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Abstract

Ž .A water soluble truncated heme domain a tetramer of MWs45 kDa of the tetrameric nitrate reductase complex from
the green alga Chlorella Õulgaris has been overexpressed and purified. This truncated heme domain with four identical

Ž .subunits has a high redox potential midpoint potential E sq16 mV as compared with other heme-containing1r2

flavoproteins. We have undertaken a determination of the detailed configuration of the heme moiety in order to understand
the unique electrochemical property of the heme moiety of this enzyme. We report here the study of the heme prosthetic
group of the truncated heme domain by the use of 2D 1H and 13C NMR techniques. A complete signal assignment of the
heme has been achieved. Our observations suggest that the heme configuration is similar to that of the crystal structure of
the membrane-bound bovine liver cytochrome b . q 1998 Elsevier Science B.V.5

( )Keywords: 2D NMR; Heme protein; Cytochrome b; Nitrate reductase; Chlorella

1. Introduction

Nitrate assimilation and nitrogen fixation are the
two major pathways in the biological nitrogen cycle
which provide common nitrogen sources for the syn-
thesis and utilization of proteins and nucleic acids in
all living organisms. Since the available nitrogen in
the form of NHq in the biosphere is rather limited, a4

direct conversion from different inorganic forms of
nitrogen to ammonia plays a crucial role, i.e. from
NOy via nitrate assimilation and from N by nitro-3 2

) Ž .Corresponding author. Fax: q1 813 974-1733; E-mail:
ming@chuma.cas.usf.edu

gen fixation. Through nitrate assimilation, higher
plants, algae, filamentous fungi, yeasts, and bacteria
are able to produce more than 2=104 megatons of
organic nitrogen per year, which is 100-times more

w xthan that produced by nitrogen fixation 1–3 . Biolog-
ical conversion of nitrate to ammonium is an eight-
electron reduction process with the participation of
two enzymes, the reduction of nitrate to nitrite by
nitrate reductase, and the reduction of nitrite to am-

w xmonium by nitrite reductase 4 . Nitrate reductase
Ž .NR is a multi-domain enzyme comprising the pros-
thetic groups molybdopterin, Fe-heme, and FAD
Ž .flavin adenine dinucleotide in a 1:1:1 stoichiometry

Ž .that mediates an electron transfer from NAD P H to
nitrate. The FAD and Mo-pterin domains function as

0167-4838r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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Ž . ythe binding sites for NAD P H and NO , respec-3
w xtively 5–7 , while the cytochrome b -like heme do-5

main facilitates the electron transfer from the FAD
w xdomain to the active-site Mo-pterin 8 .

Mammalian liver cytochrome b is a membrane-5

bound protein that adds a practical difficulty in its
w xisolation 9–11 . Recently, we have successfully

cloned and expressed a cDNA encoding a water-solu-
ble homo-tetrameric cytochrome b -like domain5
Ž .MWs45 kDa of Chlorella Õulgaris NR in Es-

w xcherichia coli 6 , and have studied its electrochemi-
w xcal and spectroscopic properties 5,12–17 . Potentio-

metric titration for this recombinant truncated heme
w xdomain 5 yields a midpoint potential of q16 mV

Ž .ns1, pH 7 , which is substantially higher than that
Ž . w xfor the intact NR y160 mV 13 and that for the

recombinant NR-heme domain coupled to a truncated
Ž . w xMo-pterin domain y28 mV 5 . The expression of a

large quantity of this NR-heme domain allows the
study of its structure by means of NMR techniques in
order to provide more information about the correla-
tion between its structure and physical properties.
Moreover, this soluble NR-heme domain can serve as
a spectroscopic model for membrane-bound cy-
tochrome b .5

Ž . 3qA low-spin Ss1r2 Fe -heme center is known
Žto exhibit well resolved hyperfine-shifted i.e.,

. 1isotropically shifted H NMR signals attributable to
the protons on the heme and in its surroundings. The
study of these signals can thus reveal the structure of
the heme environment. Despite its paramagnetism
Žwhich is generally not favorable for 2D NMR stud-

. 3qies , the low-spin Fe -heme center in several pro-
teins has recently been investigated by the use of

w xvarious 2D NMR techniques 18–20 . Standard 2D
NMR pulse sequences with appropriate adjustments
of acquisition parameters can give spectra for param-
agnetic molecules which provide virtually the same
structural information as that obtained for diamag-
netic molecules. For example, the use of coherence

Ž .transfer techniques COSY and TOCSY allows the
assignment of spin patterns, and the use of NOE

Ž .techniques NOESY can reveal spatial arrangement
w xof nuclei 21–23 . In this report, we present a com-

plete assignment of the isotropically shifted 1H NMR
signals of the heme moiety in the truncated NR-heme
domain by the use of homonuclear 1H–1H and het-
eronuclear 1H–13C 2D NMR techniques. These stud-

ies represent the first steps toward a complete struc-
tural analysis of the heme-binding pocket, which is a
key element for a better understanding of the unusual
redox property of the heme domain in nitrate reduc-
tase.

2. Materials and methods

The expression and purification of Chlorella Õul-
garis NR-heme domain followed the procedures re-

w xported previously 5,6 . All NMR experiments were
performed on a Bruker AMX360 spectrometer at
360.13 MHz for 1H and 90.56 MHz for 13C. A 908

pulse of ;7ms with a presaturation on the water
signal was used for normal 1D 1H NMR spectra. A
5 Hz line broadening was introduced to the spectra
via an exponential multiplication of the FIDs prior to
Fourier transformation in order to improve their sig-
nal-to-noise ratios. In some cases, Gaussian line-

Žbroadening 10 to 30% shift and a line broadening
.factor of y30 to y50 Hz was used to improve

spectral resolution. Proton spin-lattice relaxation times
Ž .T were determined by the use of the inversion1

Ž .recovery method 1808–t–908 with 16 different t

values and a recycle time five times longer than the
longest relaxation time of the signals of interest. The
T values were obtained by a three-parameters fitting1

of the signal intensity versus the delay time t.
w x Ž .Magnitude-COSY 24 and phase sensitive TPPI

w xNOESY 25,26 pulse sequences were used for the
detection of coherence transfer and cross relaxation
with a presaturation pulse on the water signal during
the relaxation delay and mixing period. A typical 2D

Ž . Ž .spectrum consisted of 1024 f2 =512 f1 data points,
a short repetition time of ;500 ms to suppress the
diamagnetic features, and a bandwidth of 21.6 kHz in
both dimensions to cover the hyperfine-shifted sig-
nals. Since all the heme proton signals have relax-

Ž .ation times T shorter than 130 ms, they are not1

saturated to a great extent by this 500 ms repetition
time. In the COSY spectra, a 08-shifted sine bell-
squared window function was applied to both dimen-
sions of the spectra prior to Fourier transformation
and processed in magnitude mode without a spectral
symmetrization; whereas a 458-shifted sine-squared
bell was used in NOESY experiments. The total
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acquisition time in a 2D experiment for a ;4 mM
sample was usually around 12 h with 200 to 400
number of transients. Experiments were also per-
formed at various temperatures in order to resolve
overlapped signals.

1 �13 4The H C heteronuclear multiple quantum co-
Ž . w xherence HMQC 27,28 experiment in the phase
Ž .sensitive TPPI mode was performed by using the

BIRD sequence for spin-lock of 13C, and a proton-de-
coupling during acquisition using the GARP1 pulse

w xsequence 27,28 . The delay for inversion recovery
optimize to give null for protons bound to 12C had
been set to a relatively long 500 ms in order to obtain
a spectrum with less baseline distortion in the dia-
magnetic region. A delay of 200 ms and less did not
give a spectrum comparable to the one shown here
due to worse baseline distortion. The total time for

Žthe HMQC experiment on a sample ;5 mM heme
. 13concentration at C natural abundance was 36 h

with a total of 3=1800 transients.

3. Results and discussion

A freshly purified sample of the recombinant NR-
heme domain is recognized clearly from its 1H NMR
spectrum to be a mixture of two species, with the
major species 2–3 times as abundant as the minor
species. The two species are under a slow equilibrium
as revealed by NMR, where the 1H NMR signals of
the minor species decrease in intensity and reach 1r8
the intensity of the major species in a few months at

Ž .48C Fig. 1 . A similar result was also observed on a
soluble truncated fragment of a membrane-bound

w xcytochrome b 29–32 and on a recombinant5
w xhemoglobin from a marine annelid 33 , where a

protoporphyrin IX binding to the protein in two
different orientations with respect to the a–g axis
was suggested.

This protein has been previously determined to be
a tetramer of 45 kDa based on gel filtration and gel

w xelectrophoresis 5,6 . This has also been confirmed by

Ž . Ž X.Fig. 1. Proton NMR spectrum 360.13 MHz and 298 K of NR-heme domain stored at 48C for a few months in D O at pH 7 A and A .2
Ž X. 1 Ž .The insets B and B are the regions of the H NMR spectrum 360.13 MHz and 300 K which show that a freshly prepared sample of the

protein in H O at pH 7 is a mixture of two ‘‘different proteins’’ with the heme bound in different orientations. The decrease of the2

‘‘minor species’’ with time is clearly shown in the spectra. Some signals due to the ‘‘minor species’’ are marked with asterisks. Three
heme methyl signals in the downfield region can be recognized simply from their intensity. The spectra were processed with a Gaussian
window function to enhance the resolution of the signals in the region 0.5 to y2 ppm.
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the use of ultrafiltration using a 30 kDa molecular-
weight-cutoff membrane. However, despite the large
molecular weight, this protein shows quite sharp

isotropically shifted 1H NMR signals. The sharpness
of the signals allows us to use 2D NMR techniques
for thorough signal analysis. Fig. 2 shows the COSY

Ž . Ž . Ž . Ž .Fig. 2. Proton A COSY and B NOESY with a mixing time 100 ms spectra 360.13 MHz of the truncated heme-domain from nitrate
reductase in D O at 298 K. The recycle time is 500 ms in both spectra. The heme vinyl and propionate spin systems are clearly revealed2

in the COSY spectrum. Some key cross peaks that allow specific heme assignment in the NOESY spectrum are labeled. The inset in the
Ž .NOESY spectrum shows the ‘‘fingerprint’’ of the methyls 1–8 interaction the cross peak on the right .
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and NOESY spectra of the major species of the
NR-heme domain. From the COSY spectrum, the
most downfield shifted signal at 20.2 ppm can be
easily assigned to a vinyl-C H proton that has stronga

through-bond correlation with the vinyl-C H signalsb 2

at y7.6 and y8.3 ppm. The more intense cross peak
between the signals at 20.2 and y8.3 ppm indicates
that they are due to the two protons trans to each
other, which have a larger coupling constant than that
of a cis pair as observed in all alkene derivatives.
The protons of the second vinyl group are located in
the diamagnetic region at 5.2 and 3.2r2.8 ppm which
can be revealed through 1D NOE experiments and a
1 �13 4H C -HMQC experiment discussed later. The C Ha

and C H protons of the two coordinated His residuesb 2

are detected, respectively, at 7.18 and 18.0r7.46 ppm,
and 8.09 and 11.25r10.01 ppm.

The two propionate groups of the heme can be
Ž Ž ..clearly recognized in the COSY spectrum Fig. 2 A .

One propionate exhibits proton resonances at 14.9
Ž . Ž . Ž .T s89.1 ms , 13.2 82.2 ms , y1.4 106.0 ms , and1

Ž .y1.9 98.2 ms ppm. The first pair with larger
isotropic shifts and shorter T values can be assigned1

to the geminal C H protons and the latter two to thea 2

C H protons. The intense COSY cross peaks be-b 2

tween the vicinal pair at 14.9 and y1.9 ppm, and the
other pair at 13.2 and y1.4 ppm suggest that these
pairs have a trans conformation, which affords larger
coupling constants thereby more intense cross peaks.
Thus, this propionate has a conformation with the
carboxylate group and the heme trans to each other

Ž .with respect to the C –C bond Fig. 3 . The crystala b

structure of cytochrome b reveals that the heme is5

bound near the surface of the protein with 7-pro-
pionate H-bonded to the consensus Ser 64, and 6-pro-
pionate extended out from the protein and stretched

w xinto the solvent 34–36 . This stretched trans confor-
mation does not allow the carboxylate to be H-bonded
with the protein backbone. Thus, the propionate de-
scribed here with a conformation in which the car-
boxylate and the heme are trans to each other is
assigned as propionate-6. This propionate is presum-
ably the only possible moiety on the heme that can
interact with the FAD in the flavoprotein domain to
foster electron transfer from FAD to the heme on the
basis of the crystal structure docking of the cy-
tochrome domain with the FAD domain in corn NR
w x36 .

Ž .Fig. 3. A The schematic structure of protophorphyrin IX, and
Ž .B the conformation of the two heme-propionate viewed from
the top of the heme. The propionate-6 has a trans conformation
and stretches further into the solvent, where the two trans vicinal
pairs show intense COSY cross peaks; whereas the propionate-7
has a cis conformation and bends toward the protein and is
H-bonded with a Ser residue based on the crystal structure of

w xbovine cytochrome b 34 .5

The second propionate exhibits proton signals at
Ž . Ž .15.7 107.9 ms , y3.0 128.8 ms , 1.3, and y3.7 ppm

Ž .84.1 ms , with the first two and the latter two as the
geminal pairs based on the intensities of the cross

Ž .peaks in the COSY and NOESY spectra Fig. 2 . One
interesting feature of this propionate group is that one
geminal CH proton pair show dramatically different2

isotropic shifts and longitudinal relaxation times, re-
flecting their very different magnetic andror struc-

Žtural environments; such as with one proton likely
.the 15.7 ppm proton at a more ‘‘perpendicular’’

position with respect to the heme which experiences
a better hyperconjugation with the heme p orbitalsp
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than the one at a more ‘‘in-plane’’ position. The
vicinal pair at y3.0 and y3.7 ppm exhibit intense
cross peaks in the COSY spectra which reflects their
being trans to each other with respect to the C –Ca b

bond. The lack of an intense cross peak for the other
vicinal pair is indicative of a cis conformation for
this pair. On the basis of these interactions, the
structure of this propionate is revealed to have a
‘‘bent’’ configuration with the carboxylate group cis
to the heme and trans to the 15.7 ppm proton. This
configuration allows this propionate to be H-bonded

Ž .with the protein backbone Fig. 3 . This configuration
is similar to that of propionate-7 in bovine cy-
tochrome b , which is H-bonded with a serine side5

Ž . w xchain Ser 64 in the crystal structure 34–36 . De-
spite only ;30% sequence homology between NR-

w xheme domain and bovine cytochrome b 8 , the5

chemical shift patterns are very similar between these
Žtwo proteins, particularly the methyl signals Table

.1 , suggesting a similar heme binding environment in
this protein family.

The 1H NMR signals due to the heme can be
clearly identified and assigned from a proton–carbon

1 �13 4 Ž .correlation in the H C -HMQC spectrum Fig. 4 .
All the methyl signals from the heme moiety are
clearly recognized with 1H resonances at 17.7, 14.3,
10.8, and the buried one at 2.0 ppm, and their corre-
sponding 13C signals at y31.3, y39.3, y18.1, and
y5.7 ppm, respectively. All six pairs of geminal
protons of the vinyl and propionate groups can be

1 �13 4clearly observed and assigned in the Hy C cor-
related 2D map, where one carbon is correlated with

Ž . 13two protons dashed lines in Fig. 4 . The C NMR
signal of one vinyl-C is found at 217.0 ppm and itsb

vinyl-C is located at 20.1 ppm; and the other vinyl-a

C is at 122.5 ppm. One propionate exhibits its Cb a

signal at y46.0 ppm and C at 145.3 ppm; and theb

other propionate shows C signal at y23.7 ppm anda

C at 52.6 ppm. In addition, the C of a coordinatedb b

His is detected at 18.8 ppm.
The NOESY spectra are used to reveal the signals

that are attributable to protons close to each other.
Three out of the four heme methyl protons can be
clearly recognized in the )10 ppm region based on
their signal intensities. The NOESY spectrum in Fig.
2 reveals all the through-space interactions necessary
for a complete assignment of the heme moiety. Sev-
eral NOESY spectra with different mixing times

Table 1
Chemical shift and assignments of proton and carbon-13 NMR of
the heme in the truncated heme domain of nitrate reductase at pH
Ž .7 unbuffered and 298K.

1Assignment Chemical shift Chemical shift H T1

for proton for carbon-13 value
Ž . Ž . Ž .ppm ppm ms

a bmethyl-1 10.8 y18.1 85.5
vinyl-2a 20.2 20.1 53.5
vinyl-2bt y8.3 217.0 121.2
vinyl-2bc y7.6 217.0 109.4

a bmethyl-3 14.3 y39.3 99.6
vinyl-4a 5.2 c d
vinyl-4bt 3.2 122.5 d
vinyl-4bc 2.8 122.5 d

a bmethyl-5 17.7 y31.3 74.7
propionate-6a 14.9 y46.0 89.1

Xpropionate-6a 13.2 y46.0 82.2
propionate-6b y1.4 145.3 106.0

Xpropionate-6b y1.9 145.3 98.2
propionate-7a 15.7 y23.7 107.9

Xpropionate-7a y3.0 y23.7 128.8
propionate-7b y3.7 102.4 84.1

Xpropionate-7b 1.3 102.4 d
a bmethyl-8 2.0 y5.7 d

a The corresponding values for methyl-1, 3, 5, and 8 protons in a
truncated bovine liver cytochrome b are 11.5, 14.4, 21.8, and5

Ž . w x2.7 ppm, respectively 0.1 M phosphate at pH 8.3 and 298K 29 ;
and are 10.6, 14.5, 20.4, and 2.6 ppm, respectively, in Es-
cherichia coli ferricytochrome b in 0.1 M phosphate buffer at5

w xpH 7.1 and 295K 37 .
b The corresponding values for methyl-1, 3, 5, and 8 carbons in
the truncated bovine liver cytochrome b are y16.6, y33.3,5

w xy34.8, and y4.6 ppm, respectively 38 ; and at y19.3, y40.2,
y37.2, and y9.1 ppm, respectively, in the above Escherichia

w xcoli ferricytochrome b 37 .5
c The corresponding carbon-13 signal is obscured by the residual
water signal.
d Cannot be measured as signals are buried in the diamagnetic
envelope.

Ž .ranging from 50 to 150 ms were compared, and
found to provide virtually the same information for
qualitative signal assignment. The methyl at 17.7 ppm
shows strong cross peaks with all the four protons of
a propionate group, reflecting that this propionate
may have a relatively free rotation which affords a
chance for all the propionate protons to have a
through-space interaction with the methyl group. This
suggests that these signals can be assigned to the
6-propionate which is exposed to the solvent and has
a higher degree of freedom based on the crystal
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1 �13 4Fig. 4. H C -HMQC of the truncated NR-heme domain in D O at 298 K. The four heme methyl group can be clearly recognized in the2
13 Ž .upfield region of the C dimension labeled with M’s . Seven CH signals attributable to the two vinyl, two propionate, and one2

His-C H groups can also be clearly recognized, where one 13C signal is correlated with two 1H signals as shown with dashed lines inb 2

the spectrum. The dashed box represents a signal which can be seen only with a lower contour level.

w xstructure of cytochrome b 34–36 . Another pair of5
Ž .propionate C H at 15.7 and y3.0 but not C Ha 2 b 2

shows cross peaks with the methyl at 2.0 ppm, re-
flecting a more ‘‘rigid’’ configuration. The NOESY
connectivities are also consistent with the propionate
configuration revealed in the COSY study, with the
trans vicinal pairs exhibiting intense COSY cross

Ž .peaks but only weak NOESY interactions Fig. 2 .
The vinyl-C H at 20.2 ppm shows weak interac-a

tion with the methyl at 14.3 ppm, while its two C Hb 2

protons have strong cross relaxations with the methyl
at 10.8 ppm. The fact that neither of these methyls
interact with the propionate groups, but both are close
to a common vinyl group, indicates that these meth-
yls are at the 1 and 3 positions. From the NOESY

1 �13 4and the H C -HMQC spectra, another vinyl-C Hb 2

proton pair at 2.8 and 3.2 ppm are also revealed
which interact with the methyl signal at 14.3 ppm. At
this stage, all the methyl signals can be determined
by their correlations with both adjacent vinyl and
nearby propionate groups. The ‘‘fingerprint’’ interac-
tion between methyls 1 and 8 is revealed between the

Žsignals at 10.8 and 2.0 ppm by both 1D NOE to

reveal 1l8 and 7l8 interactions with signals 1
. Žand 7 irradiated, respectively and NOESY inset in

.spectrum B, Fig. 2 , which concludes the assignment
for all the methyl groups with the signals at 17.7,
14.3, 10.8, and 2.0 ppm assigned to 5-, 3-, 1-, and
8-methyl groups, respectively. Their corresponding
propionate and vinyl groups can thus also be assigned

Ž .accordingly Table 1 .

4. Concluding remarks

The expression of a water-soluble truncated heme
domain of Chlorella Õulgaris NR has allowed a
detailed 2D NMR study of the heme moiety. The 1H
NMR signals of the heme moiety in this NR heme
domain have been fully assigned by the use of COSY,

1 �13 4NOESY, and H C -HMQC techniques. The heme
structure is similar to that of the membrane-bound
bovine cytochrome b ; with 6-propionate exposing to5

the solvent and having a flexible configuration, and
7-propionate being more rigid and presumably H-
bonded to the protein backbone. With the success of
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the over-expression and the primary NMR study of
this protein, several interesting properties of this en-
zyme can be pursued in the future; such as the
identification of the amino acid residues in the prox-
imity of the heme and structure of the whole heme
pocket, the influence of the different heme orienta-

Ž . Žtions Fig. 1 and the heme-pocket structures via
.site-directed mutagenesis on the redox potential and

electron transfer rate, the effect of the flavin domain
on the electrochemical properties, and the interaction
of the protein with its redox partners.
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