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ABSTRACT: The Rhodnius nitrophorins are β-barrel proteins of
the lipocalin fold with a heme protruding from the open end of
the barrel. They are found in the saliva of the blood-sucking insect
Rhodnius prolixus, which synthesizes and stores nitric oxide (NO)
in the salivary glands, where NO is bound to iron. NO is released
by dilution and an increase in pH when the insect spits its saliva
into the tissues of a victim, to aid in obtaining a blood meal. In the
adult insect, there are four nitrophorins, NP1−NP4. At pH 7.3,
NP4 releases NO 17 times faster than NP2 does, as measured by
stopped-flow kinetics. A number of crystal structures of the least
abundant protein, NP4, are available. These structures have been
used to propose that two loops between adjacent β-strands at the
front opening of the protein, the A−B and G−H loops, determine
the rate of NO release. To learn how the protein loops contribute to the release of NO for each of the nitrophorins, the dynamics
of these proteins are being studied in our laboratory. In this work, the NP2−NO complex has been investigated by nuclear
magnetic resonance relaxation measurements to probe the picosecond-to-nanosecond and microsecond-to-millisecond time scale
motions at three pH values, 5.0, 6.5, and 7.3. It is found that at pH 5.0 and 6.5, the NP2−NO complex is rigid and only a few
residues in the loop regions show dynamics, while at pH 7.3, somewhat more dynamics, particularly of the A−B loop, are
observed. Comparison to other lipocalins shows that all are relatively rigid, and that the dynamics of lipocalins in general are
much more subtle than those of mainly α-helical proteins.

Nitrophorins (NPs) are ferriheme proteins that bind and
carry nitric oxide and are found in the salivary glands of

blood-sucking insects.1−3 In the adult insect Rhodnius prolixus,
which is native to the Amazon River basin, there are four such
ferriheme proteins of the lipocalin fold (an eight-stranded β-
barrel, with the heme inside the barrel), as shown in Figure 1.
The structures of various ligand complexes of NP1,4−6 NP2,7,8

and NP49−14 have been determined by X-ray crystallography.
In the salivary glands, the hemes of the four proteins are bound
to nitric oxide, which is synthesized by a constitutive nitric
oxide synthase (NOS) enzyme found in the epithelial cells of
the salivary glands.15 When the insect finds a host that can
provide the blood meal it needs each month, the cherry red
saliva, including its nitrophorin proteins loaded with NO, is spit
into the tissues of the host at the site of the bite.3 Dilution of
the proteins and an increase in pH from that of the saliva (pH
5.0−6.0) to that of the host tissues (pH 7.3−7.4) allow
dissociation of NO, which can travel through cell walls to reach
nearby blood capillaries. There it can interact with the heme
enzyme guanylyl cyclase to produce cyclic GMP,16 which
causes vasodilation to allow more blood to be transported to
the site of the wound, thus providing the insect with a blood
meal in a relatively short time period. The four nitrophorins of
the adult Rhodnius insect each have a molecular mass of ∼20
kDa, and they each have four conserved cysteine residues that
form two disulfide bonds that help to maintain the eight-

stranded β-barrel structures of each protein, as shown in Figure
1.4−14 The protein sequences of the four proteins (Figure S1 of
the Supporting Information) fall into two pairs, NP1 and NP4,
which have 89% identical sequences, and NP2 and NP3, which
have 79% identical sequences. The abundances of NP1−NP4 in
insect saliva are 49, 21, 20, and 10%, respectively.3 The two
pairs of NPs have very different NO release rates, with NP4 and
NP1 releasing NO 17 and 12 times faster, respectively, than
NP2 at pH 7.5 [koff values of 1.6 and 1.1 s−1, respectively (R. E.
Berry, unpublished results) vs a koff of 0.093 s−1,17 at both 27
°C and pH 7.5]. Understanding the dynamics of loop motions
is very important for developing a full understanding of the
behavior of the Rhodnius nitrophorins.
Also important to the dynamics of loop motions is that the

recombinantly produced proteins have the same N-termini as
the native proteins. As shown in Figure S1 of the Supporting
Information, three of the four proteins, NP1−NP3, have a
charged amino acid as the first amino acid of their mature
proteins. These three NPs, when expressed in Escherichia coli,
retain the Met0 that arises from translation of the start codon.
In contrast, NP4, whose first amino acid is Ala, does not have
Met0 when isolated and purified. This is thought to be a result
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of the fact that the E. coli methionine aminopeptidase is able to
cleave Met0 from proteins whose first amino acid has a small
hydrophobic side chain but cannot cleave it from proteins
whose first amino acid has a larger, charged side chain. To
remove Met0 from NP1, NP2, or NP3, it is necessary to
express the genes in a plasmid [pET-26b (Novagen)] that
contains an export sequence before the start of the gene. This
export sequence is cleaved when the protein reaches the
periplasm. The cleavage produces a protein that has its native
N-terminal amino acid as the first amino acid, which is able to
fold properly and form the correct disulfide bonds. Because
heme synthesis is turned on by the properly folded apoprotein,
heme is synthesized and inserted into the folded protein to
produce the holoprotein.
As another means of removing Met0 from NP1−NP3, it was

reasoned that creation of the D1A mutant of the NP2 or NP3
gene, or the K1A mutant of the NP1 gene, should give a
protein having no Met0. This was found to be the case for
NP2(D1A),18 as well as NP3(D1A) and NP1(K1A) (unpub-
lished work). NP2(D1A) is usually expressed under conditions
that produce inclusion bodies.18 When these inclusion bodies
are renatured and purified, followed by the addition of hemin, a
stable holoprotein that has no Met0 is produced but rather, as
first amino acid, has Ala instead of Asp. More recently, we have
shown that NP2(D1A) and native N-terminus NP2 have
nuclear magnetic resonance (NMR) spectra that are essentially
identical.17 Both native N-terminus NP2 and NP2(D1A) have
been used in the dynamics studies reported in this work.
Montfort and co-workers have investigated the kinetics of

release of NO from NP4 by stopped-flow kinetics,19 by
cryocrystallography and infrared spectroscopy of binding of
NO and CO to NP4,20 by femtosecond coherence spectros-

copy (FCS) in combination with polarized resonance Raman
spectroscopy and density functional theory (DFT) studies of
binding of NO to NP4,21 by ultrafast kinetics of the release of
NO from NP4,22 and by two-dimensional (2D) Fourier
transform infrared spectroscopy23 to try to understand the
mechanism of NO release. Knipp et al. have investigated the
infrared and resonance Raman spectra of the FeII−CO complex
and have studied association of CO to and dissociation of CO
from Fe(II) NP4 and NP7 by nanosecond laser flash photolysis
and stopped-flow kinetics.24 In both cases of infrared
investigations,23,24 two vibrational frequencies were detected,
one ascribed to the “closed” and the other to the “open loop”
structure. Montfort et al. have found that the off rate for
dissociation of NO from NP4 is proportional to the open loop-
state population, as well as to the pH-dependent kinetic
amplitude of escape from the open pocket.22 When both factors
are considered, the off rate increases by more than an order of
magnitude when the pH is changed from 5 to 8.22 The fast
phase of NO rebinding is assigned to a conformation of the
ferric protein with a closed hydrophobic pocket, while the slow
phase is assigned to the protein in an open conformation with a
more hydrophilic heme pocket environment.22,23 The relative
amplitude of the slower phase increases dramatically as the pH
is increased from 5 to 8.22

With regard to the 2D Fourier transform infrared (FTIR)
studies of the NP4−NO complex,23 we have shown that this
ligand complex of NP4 is a dimer at the two pH values used,
pH 5.1 for the closed loop studies and pH 7.9 for the open loop
studies. The concentration of the pH 5.1 sample used in these
studies was 6.4 mM, and that of the pH 7.9 sample was 4.1
mM.23 We have investigated the NP4−NO complex by NMR
spectroscopy at pH 7.3, from 3.7 to 0.88 mM, and found very
broad 1H{15N} HSQC spectra that are consistent with either a
mixture of the NP4−NO monomer and dimer, and/or the
NP4−NO dimer in exchange with the monomer on the NMR
time scale (R. E. Berry, unpublished results). Considering the
sizes of the broad peaks, rates in the range of ∼150 s−1 are
suggested. At pH 5.0 and 2 mM, the NP4−NO is a dimer with
a well-resolved 1H{15N} HSQC spectrum that can be
investigated by NMR techniques (R. E. Berry, unpublished
results). Thus, it will be necessary to rethink what the results of
the 2D FTIR studies23 mean, because not only are the
measurements made on the dimeric form of NP4 but also the
structures used to explain the data are all those of the
monomeric NP4−NO complex, crystallized in the presence of
high salt and/or PEG.9−14 The side chains shown to be
important in dimer formation are D30, others in the A−B loop,
and D132, as well as the heme carboxylates (R. E. Berry,
unpublished results).
In comparison to that of NP4, the rate of release of NO from

native N-terminus NP2 changes by a factor of only 3 between
pH 5 and 7.5,17 suggesting that although all four nitrophorins
have D29(30), not all are similarly affected by a change in pH
and there is thus a need to investigate all four proteins by the
same techniques to determine the factors that affect the rates of
NO release of each. In addition, NP2 shows no tendency to
aggregate or form a dimer as a function of concentration and/
or pH. It is striking that the major difference between the A−B
and G−H loops of NP2 and NP4 is that NP2 has one less
amino acid in the A−B loop (Figure S1 of the Supporting
Information) and that this could cause such dramatic
differences between the behavior of NP2 and NP4 (if this is
the factor that determines NO dissociation rates). A further

Figure 1. Structure of NP2 and pattern of connections of disulfide
bonds.
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difference is that NP4 and NP1 both have two prolines in the
A−B loop while NP2 and NP3 each have only one (Figure S1
of the Supporting Information). All four NPs have an aspartic
acid as the first residue of the A−B loop, and for NP4, Asp30 is
believed to be the major factor that determines whether the A−
B loop is open or closed.19 Most crystal structures of NP4
obtained at pH 5.6 show a hydrogen bond between the D30
side chain carboxyl and the L130 carbonyl.10,11 Although all
crystal structures of the NP4−NO complex have the closed
loop structure at all pH values, at pH 7.5 for other ligand
complexes of NP4 this hydrogen bond is not present, D30 and
L130 are much farther apart, and the A−B and G−H loops are
open.9 No NP2 crystal structure determined at pH 6.5 shows a
hydrogen bond between these two residues, D29 and L129,7,8

and no lower-pH structures are available. The typical distance
between D29 and L129 in the pH 6.5 structures is 4.96 Å.7,8

In an attempt to understand how the A−B and G−H loops
could create such different NO release rates, we have
undertaken an investigation of the loop dynamics of the NPs,
beginning with the NO complex of native N-terminus NP2,17

which is diamagnetic. Our reason for beginning with NP2 is
that unlike the other three NPs of the adult insect, NP2 has a
large preponderance of one of the two possible heme
orientations (1:12) that result from the unsymmetrical nature
of protohemin, shown in Figure S2 of the Supporting
Information. Thus, for NP2, there is only one observed
1H{15N} HSQC cross-peak for each backbone amide proton. In
comparison, for NP4, to which we wish to compare the results
of this work, the A:B heme orientation ratio is ∼1:1, and thus,
there are two NH cross-peaks for each peptide NH, which may
be close enough together to make it difficult to choose one or
the other for dynamics investigations or to treat both at the
same time. Therefore, it is necessary to reconstitute the NP4
apoprotein with the so-called “symmetrical hemin”, 2,4-
dimethyldeuterohemin, in which the two vinyl groups have
been replaced with methyls. This produces a heme with two
fewer carbons than protoheme, which could potentially change
the dynamics of the protein by removing some steric
interactions that may be responsible for ruffling of the heme.25

The original report of the Lipari and Szabo model-free
analysis method for extracting parameters related to the fast
time scale motions in the range of picoseconds to nanoseconds
from experimental relaxation parameters was published in
198226,27 and has undergone some modifications.28−31 The
Carr−Purcell−Meiboom−Gill (CPMG) experiment for inves-
tigating microsecond-to-millisecond time scale dynamics and
related methods was published and modified more re-
cently.32−39 Since then, backbone dynamics of probably
hundreds of proteins have been reported in the literature, of
which we cite only a few.35−43 We have investigated the
picosecond-to-nanosecond and microsecond-to-millisecond
dynamics of native N-terminus NP2 by well-known method-
ologies. In these studies, we have found that the NP2−NO
complex is a fairly rigid protein, which nonetheless shows
dynamics in some residues, particularly those located in the
loops, and an increase in dynamics on all time scales as the pH
is increased from 5.0 to 6.5 to 7.3.

■ MATERIALS AND METHODS
Expression and Purification of the Protein. Except

where indicated, materials were obtained from Sigma-Aldrich
and used without further purification. A successful method for
producing native N-terminus NP2 protein has been developed

in our laboratory. The detailed description of protein
expression and purification has been published recently,17 and
a modified version was employed to express and purify a 15N-
enriched sample. An overnight culture of ArcticExpress-(DE3)
E. coli cells (Stratagene) containing the NP2 expression plasmid
in pET-26b (Novagen) was prepared and used to inoculate (20
mL/L) LB broth containing 100 μg/mL (172 μM) kanamycin
sulfate (IBI Scientific). This was grown at 30 °C in a shaker-
incubator (235 rpm) until an OD600 of 0.8 was reached (3 h),
before being cooled to ∼12 °C. The cells were collected by
gentle centrifugation (1400g for ∼3 min), and to maximize the
final yield,44 the cells from 2 L of growth were resuspended in 1
L of a defined minimal medium45 (TEKnova, Hollister, CA)
containing 50 mM sodium chloride, 40 mM 3-morpholinopro-
pane-1-sulfonic acid (MOPS), 11.1 mM D-glucose, 4 mM
tricine, 1.32 mM dipotassium phosphate, 0.52 mM magnesium
chloride, 0.28 mM potassium sulfate, 0.01 mM iron(II) sulfate,
0.5 μM calcium chloride, 0.4 μM boric acid, 80 nM manganese
dichloride, 30 nM cobalt dichloride, 10 nM copper(II) sulfate,
10 nM zinc sulfate, 3 nM ammonium molybdate, and 18.7 mM
[15N]ammonium chloride (99% isotopic enrichment, from
Cambridge Isotope Laboratories, Inc.) as the sole significant
bioavailable source of nitrogen. This was grown at 12.5 °C in a
shaker-incubator (235 rpm). After 1 h, expression was induced
with 1 mM isopropyl β-D-1-thiogalactopyranoside, and the
medium was supplemented with 0.1 mM 5-aminolevulinic acid,
40 μM iron(II) sulfate, and thiamine HCl, pantothenic acid, 4-
hydroxybenzoic acid, 4-aminobenzoic acid, and 2,3-dihydrox-
ybenzoic acid (10 μM each). Additional supplements of 0.1
mM 5-aminolevulinic acid and 40 μM iron(II) sulfate were
added after samples had grown for 2 days and again after 4
days. After 6 days, the cells were harvested by centrifugation.
The [U-15N]NP2 protein was then isolated and purified as
described previously.17 The final yield of the purified protein
was ∼1 mg/L of minimal medium growth (compared to ∼3
mg/L using unlabeled LB). Care was taken to be certain that
the heme orientation had reached equilibrium (1:12 A:B at pH
7.0)17 by checking the NMR spectra of the high-spin hemin
resonances over a period of at least 8 days before the samples
were used for multidimensional NMR investigations.
Triple-resonance experiments required for the assignment of

the protein backbone need large amounts of isotopically
enriched 13C- and 15N-labeled protein. The soluble expression
method described above yields sufficient 15N-enriched protein
necessary for most of the dynamics experiments performed in
this work, but the yield is too low for the economically viable
production of a doubly isotopically enriched 13C- and 15N-
labeled sample. In addition, to avoid any dilution of the 13C
isotope, any initial unlabeled LB growth prior to resuspension
in labeled medium needed to be avoided, resulting in a yield of
≪1 mg/L. A previously described method used to produce
[13C6,

15N3]histidine-enriched NP2 protein yielded ∼4 mg/L46

but required isotopically enriched amino acids, both the doubly
labeled histidine and the 19 other nonlabeled amino acids.46

Thus, a much higher-yielding (∼10 times) inclusion body
method was used and employed the NP2(D1A) construct,18

which is “native-like” with respect to NMR spectroscopy,
having 1H{15N} HSQC chemical shifts for its NO adduct that
are within an average of ±0.005 ppm (calculated from chemical
shift data shown herein) of those of the 15N-labeled native N-
terminus NP2−NO complex (hereafter called simply NP2−
NO).17 A defined minimal medium was prepared as described
above [with 100 μg/mL (172 μM) kanamycin sulfate and
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supplemented with thiamine HCl, pantothenic acid, 4-
hydroxybenzoic acid, 4-aminobenzoic acid, and 2,3-dihydrox-
ybenzoic acid (10 μM each)] and included, as the sole
significant bioavailable source of nitrogen and carbon, 18.7 mM
[15N]ammonium chloride and 11.1 mM [13C]-D-glucose (99%
isotopic enrichment, from Cambridge Isotope Laboratories,
Inc.). Part of this 13C, 15N minimal medium was used to
prepare an overnight culture of BL21(DE3) E. coli cells
(Stratagene) containing the NP2(D1A) expression plasmid,18

in pET-24a (Novagen), and was used to inoculate (20 mL/L)
the rest of the 13C, 15N minimal medium. This was grown at 37
°C in a shaker-incubator (235 rpm) until an OD600 of 0.8 was
reached (∼3 h). The temperature was then set to 25 °C, and
after 20 min, expression was induced with 1 mM isopropyl β-D-
1-thiogalactopyranoside. The cells were harvested by centrifu-
gation the next day. The [U-13C,15N]NP2(D1A) insoluble
inclusion bodies were then isolated as described previously,47

except that sonication was used to lyse the cells (50% duty
cycle for 2 min and then cooled for 1 min, repeated five times),
and all Tris-based buffers were substituted with 100 mM
sodium phosphate buffers at pH 7.5. The isolated insoluble
inclusion bodies were refolded using an improved folding
method based on one described previously.48

The isolated inclusion bodies (<5 g) were dissolved in 120
mL of denaturation buffer [10 mM MOPS (pH 7), 6 M
guanidine HCl (Thermo Scientific), 1 mM EDTA (VWR
International), 2 mM tris(2-carboxyethyl)phosphine HCl
(EMD Biosciences), and 1 mM dithiothreitol], stirred at
room temperature for 3 h, then rapidly diluted into 1.2 L of
refolding buffer [10 mM MOPS, 1 mM L-glutathione reduced,
0.29 M sucrose, and 0.5 M L-arginine (adjusted to pH 7.0)],
and stirred overnight at 4 °C. The refolded protein was then
dialyzed [Spectra/Por membrane tubing with a 14000
molecular weight cutoff (MWCO)] twice against dialysis buffer
[10 mM MOPS, 0.29 M sucrose, 50 mM L-glutamic acid, and
50 mM NaCl (adjusted to pH 7.0)]. The now natively folded,
soluble apoprotein was concentrated to ∼50 mL and titrated
with a large excess of hemin [5 mL of ∼2 mM hemin dissolved
in a few drops of 1 M KOH and diluted into 100 mM sodium
phosphate buffer (pH 7.5)] to form the holoprotein. The pH
was reduced to 5.5 with acetic acid, and the excess hemin
precipitate was then removed by high-speed centrifugation. The
sample was further concentrated to ∼5 mL before being loaded
onto a gel filtration column [a 5 mL prepacked HiTrap
desalting guard column connected in series with a HiPrep 26/
60 Sephacryl S-100 HR column (GE Healthcare), equilibrated
with 100 mM sodium acetate buffer (pH 5) with 100 mM
NaCl]. The peak fraction that eluted via gel chromatography
was dialyzed against 30 mM sodium acetate buffer (pH 5)
before being further purified by cation exchange chromatog-
raphy. In no more than 5 mg batches, the dialyzed nitrophorin
was loaded onto a cation exchange column (two 5 mL HiTrap
SP HP columns connected in series), washed with 20 mL of the
30 mM sodium acetate buffer (pH 5), and eluted with a salt
gradient (1 M NaCl in 30 mM sodium acetate buffer). Pure
[U-13C,15N]NP2(D1A) eluted as a single peak at an ionic
strength of ∼4 mS/cm. The final yield of [U-13C,15N]NP2-
(D1A) was ∼10 mg/L of minimal medium growth. Care was
taken to be certain that the heme orientation had reached
equilibrium (1:14 A:B at pH 7.0)18 by checking the NMR
spectra of the high-spin hemin resonances over a period of at
least 8 days before the samples were used for multidimensional
NMR investigations.

Preparation of NMR Samples. Stocks of NMR buffers
were prepared at pH 5.0 (50 mM sodium acetate with 95%
H2O and 5% D2O) and pH 6.5 and 7.3 (both with 50 mM
sodium phosphate with 95% H2O and 5% D2O). The purified
[U-15N]NP2 and [U-13C,15N]NP2(D1A) proteins were ex-
changed four times into the appropriate NMR buffer (using
Centriprep 10000 MWCO centrifuge concentrators), and
immediately before the samples were loaded into Shigemi
NMR tubes, a few crystals of S-nitroso-N-acetyl-D,L-penicill-
amine were added as a source of nitric oxide;49 this compound
releases NO with a half-life of <30 s. The escape of the nitric
oxide was inhibited by the tight seal of the Shigemi tubes’
matched plunger, and the nitric oxide complex was found to be
stable for months (confirmed by 1H{15N} HSQC). Because the
heme does not leave the protein once NO or another ligand is
added, the NO complex could be maintained at the A:B ratio of
1:14 for NP2(D1A) or 1:12 for native N-terminus NP2, even at
pH 5.0. Sodium 3-(trimethylsilyl)-1-propanesulfonate (DSS)
(Cambridge Isotope Laboratories, Inc.) was added to the
samples for chemical shift reference. The concentrations of the
[U-15N]NP2−NO and [U-13C,15N]NP2(D1A)−NO samples
were ∼0.2 and ∼2 mM, respectively. It should be noted that
because both NO and iron(III) are odd-electron systems, the
NO complex of NP2 is diamagnetic.

Sequence-Specific Assignments of [13C,15N]NP2-
(D1A)−NO and Relaxation Data for [15N]NP2−NO. 2D
1H{15N} HSQC spectra were initially used to identify the
number of spin systems and confirm that no high-spin
NP2(D1A)-H2O remains [additional nitric oxide was added if
needed to completely complex all of the NP2(D1A), recorded
locally on a Varian Inova 600 instrument equipped with a
cryogenic probe]. The presence of excess NO(g) does not
interfere in any way with the NMR experiments, based on the
chemical shifts and 15N T1 values of NP2−NO recorded with
excess NO and with a sample extensively washed (repeatedly
diluted and reconcentrated) to remove any excess NO (at pH
5.0). The rest of the 2D and three-dimensional (3D)
heteronuclear NMR spectra for the sequence-specific assign-
ments of [U-13C,15N]NP2(D1A)−NO were recorded at the
National Magnetic Resonance Facility at Madison (NMRFAM)
on a 600 MHz Bruker AVIII-600i spectrometer equipped with a
5 mm TXI cryoprobe, and relaxation data for [U-15N]NP2−
NO were collected on a 600 MHz Varian NMR spectrometer
equipped with a cryogenic probe. The temperature was
maintained at 30 °C. 2D 1H{15N} HSQC, 3D HNCO, 3D
HNCACB, and 3D CBCA(CO)NH peak lists were used as
input to the PINE server50 and, employing the PINE-SPARKY
extension,51 were used to determine sequence-specific back-
bone resonance assignments. 2D 1H{13C} HSQC and 3D
HBHA(CO)NH experiments were used to assign the 1Hα

resonances. Assignment data were collected at pH 5.0 and
7.3, referenced to DSS,52 and are listed in Table S1 of the
Supporting Information. This is a summary of all the backbone
chemical shifts assigned and represents an average of all of the
assignments of the experiments listed in Appendix A of the
Supporting Information. The carbonyl chemical shifts were
obtained from the assignments in the HNCO experiment
(Table A4 of the Supporting Information). The Cα and Cβ
chemical shifts are the average chemical shifts obtained from
the assignments of the 1H{13C} HSQC, HNCACB, and
CBCACONH experiments (Tables A2 and A5 of the
Supporting Information). The Hα chemical shifts are the
average chemical shifts obtained from the assignments of the

Biochemistry Article

dx.doi.org/10.1021/bi4010396 | Biochemistry 2013, 52, 7910−79257913



1H{13C} HSQC and HBHACONH experiments (Tables A2
and A3 of the Supporting Information). The amide 1H shifts
are the average chemical shifts obtained from the assignments
of the 1H{15N} HSQC, HNCO, HNCACB, CBCACONH, and
HBHACONH experiments (Tables A1 and A3−A5 of the
Supporting Information). The amide 15N shifts were obtained
from the assignments of the 1H{15N} HSQC experiment
(Table A1 of the Supporting Information). These chemical
shifts were used to obtain backbone torsional angles using
TALOS (Torsion Angle Likelihood Obtained from Shift and
sequence similarity),53−55 specifically version TALOS-N55

(which also derives side chain χ1 angle information), and
reports an estimated backbone order parameter S2 derived from
the chemical shifts.56

All data were processed with the NMRPipe57,58 suite and
visualized with SPARKY.59 All relaxation data for
[U-15N]NP2−NO are listed in Tables S3−S8 of the Supporting
Information.

15N Relaxation and Model-Free Calculations. 15N
longitudinal (T1) and transverse (T2) relaxation experiments
were performed at 30 °C on a Varian 600 MHz spectrometer in
an interleaved manner with a few duplicate points for error
estimation. T1 and T2 values were acquired with 64 scans and
1024 × 200 complex data points. A recycle delay of 1.5 s was
used between the scans. For T1 measurements, a total of 13
spectra were recorded using T1 delays of 0.01, 0.02 (twice),
0.06, 0.12 (twice), 0.22, 0.42 (twice), 0.64, 0.96 (twice), and
1.28 s. For T2 measurements, a total of 14 spectra were
recorded using T2 delays of 0.01, 0.03 (twice), 0.05, 0.07
(twice), 0.09, 0.11 (twice), 0.13, 0.15 (twice), 0.17, and 0.19 s
(duplicates are indicated). The 15N{1H} NOE values were
acquired with 256 scans in a 1024 × 120 data matrix with a
recycle delay of 4.5 s in an interleaved fashion. The relaxation
data (T1, T2, and 15N{1H} NOE) were analyzed using
SPARKY.59 The intensities of the amide resonances were
obtained by measuring the heights of the peaks in the spectra, a
routine available within SPARKY. Uncertainty measurements
were made from duplicate spectra acquired independently.
Relaxation rates R1 and R2 were obtained by exponential

curve fitting of relaxation times T1 and T2 using RELAX.60

RELAX was also used to calculate the 15N{1H} heteronuclear
steady-state NOEs from the Isat/Iunsat ratios, where Isat and Iunsat
are the peak intensities in the spectra collected with and
without proton saturation, respectively. Uncertainty measure-
ments for model-free calculations were obtained using the
RELAX program either from duplicate spectra acquired
independently or from spectral noise using the baseplane
error estimation routine available within the program. The
estimated errors are in the range of 2−4% for R1 and R2 and 4−
8% for the NOE, with few exceptions. An initial guess of the
molecular rotational diffusion tensor and overall correlation
time (τm) was obtained from the R2/R1 ratio of the individual
15N amide peaks using the programs r2r1_tm and quad-
ric_diffusion developed by the Palmer group,61 which follows
the approach of Brüschweiler et al.62 and Lee et al.63 The X-ray
structure of NP2(D1A)−NH3 [Protein Data Bank (PDB) entry
2EU7] was used for this purpose and for subsequent model-
free calculations. The PDB file for model-free calculation was
prepared by adding hydrogen atoms using UCSF-Chimera64

followed by translation to the center of mass with the
pdbinertia program developed by the Palmer group. The final
PDB file was used as input for the model-free calculations. The
FAST-Modelfree program developed by Cole and Loria31 was

used to accomplish the model-free calculations. The FAST-
Modelfree program interfaces with Modelfree version 4.1
developed by the Palmer group to perform the rigorous
statistical testing protocols for the assignment of model
functions for each individual residue. Moreover, it requires
minimal user involvement in preparing the input files. The 15N
chemical shift anisotropy (CSA) and the distance N−H bond
length (rN−H) used in the calculations were −172 ppm and 1.02
Å, respectively, which seem to be good choices as they have
been used in most of the recent protein dynamics studies.40

The FAST-Modelfree configuration file, showing all the
parameters used in the calculations, is provided as Table S10
of the Supporting Information. The results from “quadric
diffusion” calculations, especially the D∥/D⊥ ratio, suggested an
axially symmetric diffusion tensor for the model-free calcu-
lations. Thus, of two available choices (isotropic or axially
symmetric) for the diffusion tensor in the FAST-Modelfree
program, an axially symmetric diffusion tensor was chosen for
all calculations.

Relaxation Dispersion Analysis. All of the 15N R2
relaxation experiments were conducted on a Varian 600 MHz
spectrometer at 30 °C using the relaxation-compensated
CPMG pulse sequence described previously by Kay et al.33

The constant time delay was set to 0.06 s. A series of 22 spectra
were recorded with CPMG, νcp, of 66.7, 133.3, 200 (twice),
266.7, 333.3, 400 (twice), 466.7, 533.3, 600 (twice), 666.7,
733.3, 800 (twice), 866.7, 933.3, and 1000 Hz (twice)
(duplicates are indicated). In addition, a reference spectrum
without any CMPG component in the pulse sequence was also
recorded in duplicate. Each 2D spectrum was acquired as a
complex data matrix of 512 × 256 points with 32 scans per FID
and a 2.2 s delay between scans. SPARKY59 was used to analyze
the data to obtain the peak heights for curve fitting to obtain
the effective transverse relaxation rates (R2

eff). NESSY65 was
used for the curve fitting. The SPARKY peak height list files
were directly used in NESSY. Because all 15N relaxation data
showed flat relaxation plots, R2 versus delay (no observed decay
curves), ΔR2

eff(νCPMG) two-point values were calculated using
the following equation:

νΔ =
⎛
⎝⎜

⎞
⎠⎟R

T
I
I

( )
1

ln2
eff

CPMG
cp

1000

66.7 (1)

where I1000 and I66.7 are the heights of cross-peaks in spectra
collected at effective CPMG fields of 1000 and 66.7 Hz,
respectively, and Tcp is the constant time delay (0.06 s).

■ RESULTS
Backbone Sequential Assignment of the NP2−NO

Complex and Analysis of the Chemical Shift Differences
between pH 5.0 and 7.3. It is necessary to have the 15NH
assignments to interpret the relaxation data. Mutant NP2(D1A)
was used to obtain the backbone sequential assignments,
because it is easier to produce a uniformly labeled (13C and
15N) protein in a quantity larger than the quantity possible for
the native N-terminus NP2 protein itself (hereafter simply
called NP2). It has been shown previously that NP2(D1A) and
NP2 have essentially identical chemical shifts of all
resonances,17 and we show in this work that the 1H{15N}
HSQC spectra have almost identical chemical shifts for the vast
majority of the resonances for the two nuclei of these two
proteins, as shown in Figure S3 of the Supporting Information.
The HNCACB and CBCACONH experiments were recorded
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on uniformly 13C- and 15N-enriched NP2(D1A)−NO samples
to effect the sequential assignments. Assignments were made at
two pH values, 5.0 and 7.3, because it was found that the 1H
and 15N chemical shifts were significantly different at these two
pH values, as shown in Figure 2a. The chemical shift
assignments of NP2(D1A)−NO at pH 5.0 were used to assign
the HSQC spectrum of the native N-terminus NP2−NO
complex at pH 6.5 because of the similarity in chemical shift
values at pH 5.0 and 6.5, as shown in Figure 2b. The 1H and
15N chemical shifts of NP2(D1A)−NO at pH 5.0 and 7.3 are
presented in Table S1 of the Supporting Information.
Complete assignment data are presented in the six tables of
Appendix 1 of the Supporting Information.
The observed chemical shift values of backbone protons and

nitrogens are relatively similar at pH 5.0 and 7.3 for all residues
except those located in the A−B and G−H loops, as seen in
Figure 3 for the native N-terminus NP2−NO complex; in some
cases, an up to 2 ppm change in 15N chemical shifts occurs over
this pH range, and in some cases, a >0.5 ppm change in proton
chemical shifts occurs. The same behavior is observed for
NP2(D1A)−NO, as seen in Figure S3 of the Supporting
Information, and this chemical shift pH dependence extends to
all the atoms of NP2(D1A)−NO assigned in Table S1 of the
Supporting Information, which can be seen in Figure S4 of the
Supporting Information. These observations encouraged us to
examine the possibility of structural changes resulting from pH
changes using the well-established TALOS+ (Torsion Angle
Likeliness Obtained from Shift and Sequence Similarity)54

using the chemical shifts of NP2(D1A)−NO. TALOS-N55 is an

improved version of the very commonly used TALOS+,53 for
empirical prediction of protein backbone dihedral angles (ϕ
and ψ) to within ±13° of the crystal structure values from
experimentally determined chemical shift values. TALOS-N
also derives side chain χ1 angle information and reports an
estimated backbone order parameter S2 derived from the

Figure 2. (a) Comparison of pH 5.0 (red) and 7.3 (blue) 1H{15N} HSQC plots for NP2−NO at 30 °C and a 1H frequency of 600 MHz. (b)
Comparison of pH 5.0 (red) and 6.5 (green) HSQC plots for NP2−NO at 30 °C and a 1H frequency of 600 MHz. Note the much greater similarity
of the chemical shifts of most residues at the two pH values vs that seen in panel a.

Figure 3. (a) Closeup of a comparison of the pH 5.0 and 7.3 HSQC
plots for NP2−NO at 30 °C, recorded at 600 MHz, showing the
dramatic change in the chemical shifts of several residues. (b) Absolute
change in the 15N chemical shift between these two pH values for the
most-shifted residues (those of the A−B and G−H loops).
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chemical shifts.56 A summary of the output from TALOS-N55 is
listed in Table S2 of the Supporting Information.
The smaller predicted order parameters (S2) are associated

with protein loop regions and increased dynamics at pH 7.3
relative to those at pH 5.0, most notably in the A−B loop, E−F
loop, and G−H loop regions near the opening to the heme
pocket (see Figure S5 of the Supporting Information). The
predicted ϕ and ψ angles are very similar at both pH values
(mostly within <10°), with the exception of some of the
residues in the A−B and G−H loops (see Figure S6 of the
Supporting Information; notably, the K127 ψ and D128 ϕ
angles of the G−H loop change significantly with pH),
suggesting that the structure of the loop regions is somewhat
changed between low and higher pH values. This observation,
combined with increased R2 values (described in the next
section), suggests that dynamics, and not structural changes,
could be the reason for the chemical shift differences between
the two pH values. Analysis with TALOS-N also revealed that
the conformations of the A−B and G−H loops in solution are
different from those seen in the crystal structure of NP2-
(D1A)−NH3 at pH 7.5 (PDB entry 2EU7), but this is not true
for other parts of the protein (Table S2 of the Supporting
Information). The three-state χ1 side chain torsional angles,
where they have been predicted, do not change over this pH
range (Table S2 of the Supporting Information). Some
predicted values at pH 5.0 are significantly different from
those at pH 7.3, as indicated in Figure S7 of the Supporting
Information, suggesting that there are major changes in loop
conformations as a function of pH. However, the differences in

the predicted structure at pH 7.3 in solution with NO bound
and the observed crystal structure at pH 7.5 with NH3 bound
(PDB entry 2EU7)8 are relatively small, except for a few
residues in the A−B and G−H loops, as shown in Figure S8 of
the Supporting Information. At this pH, the loops should be
open. Thus, one would not expect major conformational
differences as a function of ligand. Notable changes as
compared to the crystal structure are as follows. A type I β-
turn is predicted in the D31−V34 region that is not observed in
the NP2(D1A)−NH3 crystal structure obtained at pH 7.5.
Similarly, type II′ β-turn dihedral angles are predicted for the
E124-G125-S126-K127 segment, but a type IV β-turn is seen in
the NP2(D1A)−NH3 crystal structure.8 Nevertheless, loop
changes seen for NP2 by NMR chemical shifts as a function of
pH are certainly not as extreme as those seen for NP4 on the
basis of X-ray crystallography.9−14 This is one of the reasons
that we began our study of the dynamics of the nitrophorins
with NP2, because we suspected that such major changes would
not be seen as a function of pH. In fact, this is one of the
findings of the picosecond molecular dynamics simulations for
NP2−NO discussed below, that the large changes in loop
conformation seen for NP4−NO are not observed for NP2−
NO.
Interestingly, NP4 structures obtained at low pHa show a 310

helix for residues P33, D34, and D35. NP4 also has a second
proline in its A−B loop, P37, but that proline is not involved in
a helix. No structures of NP2 have been obtained below pH 6.5,
and we have been unable to grow crystals of NP2 at pH 5.0−
6.0. Changes in the 1H and 15N backbone chemical shifts of

Figure 4. 15N relaxation data and calculated model-free order parameters (S2) of the native N-terminus NP2−NO complex measured at pH 5.0. The
model-free order parameters were obtained by fitting the raw data to the extended Lipari−Szabo model-free formalism using FAST-Modelfree as
described in Materials and Methods. Errors are not shown for the sake of clarity. The locations of β-sheets and helices are shown above the plot. A
total of 29 non-proline residues could not be included in the calculation because of overlap (27 residues) or because they had not been assigned (two
residues).
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almost all other residues of NP2(D1A)−NO (or NP2−NO) at
pH 7.3 as compared to those at 5.0 were insignificant.
Fast Time Scale Dynamics. It is well-documented in the

literature that the fast time scale motions (picoseconds to
nanoseconds) of proteins can be derived from a suite of
relaxation experiments: 15N longitudinal relaxation rate (R1),
transverse relaxation rate (R2), and steady-state 15N{1H}
NOE.26,27,66,67 For the native N-terminus NP2−NO complex,
these measurements were taken at three different pH values,
5.0, 6.5, and 7.3.
The 1H{15N} HSQC spectrum of the pH 5.0 solution of the

NP2−NO complex is very well dispersed, as shown in Figure 2
(red cross-peaks). Sequential assignments of the corresponding
doubly labeled NP2(D1A)−NO sample were made without
any difficulty for all the non-proline residues except Ala1 and
Gln171. However, 27 assigned peaks could not be included in
the model-free analysis calculations for the corresponding 15N-
labeled native N-terminus NP2−NO complex because their
signal overlapped with that of another residue. This is in
addition to the two residues that are unassigned and four
proline residues that lack amide protons. Thus, a total of 33 of
179 residues were not included in the calculations.
The loop regions of special interest are the A−B loop and the

G−H loop. All the residues in those two loops except Thr35
(A−B loop) and Asp128 (G−H loop) were assigned without
any ambiguity and did not overlap with other 15N−1H cross-
peaks and were thus included in the model-free analysis at pH
5.0. The E−F loop is also of interest, both because it is so long
and because it is believed to be involved in the binding of NP2
(but no other Rhodnius NP) to Factor IX and Factor IXa of the
blood clotting cascade.68−70 That is not the subject of this
work, other than to note that the E−F loop shows dynamics
similar to those of the A−B and G−H loops, although it is not
involved in NO escape.
The measured R1, R2, and NOE values, along with the

squared general order parameters (S2) calculated at pH 5.0, are

given in Figure 4. The R1, R2, and NOE values for all the
residues are close in range to the average values, with few
exceptions, mostly in the loop regions. The exceptions did not
follow any pattern that would indicate correlated motions of
the A−B or G−H loop. For the model-free analysis, the X-ray
structure of the NP2(D1A) mutant of NP2 complexed with
ammonia (PDB entry 2EU78) was chosen, because it is
expected to have a loop structure similar to that of native N-
terminus NP2, except for an as yet not understood special role
for residue D1 that is not exhibited by A1 (this is evident from
the differences in the kinetics of binding and release of NO
from NP2 with the native N-terminus, even though the 1H
NMR spectra of the two are so similar17), and it is one of the
highest-resolution structures that has been determined at pH
7.5. The initial estimate of the overall correlation time (τm) and
the ratio of the parallel to perpendicular rotational diffusion
motional tensor, Dratio (D∥/D⊥), of the NP2−NO complex
were calculated from the R2/R1 ratio using the program
quadric_diffusion (A. G. Palmer, Columbia University, New
York, NY). This gave a value of 8.58 ns for the overall
correlation time and a value of 0.91 for Dratio, which was used in
the model-free calculations. The relaxation data were analyzed
with an axially symmetric diffusion tensor model based on the
Dratio value from the quadric_diffusion analysis.61

The user-friendly program FAST-Modelfree (J. P. Loria, Yale
University, New Haven, CT),31 which interfaces with the
Modelfree version 4.1 (A. G. Palmer, Columbia University),
was used to obtain the model-free parameters. After the final
rounds of optimization of the dynamic parameters, Dratio was
optimized to a value of 1.09 for the NP2−NO complex, with a
τm of 8.61 ns. The squared order parameters (S2) are shown in
Figure 4, and the model assigned for each residue is shown in
Table 1. Of 146 residues, 127 were best fit by model 1,
indicating no significant contribution from Rex or local fast
motions to the overall backbone relaxation. A total of 19
residues needed higher models to fit their relaxation data. Nine

Table 1. Statistics of Backbone Dynamics of the NP2−NO Complex at Different pH Valuesa

pH 5.0 pH 6.5 pH 7.3

Relaxation Parameters
R1 (s

−1) (av) 1.36 ± 0.07 1.41 ± 0.08 1.45 ± 0.10
R2 (s

−1) (av) 11.44 ± 1.56 11.44 ± 2.9 12.00 ± 2.87
15N{1H} NOE (av) 0.79 ± 0.07 0.78 ± 0.07 0.78 ± 0.10

Lipari−Szabo Model Parameters
τm (ns) 8.61b 8.36b 8.41b

Dratio (D∥/D⊥) 1.09b 1.11b 0.95b

S2 (av) 0.854 ± 0.068 0.854 ± 0.076 0.874 ± 0.062
Number of Residues

model 1 (S2) 127 118 109
model 2 (S2, τe) 9 3 17
model 3 (S2, Rex) 4 12 8
model 4 (S2, τe, Rex) 0 1 7
model 5 (S2, Sf

2, τe) 5 10 3
no model assigned 1 2 1
Pro/overlapped peaks 33 33 34
model 3-specific residues F66, K140, D141,

A142
Q10, Q33, C39, F66, E110, D131, Y133, Q139, K140, D141,
E143, C170

T25, Q37, C39, D128, D131, L132, Y133,
K140

Relaxation Dispersion Parameters
high ΔR2

eff(νCPMG) C39, K140, G156,
T177

C39, S40 D29, V34, S77, S114

aModel-free definitions: S2, generalized order parameter; Sf
2, order parameter for very fast motions; τm, correlation time for macromolecular

tumbling; τe, correlation time for internal motions; Rex, contributions of microsecond-to-millisecond exchange phenomena to transverse relaxation;
D∥ and D⊥, components of the axial diffusion tensor. bThese values are from FAST-Modelfree calculations after final optimization.
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residues were best fit by model 2, which requires τe. Another set
of four residues were best fit by model 3, which requires S2 and
Rex. Five other residues were best fit to model 5, which requires
S2, Sf

2, and τe. Thus, a contribution from local motion and Rex

to backbone relaxation is possible for only these 19 residues. All
of those 19 residues are located in the loop regions; only two
residues, D31 and S126, are located in the A−B or G−H loop.
The S2 values provide good information about the amplitude of
picosecond-to-nanosecond local motions.61 The typical order
parameter observed in the structured regions of well-folded
proteins is between 0.80 and 0.90, with an average value of
0.85, and is lower for flexible regions.71 The S2 values for all
residues in the structured regions, namely, β-sheets and α-
helices in this case, are greater than the average of 0.85,
indicating the high rigidity of the molecule. Almost all the
residues in the loop regions, with some exceptions, show values
of <0.85, suggesting that the loop regions are flexible. A total of
14 residues (T4, I6, S7, G11, D13, K73, S76, S77, G78, D141,
E143, Q158, S178, and L179) have S2 values of <0.8, indicating
that those residues are more flexible than others. It is
interesting to note that the D−E loop (K73, S76, S77, and
G78) shows flexibility and possibly correlated motion, but there
is no evidence of any correlated motion in the A−B and G−H
loops.
A similar analysis of the data obtained at pH 6.5 was

conducted, and the results are shown in Figure S9 of the
Supporting Information. Of 146 residues used in the
calculations, 118 were best fit by model 1, suggesting no
significant contributions from Rex and local fast motions to the

overall backbone relaxation. A total of 28 residues needed
higher models to fit their relaxation data; three residues were
best fit by model 2, which requires τe. Another set of 12
residues were best fit by model 3, which requires S2 and Rex.
One residue was best fit to model 4, which requires S2, τe, and
Rex, and the other 10 residues were best fit to model 5, which
requires S2, Sf

2, and τe. As seen in the results at pH 5, those 28
residues that require higher models to fit the relaxation data are
located in the loop regions, with some exceptions. Those
exceptions are residues D13, C39, F66, K73, E110, D131, and
Y133, which are located in various parts of structured regions,
i.e., either in an α-helix or in a β-sheet. The observation of S2

values of >0.85 for almost all of the α-helical and β-sheet
regions suggests that they are rigid. The D−E loop (residues
75−78) and the loop region after βH (residues 139−143)
exhibit high degrees of flexibility, as evidenced by their reduced
S2 values and the need for higher models to fit the relaxation
data.
At pH 7.3, all but eight non-proline residues were assigned.

However, many 15N−1H cross-peaks have moved significantly
compared to those of the pH 5 spectrum. Though the number
of overlapped peaks remained almost the same at this high pH
value, many of the overlapped resonances are different from
those that overlapped at pH 5. It is noteworthy that the
resonances of the A−B and G−H loop regions of the protein
showed pH-dependent perturbation of their chemical shifts, as
discussed above and shown in Figure 3. In the model-free
analysis, these eight residues, plus 22 others, were not included,
because either the signals overlap or they have very low

Figure 5. 15N relaxation data and calculated model-free order parameter (S2) of the native N-terminus NP2−NO complex measured at pH 7.3. The
model-free order parameters were obtained by fitting the raw data to the extended Lipari−Szabo model-free formalism using FAST-Modelfree as
described in Materials and Methods. Errors are not shown for the sake of clarity. The locations of β-sheets and helices are shown above the plot. A
total of 30 non-proline residues could not be included in the calculation for various reasons such as signal overlap (15 residues), very weak signal
intensity (7 residues), and not being assigned (8 residues).
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intensity in the 1H{15N} HSQC spectrum. The R1, R2, and
NOE values measured at pH 7.3 are given in Figure 5, along
with the calculated order parameters, S2. The R1 values for all
the residues fall within the range of the average value of all
residues. However, four residues in the A−B loop (D29, D31,
Q33, and V34) showed dramatic pH-dependent increases in R2.
The other residues that show higher R2 values are D14, C39,
S40, D128, and K140. The significant increases in R2 strongly
suggest that these residues undergo microsecond-to-millisecond
time scale dynamics at pH 7.3, in contrast to the results seen at
pH 5.0 and 6.5.
The quadric_diffusion analysis using the R2/R1 ratio yielded

an initial estimate of the overall molecular correlation time (τm)
of 8.8 ns with a Dratio (D∥/D⊥) of 0.89. After the final rounds of
optimization of the dynamic parameters, the Dratio value was
optimized to 0.95, with a τm of 8.41 ns. In contrast to the pH
5.0 and 6.5 results, as many as 35 residues at pH 7.3 needed
higher models to fit the experimental relaxation parameters, and
interestingly, all the assigned residues in the A−B loop needed
higher models. The A−B loop region of NP2 consists of 10
residues, including one proline. Backbone assignments for K30
and T35, which are present in the A−B loop, were not possible.
Of seven residues assigned in the A−B loop, four residues
(D29, D31, Q33, and V34) required model 4 to fit the data,
one residue (D36) required model 2, and one other residue
(Q37) required model 3, indicating the possibility of a
significant contribution from Rex and local motions to their
backbone relaxation.
The G−H loop, which is also believed to be involved in NO

release,10 does not show any of the trends seen for the A−B
loop. Only residue D128 showed an increase in R2, and model 3
was needed to fit the relaxation data, suggesting a contribution

of local motion and conformational exchange for this residue at
pH 7.3. However, this cannot be compared with the pH 5.0 and
6.5 results because this residue was not included in the model-
free analysis at pH 5.0 or 6.5 because of signal overlap. The
dependence of τm on residue number at each of the three pH
values is shown in Figure S9 of the Supporting Information,
where it can be seen that for the majority of the protein, the τm
value is quite constant, except for the residues of the A−B loop
at pH 7.3.
A summary comparison of the relaxation data for the A−B

and G−H loops at pH 5.0 and 7.3 is shown in Figure 6, where
it can clearly be seen that the R1 data do not vary significantly
with pH while the R2 and NOE data vary significantly. The
observation of lower NOE values for the residues in the A−B
loop (<0.6) also suggests a local flexibility of the protein on the
picosecond-to-nanosecond time scale. Thus, the model-free
results for the picosecond-to-nanosecond dynamics, like the
chemical shift changes observed over the same pH range
(Figure 3), clearly suggest that at least the A−B loop undergoes
dynamic motions at pH 7.3.
The trend of the S2 values for pH 7.3 follows similar trends

(rigid) seen for the lower-pH results, as far as the structured
regions (α-helices and β-sheets) are concerned, with few
exceptions. However, for the loop regions, there are two
significant differences observed. The D−E loop, which is
flexible at lower pH values, becomes rigid at this higher pH
value. Most importantly, the A−B loop, which is believed to be
involved in the mechanism of NO binding and release,10,19 is
shown to be flexible at this higher pH value but was rigid at
both pH 5.0 and 6.5.

Slow Time Scale Dynamics. Transverse relaxation (T2)
measurements using the CPMG pulse sequence have emerged

Figure 6. Comparison of the model-free data for R1, R2, and
1H{15N} NOE as a function of pH for the A−B and G−H loops, showing that R1 is not

affected, while R2 and
1H{15N} NOE are significantly affected by the change in pH. This behavior of the R2 values is consistent with the fact that the

motions of the A−B loop in particular are on a much slower time scale than picoseconds to nanoseconds, which are probed by the model-free
experiments.
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as a very powerful method for studying the slow time scale
motions (microseconds to milliseconds) in protein dynam-
ics.35,36 To probe backbone motions of the NP2−NO complex
occurring on these slow time scales, effective transverse 15N
relaxation rates (R2

eff) were recorded as a function of CPMG
field strength (νCPMG) at three different pH values. The data
were analyzed using NESSY.65 The program found best fits for
almost all the residues as model 1, meaning R2

eff values are not
dependent on the CPMG field. In other words, the dispersion
curves are flat: there were no CPMG field-dependent peak
intensity changes observed. Model 1 of the relaxation
dispersion experiments does not involve the Rex term in the
equation, i.e., R2

eff = R2
0. We have also calculated per residue

two-point ΔR2
eff(νCPMG) values for the NP2−NO complex

using eq 1. The results are shown in Figure 7. This approach
has been very well utilized to probe the hydrogen bonding
network in a bacterial heme oxygenase enzyme.72 In general,
ΔR2

eff(νCPMG) is positive for those residues with microsecond-
to-millisecond conformational exchange. In the absence of
microsecond-to-millisecond conformational exchange,
ΔR2

eff(νCPMG) becomes zero, as there is no CPMG field-
dependent peak intensity change. The ΔR2

eff(νCPMG) values are
close to zero for almost all residues in the NP2−NO complex at
all pH values, except for a few residues: C39, K140, G156, and
T177 at pH 5.0; C39, S40, K140, and D141 at pH 6.5; and
D29, V34, S77, and S114 at pH 7.3. It is interesting to note that
at pH 7.3 residues D29 and V34, located in the A−B loop, are
consistent with the model-free analysis on the fast time scales
and show evidence of microsecond-to-millisecond conforma-
tional exchange. On the other hand, the pH 5 and 6.5 results
show that the residues with evidence of microsecond-to-
millisecond conformational exchange are scattered in the
protein sequence and do not include residues of the A−B
loop. The scattered nature of the residues showing micro-
second-to-millisecond dynamics seen for NP2−NO, even at pH
7.3, confirms the rigid nature of this β-barrel protein and

indicates that motions are localized and are not indicative of
correlated, total loop motions.

■ DISCUSSION

As can be seen from the results obtained in this study, the
diamagnetic NO complex of nitrophorin 2, NP2−NO, is fairly
rigid on all time scales, although it shows somewhat more
dynamics at pH 7.3 than at either pH 6.5 or 5.0. On the basis of
chemical shift changes between pH 5.0 and 7.3, it appears that
the A−B loop shows some small changes in conformation, but
at both pH values, there are differences from that observed in
the crystal structure obtained at pH 7.5 for the NP2(D1A)−
NH3 complex (PDB entry 2EU7).8

The mechanisms of NO binding and release have been
probed by computational methods by two groups.73−76

Kondrashov and Montfort conducted comparative nonequili-
brium molecular dynamics (MD) simulations of NP4−NO at
pH 5 and 7 and Mb−NO,73 while the Argentine group of Estrin
conducted both MD and hybrid quantum mechanics/molecular
mechanics calculations to learn about the dynamics of NP4 and
to analyze the Fe−NO bond strength at pH 5.6 and 7.4.74 It
was reported that the Fe−NO bond strength in the two NP4
loop conformations is the same, and thus, escape of NO from
NP4 is determined by differential NO migration rates rather
than by a different Fe−NO bond strength at the two pH
values.74 They treated NO escape as a two-state model, opened
and closed. More recently, the Argentine group conducted MD
calculations on NP2 as compared to NP4.75 These computa-
tional studies suggest that loop opening and closing are
primarily responsible for the rate of NO binding and release.
However, this does not appear to be a two-state process,
because there are many structures of NP4 and its ligand
complexes that show partially open or partially closed A−B and
G−H loops,10−14 and recent work by Montfort et al. stresses
the fact that both conformations are present at all pH values
but that the fraction of each varies with pH.23

Figure 7. Per residue plot of ΔR2
eff(νCPMG) for the native N-terminus NP2−NO complex, showing motions on the microsecond-to-millisecond time

scale, at three different pH values (5.0, 6.5, and 7.3).
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More recently, the Argentine group conducted MD
calculations on NP2 and NP4.75 They found that NP2
undergoes a much smaller change in conformation of the A−
B and G−H loops as a function of pH, and that at low pH, the
only escape route from the distal pocket of NP2 is a high-
energy route passing between the staves of the β-barrel.75

However, those calculations were conducted on PDB files that
have M0 present, in which closure of the A−B loop is
prevented by the large methionine side chain.18 A better PDB
file to have used would have been that for the NP2(D1A)−
NH3 complex (PDB entry 2EU7), which we have used for
analysis of the NMR dynamics data. Instead, the PDB files
1EUO and 2AL0, (M0)NP2−NH3 and (M0)NP2(Fe(II))−
H2O, respectively, were used;

75 the 2AL0 structure is in space
group P41212,

8 which also contains a disordered citrate
molecule between the two proteins at the site of one of the
heme carboxylates. Besides the heme carboxylate, the citrate
interacts through hydrogen bonds with Tyr85, Lys96, Asn102,
and Glu124 of the two molecules. The Glu124 carboxylates of
the two molecules also hydrogen-bond to each other. The
strong interactions between pairs of molecules in the unit cell
appear to distort the G−H loops of the two molecules, thus
possibly leading to erroneous conclusions from the MD
calculations.
The most recent publication from the Argentine group is

mainly focused on calculation of the pKa of Asp30 of NP4 as a
function of pH. All of the publications on NP4−NO
kinetics19−24 and their theoretical treatments73−76 have focused
mainly on Asp30 and its hydrogen bond to the Leu130 CO
group. As mentioned in the introductory section, the
deprotonation of Asp30 breaks that hydrogen bond, which is
believed to cause the A−B and G−H loops to open and allow
NO to escape. This most recent paper from the Argentine
group discusses the fact that from computations they can show
that Asp30 has two micro-pKa values, that with the hydrogen
bond present being 8.5 (the closed conformation) and the
other, with the hydrogen bond absent, being 4.3 (the open
conformation).76 The measured thermodynamic pKa that is
believed to be associated with Asp30 is ∼6.5,19 which is close to
the midpoint between these micro-pKa values.

76 The pKa of
D30 of NP4 has been estimated to be 5.5 ± 0.477 (and that of
D29 of NP2 5.4 ± 0.477), both estimated from the pH
dependence of the midpoint potential of the D30A mutant of
NP4 (and the D29A mutant of NP2).77 However, no
consideration of an important role for the homodimer of
NP4 was included in these studies.
Viewed in those contexts, the loop structure, detected by

changes in the chemical shifts of backbone atoms of NP2−NO
between pH 5.0 and 7.3 (Figure 3), and their expected values
for helical, β-sheet, or random coil sequences at pH 5.0, where
the protein is quite rigid, is consistent with the slow rate of
dissociation of NO at that pH (koff = 0.030 ± 0.002 s−1).17 The
loop structure at pH 7.3 is somewhat different, with individual
amino acids of the A−B loop undergoing dynamic motions, but
there is no evidence of a large conformational change of the
loops as a function of pH. The greater dynamic motions at pH
7.3 are consistent with a somewhat faster rate of dissociation of
NO at that higher pH (koff = 0.093 ± 0.002 s−1),17 but this is a
factor of only 3 faster than at pH 5.0.17 As mentioned above,
most (but not all) NP4−NO structures at pH 5.6 (PDB entry
1KOI, for example) show a partially helical A−B loop structure,
which is different from the less distinct helix predicted herein
for NP2 from analysis of the NMR chemical shifts at low pH.

Also, NP4 has two prolines in the A−B loop, five residues
apart; the observed short helix begins with the first Pro. The
second Pro is not involved. It should also be noted that the NO
complex of NP2 was expected to be particularly rigid, based on
the pH 5.6 structures obtained for monomeric NP4−NO,9−14
as compared to the high-pH structures of NP4 bound to other
ligands,4,5,9−12 and NP2 structures at pH 6.5 and 7.5.7,8 The
dynamics of the high-spin aqua complexes of NP2 and NP4 are
currently under study in our laboratory.
A question asked by the reviewers of this paper is why we did

not conduct H−D exchange studies of the amide protons of
NP2−NO, because it could be that this might be a way of
observing slower motions that are involved with loop opening
and closing, and thus NO escape. In fact, we have conducted
N−D exchange studies on apo-NP2 (I. Filippov, unpublished
results). These studies show the amide protons of the A−B and
G−H loop residues of interest exchange too rapidly to be
measured (t1/2 < 3 min), as would be expected for solvent-
exposed loops and consistent with the time scale of seconds
observed for NO dissociation (t1/2 values of ∼23 and ∼7 s at
pH 5.0 and 7.5, respectively17), because it would be reasonable
to expect the loops to open and close a number of times before
the NO molecule would both be free from the iron and have
the right trajectory to escape through the open loop
conformation. Initial studies of the holo-NP2−NO complex
are also consistent with this, with the side chains of interest all
completely exchanged (or nearly so in the case of D36) by the
first acquisition (R. E. Berry and D. Muthu, unpublished
observations).
The dynamics of several other lipocalins and some of the

subset of fatty acid binding proteins and the related bile acid
binding proteins have been investigated on the picosecond-to-
nanosecond and microsecond-to-millisecond time scales, and in
general, these proteins have invariably been shown to be fairly
rigid,43,78−86 because the β-barrel structure imparts strong
controls over the flexibility of the protein, in comparison to
mainly α-helical proteins. Some β-barrel proteins show
somewhat more dynamics than does NP2−NO, while others
show very comparable dynamics. Some of the earliest studies of
backbone mobility and conformational flexibility have been
conducted on the fatty acid subclass of lipocalins
(βA−αI−αII−βB−βC−...−βH). For the rat intestinal fatty acid
binding protein, the majority of the residues in both the apo-
and holoprotein were characterized by relatively slow hydrogen
exchange rates, high generalized order parameters, and no
conformational exchange terms. However, helix II and the C−
D and E−F loops of the apoprotein showed rapid hydrogen
exchange, low order parameters, and significant conformational
exchange. The unique behavior of these parts of the apoprotein
is believed to permit entry of the fatty acid into the binding
cavity.78

Another of the early lipocalins to be studied is β-
lactoglobulin, a 162-residue protein found in copious quantities
in the whey fraction of the milk of ruminants and other species,
but not in human milk. Although its specific role is not known,
it is capable of binding small hydrophobic molecules, including
fatty acids,79,80 retinol,80,81 protoporphyrin IX,81 and others. β-
Lactoglobulin is dimeric at physiological pH82 but is
monomeric below pH 3. The group of Goto83 conducted
NMR studies of the structure and dynamics of the monomeric
form of the A variant of the protein at pH 2.0 and 45 °C, and
the group of Barlow84 has studied the same variant at pH 2.6
and 37 °C. Both studies found most of the protein to be quite
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rigid on the picosecond-to-nanosecond time scales, with the
exception of the loops, but as we have also found for NP2−NO,
only individual residues exhibit signs of dynamics on the
microsecond-to-millisecond time scale, rather than entire loops.
Finally, the bile acid binding proteins, previously called “liver

basic” fatty acid binding proteins, are 10-stranded β-barrel
proteins of the same general design as the eight-stranded β-
barrel fatty acid binding proteins (βA−αI−αII−βB−βC−...−βJ),
which tend to bind two molecules of bile salts such as
glycocholic acid, glycochenodeoxycholic acid, or both. Two
groups have reported dynamics studies of these systems,
Molinari et al.85 and Toke et al.43 Molinari et al. determined the
structure of the chicken liver bile acid binding apoprotein and
obtained the 15N relaxation times and steady-state 15N{1H}
NOE data of the apoprotein at pH 5.6 and 7.0 and those of the
holoprotein at pH 7.0 bound to chenodeoxycholate. The
model-free relaxation studies were performed at three different
magnetic fields, corresponding to 500, 600, and 700 MHz for
the proton, at 298 K.85 The work of Toke et al.43 is the most
thorough study of the dynamics of a β-barrel protein reported
thus far. Measurements of the internal motions and exchange
processes involved in human ileal bile acid binding protein were
taken at 600 and 400 MHz. Samples included the apo- and
holoprotein, which were prepared with protein:cholic acid:-
chenodeoxycholic acid ratios of 1:1.5:1.5. Five representations
of the spectral density function were considered in analyzing
the results, as we have also considered (Table 1). The results of
the model-free analysis showed that 84 of the residues of the
apoprotein and 85 of the holoprotein behaved according to
model 1, 11 of the apo- and holoprotein behaved according to
model 2, 11 of the apoprotein and nine of the holoprotein
behaved according to model 3, none of the residues of the apo-
or holoprotein behaved according to model 4, and eight
residues of the apoprotein and nine of the holoprotein required
model 5. Relaxation dispersion NMR experiments indicate a
marked difference between the two protein states on the
microsecond-to-millisecond time scale.43

In conclusion, NP2−NO is not alone among lipocalins in
being a fairly rigid protein, and it is obvious that in contrast to
the large motions of well-described two-state protein structures
analyzed in detail by Kay and co-workers,32−39 the dynamics of
lipocalins are far more subtle and are very pH-dependent.
Nevertheless, close scrutiny of the results of model-free and
CPMG experiments clearly shows that even proteins described
as “highly rigid” undergo motions that allow binding and
release of ligands on biologically relevant time scales without
them undergoing concerted, large scale motions. In most cases,
the ligand-free forms exhibit greater dynamics than the ligand-
bound forms. Preliminary investigations of the dynamics of the
NO-off form of NP2 and those of the NO-off form of NP4 are
in progress, and in both cases, significantly more dynamics are
observed, more for NP4 than for NP2.87 Detailed reports of
these investigations will be presented when the studies have
been completed. However, the extreme stability of the
homodimeric form of NP4−NO, even at pH 7.3 and 0.2 mM
(R. E. Berry, unpublished work), precludes comparison to the
study reported here.
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