is
affected by the Cys42 oxidation state. A pH increase with
the HHAA E form over the range 5:87.8 (data not shown)

reveals a narrowing of the peak width from 2.9 to 1.6 ppm, dioxane) is 13.2 ppm downfield from that for Cys (reduced;

with a small increase in chemical shift from 136.2 to 137.1 : .
A > . 27.0+ 0.7 ppm), suggesting thatC difference measure-
ppm; a single, relatively sharp resonance is observed at pH . 4
) ments with the peroxidase E and Elfbrms should be
7.8. The spectrum at pH 5.8 suggests the existence of two.

nonresolved resonance peaks, one at about 135.3 ppm ank formative. Two other major experimental factors include

X -y : C
one at about 137 ppm. These data suggest that at least one € quality of thé C labeled perox!dase spectrum, Wh'Ch. IS

; . : -~ e éxcellent considering the tetrameric molecular weight of just
of the His residues in the oxidized enzyme is titrating to

some extent in this pH range. over 200000, and the stability of EHunder aerobic

. . conditions during acquisition periods of up to 12 h. Ex-
HHAA-R303M Peroxidaseln order to provide an NMR : . ;
X . T tally th d E FHff t
probe of the Arg303-NH2:His10-ND1 interaction indicated pi?/rén;iﬂ :m)?cales%?frto\;(ellll? esse of Ting Sand 3grgncen? '?gf Cr:ursn42_
by the NADH peroxidase crystal structur®),(3C NMR 9 | © PP y

. . : SOH and Cys42-SH, respectively; the obsenaedof 10.5
analysis was also applied to the HHAA-R303M triple mutant N L
labeled with!C His. Elimination of this hydrogen bond by ppm on oxidatior-reduction is comparable to that expected

replacement of Arg303 would be expected to increase theon the basis of the chemical shift index values compiled by
DK, of His10, leading to a change in the pH-dependent Wishart and Sykesl@). Thus it appears that oxidation of

properties of the spectrum. However, the difference spec- Cysd2-SH-— Cys42-SOH is accompanied by & very

) similar to that for Cys-SS-Cys formation.
trum of labeled HHAA minus labeled HHAA-R303M over
the range 126150 ppm at pH 7.0 reveals no significant Chandrasekhar et al3§) have reported the complete

. . aliphatic *C NMR assignments for thioredoxin in its Cys
s s ot o o (ediced)and Cy-5 Oy orms apHS 7. The Cys32 and
for HHAA y Cys3513C# chemical shifts of 24.3 and 25.9 ppm in the
' reduced protein are consistent with protonated Cys-SH; the
respective [, values for the wild-type protein were reported
DISCUSSION by Jeng et al.Z0) to be 7.5 and 9.5. In the oxidized protein,
NADH peroxidase (Npx; NADH:- HT 4 H,O, — NAD™ the Cys32'3C# value shifts downfield to 41.9 ppm\¢ =
+ 2H,0) and the homologous NADH oxidase (Nox; 2NADH 17.6 ppm); in contrast the Cys3%/ is assigned a chemical
+ 2H" + O, — 2NAD* + 2H,0) represent the two peroxide  shift of 32.5 ppm in oxidized thioredoxin. The 1.68 A crystal
reductases within the flavoprotein disulfide reductase family structure of thioredoxin36) shows that the Cys32Cys35
(30,31); the major distinguishing feature of Npx and Nox disulfide is located at the N-terminus of anhelix, and
concerns the presence of an unusual active-site Cys-SOHChandrasekhar et al3%) have attributed the significantly
which serves as the non-flavin redox centgR). All other different 13C# shifts for the two Cys residues to a greater
disulfide reductase family members, including glutathione helical character at Cys35 in the oxidized protein. Wilson
reductase (GR) and lipoamide dehydrogenase (LipDH), et al. (19) determined3C? chemical shifts of 2526 ppm
contain redox-active cystine disulfides in addition to FAD for both Cys residues in the reduced D26A thioredoxin
(32); still, comparison of the Npx and GR crystal structures mutant at pH 7.0, consistent with Cys-SH protonation; both
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were reported to titrate withiy, values of 7.8-7.9 to new and barnase39), for example, protonated His residues at
positions at 2729 ppm. The measurements of Jeng and the C-termini of the respective helices afford significant
Dyson @7) with the reduced D26A thioredoxin also indicate stabilization of these secondary structural elements by
that the K, values for Cys32-SH and Cys35-SH are between electrostatic interaction with the helix dipole. Working with
7.5 and 8.0. the peroxidase HHAA mutant, o&#C NMR analysis of the
The chemical shift of 30.8 ppm determined for the reduced His-labeled protein does not provide for the resolution of
Cys42 peroxidase is fully consistent with stabilization of the the His10 and His23 resonances, although there is evidence
Cys42-thiolate, and the absence of any change ifB& oy titration of one or both components over the pH range
s_hlft over the pH range 5—870 supports the ear_ller conclu- 5.8—7.8, leading to a single sharp peak at 136.7 ppm. We
sion @1) that the Cys42-SHifyis =4.5. As described above  (aniatively conclude that these changes are attributable to

for the active-site Cys35 in oxidized thioredoxin, NMR shifts deprotonation of His23, which is surface-exposed, does not

are dependent on both secondary structure and local env'ron'appear to interact directly with any other protein residues

ment. Cys42 of the peroxidase is located immediately ahead(H. : :
. : is23-NE2 is 3.9 A from Glu314-OE2), and is, as stated
of the shorta2 helix (Gly43-Glu49), but careful examina- above, located at the helixl C-terminus.

tion of the structure suggests that th2 helix dipole has
little impact on the electrostatic environment of Cys42. The His10, in contrast, is inaccessible to solvent in both the
2.8 A structure of the native enzyme identifies two types of E(Cys42-SGH) and C42S mutant structure8)( interacts
interactions between Cys42-SOH and other active-site ele-directly with both Arg303 and the Cys42-SOH oxygen in
ments (,2). These include hydrogen bonds between the the native E(Cys42-SOH) structurg)(and is the second
sulfenic acid oxygen atom and His10-NE2 (3.5 A) and residue in thex1 helix. Both the hydrogen-bond interaction
possibly with the ribityl-OZF of the FAD (3.5 A). The  with Arg303 and the location within the N-terminal helix
second interaction involves a charge transfer between theregion @0) should contribute to stabilization of the neutral
Cys42-SOH oxygen and the electron-deficient isoalloxazine His10 imidazole, thus supporting our conclusion that the pH-
ring of FAD. The oxygen atom approaches to within 3.5 A dependence of the His resonance in the HHAA peroxidase
of FAD-C4aF, 3.2 A of FAD-N1F, and 3.2 A of FAD-  mutant is likely due to deprotonation of His23. And, while
C10aF; the corresponding distances for the Cys42 sulfur arewe observe that replacement of Arg303 has no significant
3.7,4.1,and 3.6 A. On the basis of the strong charge-transfereffect on the!3C His NMR spectrum of the HHAA mutant,
absorbance of the Cys42-SOH form of the H10Q peroxidaseye have also shown that the Cys42-SKhn the EH form
mutant, we have suggesteti(f that Cys42-SOH may be  f the R303M mutant is increased from a value<cf.5 in
stabilized in its anionic sulfenate form, maximizing its \yii4-type enzyme to 8.3. Additional structural studies are
potential as a charge-transfer donor to FAD. G@NMR currently being carried out with Dr. Wim Hol, University

data_ with the st42-labeled pe_roxidgse do not, however, of Washington, in order to address the questions raised by
provide further information on this point. these observations

Tripolt et al. £5) have reported the spectroscopic proper- ) . . . o
ties and X-ray crystal structure for the stable 4,6-dimethoxy- These active-site considerations serve to further distinguish

1,3,5-triazine-2-sulfenic acid; more recently Ishii et 26)(  the two peroxide reductases from GR, LipDH, and other
have provided the characterization and crystal structure for flavoprotein disulfide reductases. In the crystal structures
thiophenetriptycene-8-sulfenic acid. To our knowledge these of GR (41) and LipDH @2), it has been pointed out that the
data include the onl{?C NMR analyses of any sulfenic acids. redox-active disulfides exist in strained conformations which
The chemical shift for the C-2 carbon (bonded to -SOH) in may facilitate reduction to the Et$tate. This is clearly not
the triazine-2-SOH is 190.3 ppm, while the equivalent ring the case in Npx or Nox, since the non-flavin redox center is
C-4 and C-6 carbons (bonded to Ogldppear at 170.9 ppm.  Cys-SOH, not a disulfide. The active-site His46¥human
The C-13 NMR Module used to predict chemical shifts in erythrocyte GR is located in a bend which leads into the
the present study (see Results) calculates values of 196.2-terminal 3q-helix of the polypeptide; the imidazole
and 177.9 ppm for the C-2 and C-4, C-6 positions, nitrogens are hydrogen bonded to the Glu4gi@e chain
respectively, providing an additional measure of confidence and Sol70, respectively4l). Spectral pH titrations of the
(standard deviatior= +£5.5 ppm) in the additivity-based  charge-transfer absorbance of the yeast GR fBkn give
algorithm @2). Using this program we have estimaté@’ a K, for the conserved active-site His45@3) of 9.2 (44);
chemical shifts for free Cys-SH and cystine, as well as the Hopkins and Williams 45) obtained a value of 9.5 for
sulfenyl and sulfoxide tautomers of Cys-SOH, and for Cys- His444 in a similar titration of theE. coli LipDH C44S
SOH and Cys-SEH. Our NMR data support the sulfenic  miant. Again there is a direct contrast with the location of
acid structure for the monooxidized form of Cys42 (41.3 510 within the Npx and Nox polypeptides, its electrostatic

versus 39.6 ppm, predicted) as well as the sulfinic/sulfonic ) - : : : :
acid structure for the Cys42 derivative ipdsive (57.0 versus ?1n ilor;ydrogen bonding environment, and its role in catalysis

56.0-58.8 ppm, predicted). o _ o

We have demonstrated that, as expected based on the The combination of this NMR characterization of the Cys-
peroxidase crystal structur@)( the surface-exposed Hisg7 SOH redox center of the NADH peroxidase and the high-
and His258 are not essential for activity. More surprising resolution crystallographic analysis of the native oxidized
is the observation that the HGAA mutant does not bind FAD; enzyme should provide further insights into the molecular
although the cause of this coenzyme binding and/or protein basis of proteir-sulfenic acid stabilization and function not
stability problem is not known, it should be emphasized that only in Npx and Nox, but also in redox-regulated DNA-
His23 is the C-terminal residue of thel helix within the binding proteins such as OxyR®) and nuclear factor K7),
FAD-binding Sa-fold. In triosephosphate isomerase8Y for which Cys-SOH centers have also been proposed.
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