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Introduction

Nitrophorins (NPs) comprise a family of heme binding proteins
that originate from the saliva of the Rhodnius species of Triatomid
bugs'~. These insects use the heme iron as an anchor to store nitric
oxide (NO), which is released during feeding on a host while the
saliva is continuously pumped into the host tissue’. NO assists the
feeding process by inhibition of blood coagulation and increase
of blood vessel diameter. The heme cofactor is located inside an
antiparallel 8-stranded B-barrel, a typical motif of the lipocalin fold*.
The lipocalins represent a widespread family of single domain pro-
teins that typically bind hydrophobic small molecules inside their
B-barrel. Prominent examples of lipocalins are the retinol bind-
ing protein or the cow milk allergen B-lactoglobulin’’. For a long
time NPs were regarded as the only lipocalin able to bind heme.
Recently, we reported on the human lipocalin o -microglobulin
(o,,m) for which heme binding was previously suggested® and is
now established’. However, heme coordination is accomplished
in a completely different manner in o;m, which forms an unusual
[(o,m)(heme),], complex of yet unknown structure.

At present, five NPs from the species Rhodnius prolixus, designated
NP1, NP2, NP3, NP4 and NP7, have been recombinantly expressed
and characterized in detail. High-resolution X-ray crystal structures
were solved from NP1, NP2 and NP4. While NP1 and NP2 share
very high amino acid sequence identity with NP4 (88%) and NP3
(81%), respectively, NP7 exhibits notable differences, which are
mostly reflected in its high p/ of 9.2 compared to the range of 6.1-6.5
covered by NP1-4%. This extreme divergence is a consequence of
the presence of 27 Lys out of a total of 185 residues, which, as
homology modeling has revealed, cluster mostly at the surface at
the side opposite to the heme pocket®. Thus, in contrast to the other
NPs, NP7 binds to negatively charged phospholipid membranes
with high affinity (4.8 nM)*'".

Since the administration of NO as a pharmacologically active com-
pound is of major interest for the treatment of cardiovascular dis-
eases or cancer'', the understanding of the structural and dynamic
aspects of NO transport and storage by NPs is a major motivation for
their detailed investigation. Here we report on seven crystal struc-
tures of NP7 at low and high pH and with different heme ligands.
Moreover, molecular dynamics (MD) simulations were carried out
to examine specific features of NP7, including the structural impact
of the three extra residues present at the N-terminus of NP7, which
represents a unique distinctive trait among NPs, and the topology
of inner cavities. Finally, the structural studies were accompanied
by fast and ultra-fast laser-flash photolysis experiments, which
allowed to characterize the ligand migration and binding in NP7
from the 10" to the 107 s time-scale.

Materials and methods

Expression of NP7

The protein was expressed, reconstituted, and purified as was
described previously'®”. The extended purification by cation
exchange chromatography using a Ca?*-charged chelating Sepha-
rose (GE Healthcare)'’ was essential for the successful crystalliza-
tion. Protein preparations were judged by SDS-PAGE to be >95%
pure. MALDI TOF MS (Voyager DE Pro, Applied Biosystems)
confirms the correct molecular masses including an initial Met-0
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residue and accounting for two Cys—Cys disulfides (calculated for
[NP7 + H]*: 20,969 Da, observed: 20,966 + 20 Da). Proteins were
kept at —20°C in 200 mM NaOAc/HOAc (Carl Roth), 10% (v/v)
glycerol (Carl Roth) (pH 5.0) until use.

X-ray crystallography

Protein crystals were obtained from 10 mg mL"' NP7 in 10 mM
NaOAc/HOAc (pH 5.5) using the vapor-diffusion method'*'* upon
mixing with an equal volume of crystallization solution (Hampton
research) as indicated in Table 1. The crystals were soaked for
10 min on ice in the respective crystallization solution plus 15%
glycerol as a cryo-protectant. Where needed, heme ligands were
added into the cryo-protectant solution. Afterwards, the crystals
were immediately frozen in liquid nitrogen and kept there until the
measurement. Diffraction data sets were collected at 100 K using
the beamlines, BL14.2 at BESSYII (Helmholtz-Zentrum Berlin,
Germany) and PXII at SLS (Villigen, Switzerland). The data set
was processed with XDS'> and CCP4'°. The molecular-replacement
method was applied using MoLREP'® and an initial model from NP4
(PDB code 3MVF)'". Model building and refinement were carried
out using WiNCoort'® and PHENIX'?, respectively. Data collection and
refinement statistics are summarized in Table 1. PHENIX was used
to check the stereochemical properties.

Ultrafast spectroscopy

Samples for laser flash photolysis experiments were prepared by
equilibrating the solutions in a sealed 0.2x1 cm-quartz cuvette
connected to a tonometer with 0.1 or 1 atm CO. Na,S,0, was then
titrated anaerobically into the solution while formation of the CO
adduct was monitored by absorption spectroscopy. The solubility of
CO in water was such that its concentration was 1.05 mM at 10°C
when the solution was equilibrated with 1 atm CO. The temperature
dependence of CO solubility” was taken into account in the numer-
ical analysis. The numerical analysis of the rebinding kinetics was
described in detail previously”'*.

The experimental setup used for the pump-probe studies has been
described”. The sample was excited with a 70-fs,-10 nm bandwidth
pump pulse centered at 530 nm obtained by a home-made optical
parametric amplifier, driven by a regeneratively amplified Ti:sap-
phire laser at 1 kHz repetition rate. The probe pulse was a broad-
band single-filament white-light continuum generated in CaF,,
covering a spectral range from 350 nm to 700 nm approximately.
The pump pulse passed through a delay line and was then over-
lapped with the probe beam on the sample. The transmitted probe
light was dispersed on an optical multichannel analyzer equipped
with fast electronics, allowing single-shot recording of the probe
spectrum at the full 1 kHz repetition rate. By changing the pump-
probe delay we recorded 2D maps of the differential absorption
(AA), as a function of probe wavelength and delay. The temporal
resolution was determined to be approximately 150 fs and the sen-
sitivity, for each probe wavelength, was better than 10,

Nanosecond laser flash photolysis

The experimental setup was described in detail elsewhere”'. Pho-
tolysis of CO complexes was obtained using the second harmonic
(532 nm) of a Q-switched Nd:YAG laser (Surelite-Continuum
II-10) at 10 Hz repetition rate. We used a cw output of a 75 W Xe
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arc lamp as probe beam, a 5-stages photomultiplier (Applied Pho-
tophysics) for detection and a digital oscilloscope (LeCroy LT374,
500 MHz, 4 GS s™!) for digitizing the voltage signal. A spectrograph
(MS257 Lot-Oriel) was used to select the monitoring wavelength
(436 nm) and to remove the stray light from the pump laser. The
overall temporal resolution was determined to be about 10 ns and
the sensitivity was better than 10*. The sample holder was accu-
rately temperature-controlled with a Peltier element, allowing a
temperature stability of better than 0.1°C. Experiments were per-
formed at 20°C.

Data analysis

The analysis of the entire CO rebinding kinetics required the use
of a detailed kinetic scheme (see section Ligand rebinding Kinet-
ics for details) in order to estimate the microscopic rate constants.
The differential equations associated with the kinetic schemes
were solved numerically, and the rate constants were optimized
to describe simultaneously the experimental data at two different
CO concentrations. Numerical solutions to set coupled differential
equations associated with reaction schemes were determined by
using the function ODE15s within Matlab 7.0 (The MathWorks,
Inc., Natick, MA). Fitting of the numerical solution to experimental
data was obtained with a Matlab version of the optimization pack-
age Minuit (CERN).

Spectra acquired in the fs-ps time scale were analyzed by singular
value decomposition (SVD), performed using the software Matlab.
Our data matrix D, consists of differential absorption measured as
a function of two variables: the wavelength of the probe beam and
the time delay between the pump and the probe pulses. The singular
value decomposition of D can be written as:

D=USV"T (1)

The meaning of the symbols is the following: columns of matrix
U are a set of linearly independent, orthonormal basis spectra; col-
umns of V represent the amplitudes of these basis spectra as a func-
tion of time; V" is the transpose of matrix V; matrix S is a diagonal
matrix of non-negative singular values that give the extent of the
contributions of each of the products of the i-th column vectors
UV to the data matrix D. The selected components can be further
screened by evaluating the autocorrelation of the corresponding
columns of U and V, rejecting the component if the autocorrelation
falls below 0.8”.

MD simulations

MD simulations were used to explore the conformational space of
wild type NP7 and its NP7(A1-3) variant, specifically regarding the
structural flexibility of the N-terminus and the loops that shape
the mouth of the heme cavity. The molecular systems were
modeled from the X-ray structures of NO-bound NP4 at pH 5.6
and 7.4 (PDB ID: 1X80O, resolution of 1.0 ;\; 1X8N; resolution
of 1.1 A)* as representative systems at low and high pH. Following
previous studies’**, standard ionization states were assigned to all
the residues with the only exception of Asp32, which was protonated
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at low pH and ionized at high pH. The two native disulfide bridges
were also imposed between residues Cys5 and Cys124 and between
Cys42 and Cys173”. Finally, the heme was modeled in the A
orientation, which was shown to be the thermodynamically favored
orientation for both NP7 and Met-NP7(A1-3)%,

Simulations were run using the charmm?22*' force field and the
NAMD program™. The protein was immersed in a pre-equilibrated
cubic box (~70 A per side) of TIP3P* water molecules. Bonds
involving hydrogen atoms were constrained at their equilibrium
length using SHAKE and SETTLE algorithms, in conjunction with
a 2 fs time step for the integration of the Newton’s equations. Tra-
jectories were collected in the NPT (1 atm, 300 K) ensemble using
periodic boundary conditions and Ewald sums (grid spacing of
1 A) for long-range electrostatic interactions. A multistep protocol
was used to minimize and equilibrate the system. Thus, the energy
minimization was first performed for the hydrogen atoms, then
water molecules, and finally the whole system. The equilibration
was performed by heating from 100 to 298 K in four 200-ps steps
at constant volumen. Then, a 200 ps MD at constant pressure and
temperature was run. The final structure was used for the pro-
duction MD runs, which covered 100 ns. Frames were collected
at 1 ps intervals, which were subsequently used to analyze the
trajectories.

Results and discussion

X-ray crystallography

Conditions for the crystallization of NP7 at pH 7.8 were previously
reported'”. The addition of di- and polyanionic substances to com-
pensate for the positively charged surface of NP7 that is responsible
for the binding to negatively charged phospholipid membranes was
crucial for the crystal formation”™'’. The previously reported crystals
diffracted to a resolution of 1.8 A'. Further optimization of the crys-
tallization conditions resulted in crystals that diffract to even higher
resolution down to 1.29 A (Table 1). It was also possible to crys-
tallize the protein at low pH conditions, i.e., pH 5.8. Since charge
compensation for the Lys surface patch was crucial, we also tried
to add the amine coordinating bisphosphonate (“lysine tweezer”) 1
(Scheme 1), which is known to be a Lys-specific binder*, resulting
in high resolution crystals. Another additive that turned out to be
successful was the Gly—Gly—Gly tripeptide.

PO3(CHs), PO3(CHs),

L

- O

Scheme 1.
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Table 1. Refinement statistics of the crystal structures of NP7 obtained with various heme ligands and under various
crystallization conditions. The highest resolution shell is shown in parenthesis.

heme ligand
pH
PDB code

Data collection
X-ray source

Wavelength (A)
Space group
Unit-cell parameters
a(A)

b (A)

c(A)
B()

Resolution (A)

No. of observed reflections

No. of unique reflections

merge

Completeness (%)
<l/o(l)>

Refinement
Resolution

R (%)

P (%)

No. of residues

No. of water

Rmsd bond length (A)
Rmsd bond angle (°)

Ramachandran plot
Outliers (%)
Favored (%)

Average B
Protein (A?)
Ligand heme (A?)
Ligand (A?)
Solvent (A?)

Heme orientation

H,0"
5.8
4XMC

SLS
PXIl

0.99999
P2

1

38.42,
67.00,
39.00
116.6

34.88-1.42
(1.46-1.42)

106086
59987

0.033 (0.646)
91.3(71.4)
11.0 (1.4)

34.9-1.4
16.1
19.4
184

80
0.006
1.042

0.0
99.45

28.6
29.5
27.2
35.6

B

H,0°
7.8
4XMD

BESSYII
BL14.2

0.91841
P2

1

38.31,
66.81,
39.03
116.9

30.42-1.60
(1.64-1.60)

86820
23143

0.040 (0.486)
99.4 (99.8)
20.5 (3.0)

30.4-1.6
13.5
19.2
184
199
0.006
1.026

0.0
98.36

27.2
34.2
52.7
40.5

B

NO*
7.8
4XME

SLS
PXIl

0.99999
P2

1

38.89
67.05
39.08
117.3

34.71-1.29
(1.32-1.29)

140029
83829

0.032 (0.925)
94.0 (84.0)
9.5 (1.0)

34.7-1.3
171
20.5
184
150
0.010
1.074

0.0
99.45

22.8
20.0
17.3
30.0

B

Hm®
7.8
AXMF

BESSYII
BL14.2

0.91841
P2

1

38.34
66.72
38.83
116.9

30.74-1.60
(1.64-1.60)

86063
22417

0.067 (0.780)
96.9 (95.5)
15.3 (1.9)

30.7-1.6
15.8
20.7
184

126
0.007
1.024

0.0
99.45

21.9
27.4
30.3
29.4
B

ImH¢
7.8
AXMG

SLS
PXIl

0.800010
P2

1

38.26,
66.75,
38.56
116.5

34.25-1.80
(1.85-1.80)

52612
15836

0.083 (0.439)
97.6 (96.8)
9.2 (3.0)

34.3-1.8
17.8
21.7
184
120
0.008
1.157

0.0
98.91

26.4
23.9
21.9
29.6

A

Gly-Gly-Gly*®
7.8
4AXMH

SLS
PXII

0.99998
P2

1

38.37
66.93
38.89
116.8

34.71-1.29
(1.37-1.29)

126311
41095

0.024 (0.290)
92.8 (64.7)
21.4(2.3)

34.7-1.3
15.5
18.2
185
162
0.006
1.067

0.0
98.92

221
19.1
27.7
30.5

B

The crystallization conditions (all reagents from Hampton Research) were; a) 25%(w/v) PEG 3350, 0.1M MES monohydrate pH 5.8, 0.25%(w/v)
Gly-Gly, 0.25%(w/v) Gly-Gly-Gly, 0.25%(w/v) Gly-Gly-Gly-Gly, 0.25%(w/v) pentaglycine, 0.02 M HEPES sodium pH 6.8.
b) 25%(w/v) PEG 3350, 0.1 M bis-Tris propane pH 7.8, 0.02 M HEPES pH 6.8, 0.25%(w/v) naphthalene-1,3,6-trisulfonic acid trisodium

salt hydrate, 0.25%(w/v) 2,6-naphthalenedisulfonic acid disodium salt, 0.25%(w/v) 4-aminobenzoic acid, 0.25%(w/v) 5-sulfosalicylic acid

dehydrate.

¢) 25%(w/v) PEG 3350, 0.1 M bis-Tris propane pH 7.8, 0.25%(w/v) Gly-Gly, 0.25%(w/v) Gly-Gly-Gly, 0.25%(w/v) Gly-Gly-Gly-Gly, 0.25%(w/v)
pentaglycine, 0.02 M HEPES sodium pH 6.8.
d) 25%(w/v) PEG 3350, 0.1 M bis-Tris propane pH 7.8. 0.25%(w/v) hexamminecobalt(lIl) chloride, 0.25%(w/v) salicylamide, 0.25%(w/v)

sulfanilamide, 0.25%(w/v) vanilic acid, 0.02 M HEPES sodium pH 6.8.
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To obtain different iron-liganded structures, the crystals were soaked
with imidazole (ImH), histamine (Hm), or the NO donating com-
pound DEA/NONOate for 10 min at room temperature. Upon
incubation with the mother liquor containing 15% of glycerol as a
cryo-protectant, crystals were frozen in liquid nitrogen. Diffraction
experiments were carried out at two different synchrotrons at 100 K.

All crystals occupied the space group P2,. Refinement of the crystal
structures was obtained through the molecular replacement method
using the structure of NP4 (PDB code 3MVF)'" as a template. The
refinement statistics are summarized in Table 1. It should be men-
tioned that no electron density of the additives (see Table 1 foot-
notes) except for the Gly—Gly—Gly tripeptide was observed.

Protein fold

The overall fold of NP7 resembles that of other NPs. Eight anti-
parallel B-strands (A to H) form a barrel that hosts the heme cofactor
including the ligation by the proximal His60 residue. The structural
identity reflected by the RMSD values obtained from the compari-
son of the backbone atoms of two of the isoforms correlates with
the amino acid sequence identities (Table 2). Figure 1 displays
the overall fold compared to those of NP2 and NP4. The core of
the lipocalin fold is well superposed in all cases. The position of
the two disulfide bridges, which is a common trait of the NPs, is
very similar among all the NPs. The largest differences are found in
the A-B, B-C and G-H loops. In detail, the bending of the B-strands
(B, and B) is significantly more similar in the case of NP7 and NP2
compared to NP4. This is also true for the AB-loop. On the other
hand, significant differences are found in the spatial arrangement
of the G-H loop, which is markedly bent in NP7 compared to NP2
and NP4 (Figure 1).

Protein surface

One of the most interesting features of NP7 is its ability to bind
to negatively charged membranes. The crystal structures demon-
strate the extensive clustering of Lys side-chains at the protein
surface opposite the heme pocket that accomplishes the strong
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protein-membrane interaction. On the other hand, the side of the
heme mouth has a negative charge potential leading to a total bipo-
lar charge distribution. It was previously noticed that NP7 tends
to aggregate at elevated concentrations®”, which can be explained
by a charge stabilized aggregation process. X-ray crystallography
indeed supports such a head-to-tail interaction, which involves a
variety of salt bridges (Figure S1), leading to chain-like arrange-
ment in the crystal lattice (Figure 2a).

Heme pocket

The presence of Glu27 residue in the heme pocket of NP7 is unique
among NPs***. Upon homology modeling it was noticed that the
Glu27 carboxylate must somewhat interfere with the hydrophobic
site of the cofactor, i.e., its vinyl and methyl substituents. Only A
orientation is observed in NP7%%, whereas B orientation is favored
in NP2*%* (Figure 3). Interestingly, the mutant that converts Glu27
to Val, i.e. the residue found in all the other NPs (NP7(E27V)),
demonstrated that the heme orientation was reversed from A to
B, whereas the replacement of Glu27 by Gln, NP7(E27Q), did
not change the heme orientation compared to the wild type, and

Table 2. Comparison of the RMSD
values (i\; upper triangle) and amino
acid sequence identities (%; lower
triangle) of NP1, 2, 4, and 7-.

NP1 NP2 NP4 NP7

NP1 146 079 154
NP2 45 151 1.26
NP4 88 44 1.63
NP7 40 60 41

2 The RMSD calculation is based on the
following PDB files: NP1, 2NP1; NP2, 2A3F;
NP4, 1YWD; NP7, 4XMC.

Figure 1. Representation of the backbone structure of X-ray NP7 structures. (a) Overall fold of NP7. (b) Overall fold of NP7 (green) in
comparison to NP2 (blue) (PDB code, 2A3F) and NP4 (orange) (PDB code, 1YWD).
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replacement of Val24 by Glu in NP2, NP2(V24E), resulted in the
B — A reorientation of the cofactor™’.

In the crystal structure of NP7[ImH] the electron density map
clearly reflects the presence of heme A orientation, as expected for
NP7 (see above). However, to our surprise, the NP7 structure that
crystallized with Gly—Gly—Gly has heme B orientation (Table |
and Figure 4). Thus, it may be concluded that the insertion of this
ligand leads to a widening of the heme pocket, which may allow
the heme to turn. Since the structures of NP7[NO], NP7[Hm]| and
unliganded NP7 at pH 5.8 were derived from crystal soaking and
displacement of the Gly—Gly—Gly ligand, the heme consequently
was found in the heme B orientation as the crystal lattice does not
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allow the cofactor to turn. However for NP7[NO], A orientation
was demonstrated by circular dichroism spectroscopy®’. Caution is
needed regarding the presence of B orientation in unliganded NP7
at pH 7.8, since it could not be properly assigned due to the loosely

occupied heme (Table 1).

In the electron density map derived from the diffraction pattern of
the unliganded NP7 at pH 7.8 the heme was very poorly defined,
while the rest of the structure was very well defined (Figure 4b).
In contrast, the electron density of the cofactor bound to ImH, Hm
and NO was well defined (Figures 4c—e). Since the ferriheme iron
undergoes rapid photo reduction during the recording of diffrac-
tion patterns’, the crystal structures display the Fe! state. We had

Figure 2. Head-to-tail arrangement of NP7 in the crystal lattice. (a) Arrangement of molecules in the crystal lattice of NP7. (b) Crystal
contact between two neighboring molecules in the NP7 crystal. (¢) The electrostatic potential of NP7. The red and blue colors show the

negative and positive potentials, respectively.

COO°

COO”

COO”
sym

Figure 3. Heme b nomenclature and heme orientation inside the pocket of NP7. The heme pocket of NP7 is indicated by the three green
circles corresponding to the position of the three aliphatic side-chains pointing from the top of the distal pocket onto the heme plane. The two

possible heme orientations are indicated as A and B.
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previously reported that the Fe"-N, . bond in NP7 is surprisingly
weak, so that the reduction of NP7 leads to the equilibrium noted in
Equation 2 at neutral pH (pK, = 7.8)".

H,0 + Fel(ppIX)-Ny;, S H,0-Fe'(ppIX) + N, @

Overall, these findings suggest that the ill-defined heme density of
the unliganded NP7 reflects the movement of the cofactor inside
the heme pocket according to the two coordination states. The bind-
ing of the w donors ImH, Hm or CO has a positive trans effect,
which stabilizes the Fe™-N_ . bond, so that the heme resides in
the pocket. Interestingly, NO has a negative frans effect due to the
overlap of its anti-bonding 7* orbital with the iron d, orbital, thus

weakening the Fe-N . & bond"~"".
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The crystal structures allow detailed examination of Glu27
(Figure 5a). The side-chain is folded away from the hydrophobic
heme side toward the interior of the structure, where it is involved
in a network of H-bonding contacts. This includes a single water
that is further coordinated to Tyr175 near the protein surface. It was
previously found that the mutation Glu27—Gln has a remarkable
destabilizing effect on the NP7 fold*. It can now be understood that
the negative charge of Glu27 attracts the Tyr175 hydroxyl group,
which forms an important interaction. On the other hand, the dense
packing of side-chains next to His60 was identified as another
destabilizing factor of the Fe"-N,,  bond, where Phe43 plays a
crucial role*. Figure 5b shows the arrangement in comparison to
the crystal structures of NP2 and NP4. Phe43 is oriented parallel
to the heme plane with a distance of 3.5 A leading to 7t-stacking

Figure 4. Electron density maps in ligand-bound NP7. 2Fo-Fc electron density map (contoured at 16) of the heme pocket of (a) NP7 at pH
5.8, (b) NP7 at pH 7.8, (¢) NP7[NO], (d) NP7[ImH], (e) NP7[Hm], and (f) NP7[Gly-Gly-Gly].

Figure 5. Local structural details of Glu27. Spatial location relative (a) to the heme cofactor and (b) with respect to His60 and Phe43. For
comparison, the structures of NP7(green), NP2 (blue) and NP4 (orange) are displayed.
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between the two aromatic rings. Moreover, the phenyl ring is per-
pendicularly oriented toward the His60 plane with a distance of 3.6
A. The distance between Glu27:C; and Phe43:C; is 4.0 A, while
Glu27 also H-bonds to Phe43:NH.

Binding of NO

In the crystal structure, NO is bound with Z(Fe-N-O) = 124°,
which corresponds to a reduced iron, i.e. Fe"(NO). In the case
of NP1[NO] a similar angle of 123° to 135° was reported**. For
NP4[NO] two orientations of 110° and 177° were assumed because
the electron density could not be sufficiently fit with a single con-
formation®. The data were interpreted by the parallel co-existence
of photoreduced Fe''(NO) and some residual Fe' (NO) in the fro-
zen crystal. However, according to our’' and other** work, pho-
toreduction occurs even in frozen crystals within the first seconds
of data collection, thus the presence of significant amounts of
NP4[Fe(NO)] seems very unlikely. Also in the case of NP7[NO]
some of the electron density could not be sufficiently fit with the
presence of a single NO configuration (Figure 4c). However, this
may reflect an incomplete occupancy of the axial Fe site with NO
and displacement with water since the protein crystals were pre-
pared and transported in the Fe(NO) form to the synchrotron,
whereby loss of NO gas is possible.

Binding of imidazole and histamine. Similar to other NPs, the
binding of Hm is accomplished not only through the coordination of
heme iron, but also through the salt bridge of its ethylamine group
with the Asp32 carboxylate (Figure 6a). When ImH is bound, the
missing ethylamine is compensated by H-bonding to a water mol-
ecule, which is then coordinated by Asp32 (Figure 6b). However, in
marked contrast to other NPs, the affinity constant for ImH and Hm
was markedly decreased. While for NP2 the equilibrium constant
(K,) was found to be 2.5 x 10" M"*°, for NP7 K, was 1.0x 10° M-8,
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This difference is even more pronounced for Hm, as the equilibrium
constants are 1.0 x 10¥ M'*" and 1.0 x 10> M for NP2 and NP7
[8], respectively. The remarkable difference observed between the
two ligands in NP7 as well as between NP2[Hm] and NP7[Hm] is
not explained by the structures. However, taking into account that
the N-terminus is expected to move into the space between the A-B
and G-H loops, the disruption of the Asp32-Hm interaction is
feasible. This is further supported by the finding that deletion of the
N-terminal residues increases the affinity for Hm (Keq(NP7(A1—3))
= 1.3 x 10" M™). This trend is also found in the enhanced affinity
for ImH (Keq(NP7(A1—3)) = 3.2 x 10" M)*, which compares with
the value reported for NP2 (see above).

pH dependence and N-terminus

It was previously suggested that the pH can have significant influence
on the A-B and G-H loop conformations in NP4 due to the change
in the protonation state of Asp30 (part of the A-B loop)> "=,
While in the protonated state Asp30 binds to the backbone C=0 of
Leul30 (part of the G-H loop), it is detached upon deprotonation
leading to the opening of the heme pocket’'. Based on this mecha-
nism, a model for the pH-dependent NO release under biological
conditions was developed. However, very limited pH dependences
of the ligand release rates and equilibrium constants leave consider-
able doubts about this likely oversimplified model™.

In contrast to NP1-4, where the pH dependence of the equilibrium
constant is less than an order of magnitude, the difference for NP7
spans three orders of magnitude®. However, no significant confor-
mational differences were found between the X-ray structures col-
lected at two different pHs (5.8 and 7.8; RMSD = 0.22 A), even
though this might simply arise from the packing of NP7 molecules
in the crystal. On the other hand, in all NP7 structures Asp32 is
bound to a water that is held by the backbone NH and C=0 of

2 9 D32’

ﬁ E Heme

Figure 6. Local structural details of the heme pocket. (a) Hm, (b) ImH, (¢) pH 5.8 and (d) pH 7.8. The numbers represent the bond

distances (A)
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Aspl34, that is, the Asp32-Ile132 H-bond that corresponds to the
Asp30-Leul30 H-bond in NP4 is not observed (Figures 6¢ and 6d).
Thus, there are significant differences in the key structural features
during the transition between closed and open forms of the protein.
However, it is unclear whether these differences are due to the head-
to-tail arrangement (see above and Figure 2), or alternatively might
be influenced by the distinct N-terminus stretch of NP7, which fills
the region between A-B and G-H loops (Figure S2).

Upon maturation, a major difference of NP7 compared to all other
NPs is its extended N-terminus (Figure S3), which is characterized
by the extension of the tripeptide Leul-Pro2-Gly3**. It should be
mentioned that the N-terminus of the recombinant NP7 contains
an additional MetO residue originating from the start codon of the
expression system. In the X-ray structures, the residues MetO and
Leul were not seen. As noted above, the crystal lattice involves a
crystal contact between the A-B and G-H loops of one molecule and
the positive patch of the back side of another molecule (Figure 2b),
where the sharp E-F loop Lys116 plays a major role, contributing
to the head-to-tail arrangement via salt bridges with residues Asp34
and Asp32 (distances of 3.4 and 5.0 A, respectively). As a conse-
quence, the N-terminus is rather floppy sitting on top of the struc-
ture (Figure S3).

A series of MD simulations were run to examine the conforma-
tional flexibility and potential interactions formed by the N-terminus
stretch of NP7 in aqueous solution. To this end, MD simulations
were carried out for models of the wild type protein representa-
tive of the closed and open states, and the results were compared
with those obtained for the A(1-3) variant to ascertain the structural
impact of the three extra residues. Furthermore, in order to avoid
an artifactual bias due to packing effects, models of wild type and
A(1-3) NP7 proteins were built up using the X-ray crystallographic
structures of NO bound NP4 at pH 5.6 and 7.4%, because the con-
formations of the AB and GH loops are characteristic of the closed
and open states, respectively™. All the simulations led to stable tra-
jectories, as noted in RMSD values comprised between 0.9 and 1.3 A
(data not shown).
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The behavior observed for the open forms of wild type NP7 and its
A(1-3) variant is highly similar, mainly reflecting significant fluc-
tuations of the A-B loop irrespective of the length of the N-terminus
(Figure 7a), which for NP7 fills the region between A-B and G-H
loops, thus resembling the arrangement found in the X-ray struc-
tures of NP7 (Figure S2). This structural resemblance is reduced
in the closed state, because the A-B and G-H loops exhibit larger
fluctuations in the wild type protein compared to the A(1-3) species
(Figure 7b), and this effect is accompanied by the enhanced confor-
mational flexibility of the Leul-Pro2-Gly3 stretch in NP7, which is
in contrast with the more rigid structure adopted by the N-terminus
in the A(1-3) variant. Interestingly, superposition of the snapshots
sampled for wild type and A(1-3) proteins reveals a widening of
the heme cavity mouth in the wild type protein (Figure 7b), which
would suggest a higher probability for the formation of transient
pathways that connect the heme cavity with the bulk solvent. This
is noted, for instance, in the larger area estimated for the heme cav-
ity mouth for the closed states of the wild type NP7 and its A(1-3)
variant (Figure S4).

Overall, these findings could explain why deletion of the N-
terminal residues increases the affinity for ImH and Hm, an effect
that can presumably arise from the more compact nature of the
heme cavity and lower fluctuations of the A-B and G-H loops in
the A(1-3) protein. Finally, the enhanced flexibility of the closed
form of wild type NP7 may also explain the larger sensitivity to pH
dependence, since the access of water molecules to the heme cavity
could facilitate breaking of the H-bond between Asp32 and Ile132,
thus favoring deprotonation of Asp32 and hence the transition to
the open state.

Time resolved differential absorption spectra

The availability of the NP7 structures now allows the combination
with the studies of fast dynamics of the ligand-protein interaction.
The Fe"-CO complex was studied as a model for the isoelectronic
Fe'-NO because of its slower geminate rebinding rates. The change
in absorption spectra of CO bound and unbound heme proteins
(Figure S5) allows the determination of time resolved differential

Figure 7. Structural analysis of MD sampled snapshots. Superposition of the snapshots taken every 10 ns from the MD trajectories sampled
for the (a) open and (b) closed states of wild type NP7 and its A(1-3) variant. The backbone of the extra Leu-Pro-Gly stretch found in NP7 is
shown in magenta, and the backbone of the A-B and G-H loops for wild type and A(1-3) NP7 is shown in green and yellow, respectively.
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absorption spectra after photolysis of the Fe—CO bond. In this study,
NP7-CO was pumped with 70-fs laser pulses at 532 nm. Previous
studies were performed using nanosecond laser flash photolysis, but
the geminate rebinding was not resolved”’. We report here that gem-
inate recombination starts in the picosecond range, and merging the
subnanosecond kinetics with the nanosecond laser photolysis data
allow us to obtain a full time course for ligand rebinding.

Figure 8a shows time resolved differential absorption spectra meas-
ured after photolysis of the CO adduct of NP7 at selected time
delays. Transient spectra correspond to the difference between the
ground state absorption spectra of NP7[Fe"-CO] and NP7[Fe"],
with clean isosbestic points at 402 nm and 426 nm. Accordingly,
only one significant spectral component is retrieved from the SVD
analysis of the spectra collected between 4 ps and 1 ns (Figure 8b).
As a consequence, the time course of the corresponding amplitude
V| perfectly matches the kinetics measured at 436 nm, but with sig-
nificant noise reduction, as shown in Figure 8c. Similar results are
obtained when the experiment is conducted at pH 5.5, where the
time resolved differential absorption spectra have the same shape as
those measured at pH 7.5. Also at this pH, only one spectral compo-
nent is obtained from SVD and the time course of the amplitude is

wavelength (nm)
350 400 450 500
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3
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Figure 8. Spectral analysis. (a) Time resolved differential absorption
spectra for NP7-CO (pH 7.5, T = 20°C) following femtosecond
photoexcitation at 532 nm at 4 ps (black line), 200 ps (red line),
400 ps (green line) and 800 ps (blue line) delay times. (b) First
spectral component (U,) obtained from the SVD analysis of
the time resolved differential absorption spectra multiplied by the
corresponding singular value (S, = 0.23). (¢) Comparison between
the time course of the amplitude V, (open circles) of the main spectral
component obtained from SVD, and the normalized transient
absorbance at 436 nm (solid line) as a function of the delay time.
The red filled circles report the amplitude V, of the main spectral
component obtained from the experiment conducted at pH 5.5.
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shown as red solid circles in Figure 8c. It is easily observed that the
time course of V| at acidic pH occurs with a higher rate, leading to a
larger fraction of rebinding at the subnanosecond time scale.

Ligand rebinding kinetics

We have previously reported the CO rebinding kinetics to NP7 after
nanosecond laser photolysis, showing that the binding reaction can
be followed by the absorbance change at 436 nm’’. In this work we
now aim at reconstructing the full time course of CO rebinding,
from a few picoseconds to reaction completion, occurring on the
millisecond time scale. We have accomplished this by merging the
CO rebinding kinetics determined in the femtosecond pump-probe
and in the nanosecond laser flash photolysis experiments.

Due to inherent limitations of the methods employed to collect the
kinetics in the two time regimes, the kinetics in the time interval
between ~2 ns (the longest available delay in the pump-probe
experiment) and 20 ns (the shortest time accessible without distor-
tion due to the instrumental response function of the nanosecond
laser flash photolysis setup) is not available. Thus, a connection of
the two data sets is not straightforward. In order to obtain a single
kinetic trace, we have first normalized the amplitude V| retrieved
from SVD analysis of the pump and probe experiment, taking
advantage of the fact that the fraction of photoproduct with respect
to that initially generated at time 7, i.e., N(#) = AA(D)/AA(z,), (with
>1), decreases with time from unity. Unfortunately, it is not pos-
sible to extend this procedure to the nanosecond photolysis data
since multiple photolysis events occur during the laser pulse under
our experimental conditions, thus impairing a correct determination
of the fraction of unliganded species surviving at 20 ns. We have
therefore estimated the concentration of the unliganded molecules
at the end of the temporal window of pump and probe experiments
by fitting the kinetics in this time window with a double exponential
decay function, and extrapolating the transient signal beyond 2 ns.
The flash photolysis data were then scaled in order to match the
extrapolated fraction of unliganded molecules. We should say that,
unlike the method proposed by Champion and coworkers™, the cur-
rent procedure for merging the two different time ranges has some
degree of uncertainty since there is about one log, time unit of
missing data which may contain kinetic information. Nevertheless,
given the shape of the signals, it is expected that this is not a major
contribution for the kinetics reported in this work.

Figure 9 shows the overall rebinding curve for NP7 obtained with
this method. From a simple inspection of the progress curves, it
is easy to notice that for NP7 the sub-ns kinetics becomes faster
and larger when the pH is lowered to 5.5. It is comprised of two
kinetic phases, which can be well described by a double exponen-
tial decay, whose amplitudes and apparent rates increase at pH 5.5
(not shown). The sub-ns rebinding phase is very similar to the pre-
viously described CO rebinding to the related NP4**. On the longer
time scales, the progress curve for NP7 shows the features previ-
ously reported, with a heterogeneous bimolecular rebinding which
becomes faster as the pH is lowered to 5.5.

Recently we proposed that the reaction progress for NP7 can be

described by a microscopic model which takes into account rebinding
of photodissociated ligands from internal cavities that are accessible
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at room temperature’’. The current data indicate that in addition to
more remote internal cavities, capable of hosting the ligand for a
relatively long time, at least one additional temporary docking site
exists in the vicinity of the reaction site at the heme, which modu-
lates sub-nanosecond geminate rebinding. From a structural point
of view, this assumption is supported by the topological analysis of
the inner cavities present in the snapshots sampled along the MD
simulation of the closed form of NP7. Thus, Figure 10a shows the
three major cavities that shape the tunnel leading from the heme
pocket to the back of the protein™ (shown as magenta isocontour)
determined by using the MDpocket tool®, and also confirmed by
Implicit Ligand Sampling calculations®'. Besides the inner tunnel,
Figure 10a shows the presence of two additional pockets around the
heme. Residues Ile121, Tle123, Leul35 and Ser137 shape the first
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Figure 9. Ligand rebinding kinetics. Complete rebinding kinetics
to NP7 at pH 7.5 and pH 5.5 (T = 20°C). The experimental progress
curves recorded at 1 CO atm (black open circles) and 0.1 CO atm
(green open circles) are reported.
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pocket (orange isocontour), and the side chains of Glu27, Phe43,
Phe45 and Leul39 contribute to the second pocket (blue isocon-
tour). Hence, it can be expected that rebinding of photolyzed CO
would occur from a variety of transient docking sites, reflecting
the topological distribution of pockets located close to the heme
(at around ~9 A from the heme iron) as well as from inner cavities
present at the rear of the protein (at around ~22 A from the heme
iron), which can be visited via the inner tunnel present as a distinc-
tive feature in NP7 compared to other NPs.

On the basis of the previous findings, the reaction scheme previ-
ously proposed by us™ is then expanded as shown in Figure 11 to
accommodate for transient population T,, T, and T, of the ligand in
docking sites located nearby the distal pocket (DP), and is found to
describe well the rebinding kinetics under the investigated experi-
mental conditions. Sample fits on CO rebinding kinetics to NP7 are
reported in Figure 12.

The microscopic rates reported in Table 3 show that exit to the sol-
vent occurs with a remarkably high rate (9 x 10% s and 8.2 x 108
s at pH 7.5 and 5.5, respectively), which competes, although to
a minor extent, with internal rebinding and migration processes.
This suggests that the connection between the distal pocket and the
solvent must be quite efficient, much more than, for instance, in
the case of other proteins with well recognized rather open con-
nections. These include, for instance, myoglobin, for which CO
escapes through the His gate at a rate 2.7 x 10° s, and type 1
non symbiotic hemoglobin AHb1 for which exit through the His
gate occurs at 5 x 107 s'?'%. This nicely parallels the finding of
two large and accessible pathways connecting the distal pocket and
the solvent (denoted cage-to-top and cage-to-fron in Figure 10b),
which can be ascribed to the larger fluctuations of the A-B and G-H
loop and widening of the heme cavity in the closed form of wild
type NP7 (see Figure 7b).

Inspection of the microscopic rates in Table 3 also reveals that
there are some substantial differences with respect to the values

cage-to-top cage-to-front

Figure 10.Topological analysis of inner cavities and pathways. (a) Representation of the cavities that form the inner tunnel in NP7 (blue) as
well as two additional pockets found around the heme (orange and magenta) identified by the MDpocket analysis. (b) Pathways connecting

the heme cavity and the bulk solvent in the closed form of NP7.
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Figure 11. Minimal reaction scheme for the observed rebinding
kinetics. Reaction intermediates T,, T, and T, denote docking sites
inside the protein.
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Figure 12. Results of global analysis of the complete course of
CO binding kinetics to NP7. (A: pH 7.5, B: pH 5.5), at T=20°C and
1 (black) and 0.1 atm (gray). The fits (yellow lines) are superimposed
to the experimental data. In the figure, the time course of the other
relevant species shown in Figure 8 is reported: DP (black), T, (blue),
T, (cyan), T, (magenta), NP (red) and NP7* (green).

Table 3. Microscopic rate constants from
the global fit of the CO rebinding kinetics at

20°C.

pH7.5 pH 5.5
k, (10" s") 0.60+£0.02  1.4+0.04
k, (108 s) 9.0£0.4 8.2+0.4
k, (10° M's™) 0.6+0.1 1.6£0.2
k, (10°s) 2.0£0.5 2.9+0.7
k,(10°s™) 1.2£0.5 41
k. (10°s™) 3.7+0.5 0.5+0.1
k. (10°s™) 1.4+0.2 1.2+0.1
k, (108 s7) 1.6+0.1 2.1+0.1
k,(10*s™) 1.4+£0.4 1.2+£0.3
k. (10" s) 4.5+0.7 8.0+1
k_(10"s") 2.5+0.3 1.9£0.2
k., (10° M's) 0.5+0.1 1.5+0.3
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previously determined on the sole basis of nanosecond laser pho-
tolysis data”’. Inclusion of the ps rebinding phase results in a major
increase in rebinding rates, a fact that is not surprising and was
anticipated in our previous analysis. The value of the rebinding
rate k| is remarkably large compared to, for instance, rebinding to
the highly reactive type II truncated Hb from Thermobifida fusca
(TrHbO), for which rebinding occurs with a rate of 3 x 108 s, a
value which is 20 fold smaller than the one for NP7. Mutation of
distal cavity residues capable of stabilizing water molecules nearby
the binding site lowers the barrier for rebinding and increases the
rate to 2 x 10° s, a value which becomes comparable to the value
for NP7 at neutral pH, but is still one order of magnitude smaller
than observed for NP7 at pH 5.5.

Our results compare well with the average rate constant for CO
rebinding to NP4,4.7 x 10° s at pH 7.5 and increasing to 2.1 x 10" s at
pH 5.5, retrieved by a single distribution model™. In their analysis,
Champion and coworkers adopted a statistical model to describe
the effect of the strong distortion of the heme in NP4, to explain
the observed non-exponential rebinding. In the case of NP7 the ps
phase is clearly described by a double exponential decay, and there-
fore the use of a kinetic model that introduces an additional discrete
reaction step appears justified.

Finally, it is important to stress that the k  values derived from the
current determination of microscopic rate constants reproduces
values that well agree with our previous estimates”’. The combi-
nation of microscopic rates to obtain k_ is such that the resulting
parameter is mostly sensitive to k,, whereas it is relatively insensi-
tive to the actual values of k| and k, as long as their ratio remains
comparable.

Dataset 1. Data of membrane attaching nitric oxide transporter
nitrophorin 7

http://dx.doi.org/10.5256/f1000research.6060.d42567

Deatiled legends describing each data file can be found in the text
file provided.

Concluding remarks and future directions

The analysis of the X-ray crystal structures of NP7 at low and high
pH and with different heme ligands show the existence of a large
resemblance in the overall fold, which is also similar to the spa-
tial arrangement found in other NPs. These structures reveal the
extensive clustering of Lys side-chains at the protein surface oppo-
site the heme pocket, which is implicated in the charge-stabilized
head-to-tail interaction observed in the crystal lattice. Furthermore,
it provides a basis to realize the ability of NP7 to bind to negatively
charged membranes. However, packing effects also explain the
large structural similarity observed for the different ligand-bound
and unbound structures, although such a structural similarity does
not permit to rationalize the effect of deletion of the N-terminal
residues on the binding affinities of certain ligands nor the pH sen-
sitivity of NP7.

The peculiar structural and dynamical properties of NP7 suggest
that the mechanism at the basis of the pH sensitivity of this protein
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exhibits differential features with regard to the one that is operative
for the other characterized NP isoforms. The extremely high reactiv-
ity of the binding site has the consequence that much of the kinetics
is compressed in the sub-nanosecond time scale. In the case of the
wt protein, the presence of articulate cavities, endowed with tempo-
rary docking sites where photodissociated ligands can migrate, and
tunnels connecting the distal pocket with the solvent are proposed
to be key determinants for the shape of the observed kinetics. In
particular, the additional Leu-Pro-Gly stretch at the N-terminus and
the presence of a Glu27 residue in the heme pocket which interferes
with the heme vinyl and methyl substituents, both unique among
NPs, have profound consequences for the heme pocket structure
and dynamics. In particular, the role of Glu27 is still poorly under-
stood and deserves further investigations.

Data availability
F1000Research: Dataset 1. Data of membrane attaching nitric oxide
transporter nitrophorin 7, 10.5256/f1000research.6060.d42567%
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Figure S1. Distribution of positively and negatively charged residues in the head-to-tail interface between NP7 molecules.
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Figure S2. Representation of the backbone in the X-ray structure of NP7 solved at low pH (5.8). Residues Pro and Gly of the extra N-
terminus stretch (Leu-Pro-Gly) found in NP7 are shown as green-coloured spheres. The spatial position of Leu, and the additional MetO residue

originating from the start codon of the expression system, were not seen in the X-ray crystal.
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NP2 : DCSTNIS PKRGLDKAKY FSG-KWY TH FLDKDP-QVT DQYCSSFTPR ESDGTVKEAL (55)
NP3: DCSTNIS PKKGLDKAKY FSG-TWY TH YLDKDP-QVT DPYCSSFTPK ESGGTVKEAL (55)
NP4 : ACTKNAI AQTGFNKDKY FNGDVWY TD YLDLEPDDVP KRYC ALAAG TASGKLKEAL (57)
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NP7 : YHFNVDSKVS FYNTGTGPLE SNGAKYTAKF NTVDKKGKEI KPADEKYSYT VTVIEAAKQS (118)
* ) * ) * * )k % E * x ** * *
130 140 150 160 170 180
NP1: ALTHTCLHKG NKDLGDLYAV LNRNKDTNAG DKVKGAVTAA SLKFSDFIST KDNKCEYDNV (176)
NP2 : ALVHICLREG SKDLGDLYTV LTHQKDAEPS AKVKSAVTQA GLQLSQFVGT KDLGCQYD-D (174)
NP3:  ALVHICLREG PKDLGDLYTV LSHQKTGEPS ATVKNAVAQA GLKLNDFVDT KTLSCTYD-D (174)
NP4 : ALTHTCLHKG NKDLGDLYAV LNRNKDAAAG DKVKSAVSAA TLEFSKFIST KENNCAYDND (176)
NP7 : ALTHICLQED GKDIGDLYSV LNRNKNALPN KKIKKALNKV SLVLTKFVVT KDLDCKYD-D (177)
**x * k% * % *kkk*x ok * * * % * * x * * %
NP1:  SLKSLLTK (184)
NP2:  QFTSL (179)
NP3:  QFTSM (179)
NP4:  SLKSLLTK (184)
NP7:  KFLSSWQK (185)

*

Figure S3. Amino acid sequence alignment of R. prolixus NP1 (Swiss-Port entry Q26239), NP2 (Swiss-Port entry Q26241), NP3 (Swiss-
Port entry Q94733), NP4 (Swiss-Port entry Q94734), and NP7 (Swiss-Prot entry Q6PQK2) (1). The total sequence identity among all five
protein sequences amount to 33% (indicated by *’). The proximal His is indicated by ‘#. An initial Met residue (in grey) results in case of the
recombinantly expressed proteins of NP1, NP2, NP3, and NP7 is not present in the mature proteins in vivo (2, 3). Residues of relevance to this
study are highlighted in color.
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Figure S4.Time (ns) evolution of the estimated area (A?) of the heme cavity mouth determined from the triangles defined by the Ca
atoms of residues His60, Lys66, Phe88 and lle132. Wild type NP7 in open and closed states is shown as red and black lines; A(1-3) variant
in open and closed states is shown as blue and green lines.
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Figure S5. Absorption spectra of ferric and ferrous NP7 at pH 7.5. Black: NP7[Fe"]; red: NP7[Fe']; blue: NP7[Fe'-CQ].
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Antonio Cupane, Matteo Levantino
Department of Physics and Chemistry, University of Palermo, Palermo, Italy

The article by Knipp et al. reports the results of an extensive investigation of the nitrophorin isoform NP7.
The authors have resolved the X-ray crystallographic structure of NP7 at different pH values and ligation
states, measured the ligand rebinding kinetics after laser photolysis of CO bound NP7 at different pH
values and performed MD simulations on different NP7 conformations to assess the degree of flexibility of
different protein domains and the topology of inner protein cavities that are shown to play a significant role
in the binding of ligands to the protein.

The presented results are new and significant to our understanding of the structure-function-dynamics
relationship in the NP7 nitrophorin. However, the paper would benefit from a more clear discussion of an
important aspect that emerges from the results presented by authors: the charge distribution across NP7,
which peculiarly determines the ability of this particular nitrophorin isoform to bind negatively charged
membranes, is likely to significantly affect both the way NP7 molecules are arranged in the crystalline
state and their overall 3D structure in the crystal. As stated by the authors, the surprisingly small
differences between the crystal structure of NP7-H20 at pH 5.8 and 7.8 could be due to the
overwhelming contribution of electrostatic interactions between neighboring proteins within the crystal.
The authors refrained from using their NP7 X-ray structures as starting points for their MD simulations
since they admittedly do not account for the conformational change expected to occur upon increase of
the pH from 5.8 to 7.8. Overall, these findings seem to indicate that, in the case of NP7 nitrophorin, the
structural models retrieved from X-ray crystallography fail to accurately describe the 3D structure of the
protein in solution.

It would be worth to better clarify and discuss this point in the paper.

A further important result of the paper comes from the analysis of ligand rebinding kinetics after photolysis
of NP7-CO (presumably at a much lower protein concentration, at which interparticle interactions are
negligible). A large fraction of CO ligands rebind geminately in the picosecond time-scale with a biphasic
time course. Moreover, nanosecond flash-photolysis experiments clearly show that ligand migration
through protein cavities modulates the rebinding process at longer time-scales. Although the main
findings are clear already from inspection of the raw data, the procedure used to match the kinetics
measured in the sub-nanosecond time-scale with those measured at longer time-scales seems
problematic (as also noted by Marten H. Vos in his review of the paper). The detailed procedure used to
match the two datasets should be added to the paper. In particular, a supplementary figure showing the
two-exponentials fit of the picosecond data and its extrapolation beyond 2 ns, would be helpful in this
respect. It would be also useful to have an idea of how much a different choice of the relative scaling
between the two datasets would affect the estimation of microscopic rates.
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Minor points:
® as noted by Suman Kundu in his review of the paper there are sentences that need to be corrected
in the abstract; apart from the second sentence (line 3), also the last sentence (line 17) “Finally, the
topological distribution of pockets located around the heme as well as from inner cavities ...”
clearly needs to be corrected.

® page 3, last paragraph of the Introduction: “Here we report on seven crystal structures of NP7 ...”.
Only 6 different crystal structures are described in the paper and in Table 1.

® the caption of Figure 12 should be corrected in comparison to Figure 11: T1 should be T2.

We have read this submission. We believe that we have an appropriate level of expertise to
confirm that it is of an acceptable scientific standard, however we have significant reservations,
as outlined above.

Competing Interests: No competing interests were disclosed.

Cristiano Viappiani, Universita degli Studi di Parma, Italy

The article by Knipp et al. reports the results of an extensive investigation of the nitrophorin isoform
NP7. The authors have resolved the X-ray crystallographic structure of NP7 at different pH values
and ligation states, measured the ligand rebinding kinetics after laser photolysis of CO bound NP7
at different pH values and performed MD simulations on different NP7 conformations to assess the
degree of flexibility of different protein domains and the topology of inner protein cavities that are
shown to play a significant role in the binding of ligands to the protein.

The presented results are new and significant to our understanding of the
structure-function-dynamics relationship in the NP7 nitrophorin. However, the paper would benefit
from a more clear discussion of an important aspect that emerges from the results presented by
authors: the charge distribution across NP7, which peculiarly determines the ability of this
particular nitrophorin isoform to bind negatively charged membranes, is likely to significantly affect
both the way NP7 molecules are arranged in the crystalline state and their overall 3D structure in
the crystal. As stated by the authors, the surprisingly small differences between the crystal
structure of NP7-H20 at pH 5.8 and 7.8 could be due to the overwhelming contribution of
electrostatic interactions between neighboring proteins within the crystal. The authors refrained
from using their NP7 X-ray structures as starting points for their MD simulations since they
admittedly do not account for the conformational change expected to occur upon increase of the
pH from 5.8 to 7.8. Overall, these findings seem to indicate that, in the case of NP7 nitrophorin, the
structural models retrieved from X-ray crystallography fail to accurately describe the 3D structure of
the protein in solution.

It would be worth to better clarify and discuss this point in the paper.

In agreement with the reviewer, we believe that both crystal packing and electrostatic interactions
impose a severe constraint on the AB loop, limiting the conformational flexibility of this region, and
this likely explains why there seems to be no apparent major difference between the structures at
pH 5.8 and 7.8. This has been explicitly stated in the revised version of the manuscript.

A further important result of the paper comes from the analysis of ligand rebinding kinetics after
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photolysis of NP7-CO (presumably at a much lower protein concentration, at which interparticle
interactions are negligible). A large fraction of CO ligands rebind geminately in the picosecond
time-scale with a biphasic time course. Moreover, nanosecond flash-photolysis experiments
clearly show that ligand migration through protein cavities modulates the rebinding process at
longer time-scales. Although the main findings are clear already from inspection of the raw data,
the procedure used to match the kinetics measured in the sub-nanosecond time-scale with those
measured at longer time-scales seems problematic (as also noted by Marten H. Vos in his review
of the paper). The detailed procedure used to match the two datasets should be added to the
paper. In particular, a supplementary figure showing the two-exponentials fit of the picosecond
data and its extrapolation beyond 2 ns, would be helpful in this respect. It would be also useful to
have an idea of how much a different choice of the relative scaling between the two datasets would
affect the estimation of microscopic rates.

We have addressed this issue in response to the similar argument raised by Marten Vos (Reviewer
#1). Within the “Ligand rebinding kinetics” section we have added a statement about the effect of a
wrong estimate of the extrapolated value of the signal from the subnanosecond kinetics. We
provide an estimate of the effect on the rates constants for over/under-estimating the residual
absorption after the subnanosecond rebinding phase. As detailed in the text, even a relatively large
10% error results in modest effects on rate constants.

Minor points:

as noted by Suman Kundu in his review of the paper there are sentences that need to be corrected
in the abstract; apart from the second sentence (line 3), also the last sentence (line 17) “Finally, the
topological distribution of pockets located around the heme as well as from inner cavities ...”
clearly needs to be corrected.

We have revised the sentence as suggested by Suman Kundu

page 3, last paragraph of the Introduction: “Here we report on seven crystal structures of NP7 ...".
Only 6 different crystal structures are described in the paper and in Table 1.

This wrong statement was revised. We thank this reviewer for pointing that out.
the caption of Figure 12 should be corrected in comparison to Figure 11: T1 should be T2.

As noted above, we have revised the caption.

Competing Interests: No competing interests were disclosed.

Referee Report 23 June 2015

doi:10.5256/f1000research.6488.r9064

Suman Kundu
Department of Biochemistry, University of Delhi, New Delhi, Delhi, India

Markus Knipp et al applied a repertoire of biophysical and computational techniques to provide insight
into the unique structural features of NP7, a transporter nitrophorin. The study also highlighted the
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differences with other nitrophorins and unraveled a likely mechanism for NO migration and exit in NP7,
which represents advancement in the understanding of nitrophorins. This is a nice, elaborate piece of
work that triggers the mind in many ways.

The article will read better and assume greater significance if the following issues can be addressed:

The second sentence (line 3) in the Abstract should be modified as “Besides its ability to bind to
phospholipid membranes, the N-terminus of NP7, a member of the NO transporter nitrophorin
family, contains.............. ”; otherwise the “other” in that sentence does not make any sense.
Moreover, placing NP7 in this sentence also introduces the target protein to the reader better, than
mentioning it later. Without such an introduction of the subject of the study, the beginning of the
abstract reads pretty abrupt and can be difficult for readers to grasp, unless they come back to it
after reading the Introduction.

How does one ensure that NO stays bound to heme iron in the crystal structures of NPs, given the
photoreduction and the fact that Fe(ll) might have altered affinity for NO than Fe(lll)? The fact that
the electron density could not be fit with a single configuration of NO indicates that NO is only
partially bound, which means that the crystals contain a mixture of liganded and unliganded
states? Does such mixed population influence conclusions about structural features? A sentence
in this regard could be added in the relevant section in the manuscript to dispel doubts.

Since the authors solved the crystal structures of NP7 at low (5.8) and high pH (7.8) and in
NO-bound form, for MD simulations these structures could be used to model the molecular
systems rather than using NP4 structures. Alternatively, the models obtained from NP4 could be
compared with the crystal structures. Clarification would help readers.

Since the liganded and unliganded structures are similar, is it safe to assume that the structure of
NP7 is not adapted to regulate ligand binding, but rather acts as a reservoir for NO storage suitably
endowed with tunnels and cavities for the NO release as and when required, with dependence on
pH only? A line of discussion would help.

Finally, as a future perspective, a crystal structure of the mutant of NP7 (with extra N-terminal
residues deleted), both in unliganded and liganded forms, might help to validate the rational
hypothesis laid down in the paper.

| congratulate the authors on the wonderful manuscript.

| have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard.

Competing Interests: No competing interests were disclosed.

Author Response 05 Aug 2015
Cristiano Viappiani, Universita degli Studi di Parma, Italy

Markus Knipp et al applied a repertoire of biophysical and computational techniques to provide
insight into the unique structural features of NP7, a transporter nitrophorin. The study also
highlighted the differences with other nitrophorins and unraveled a likely mechanism for NO
migration and exit in NP7, which represents advancement in the understanding of nitrophorins.
This is a nice, elaborate piece of work that triggers the mind in many ways.

We thank this reviewer for his appreciation of our work.

The article will read better and assume greater significance if the following issues can be
addressed:
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The second sentence (line 3) in the Abstract should be modified as “Besides its ability to bind to
phospholipid membranes, the N-terminus of NP7, a member of the NO transporter nitrophorin
family, contains.............. ”: otherwise the “other” in that sentence does not make any sense.
Moreover, placing NP7 in this sentence also introduces the target protein to the reader better, than
mentioning it later. Without such an introduction of the subject of the study, the beginning of the
abstract reads pretty abrupt and can be difficult for readers to grasp, unless they come back to it
after reading the Introduction

The underlined words can be added to improve the reability of the sentence.

We thank reviewer # 2 for pointing this out, we completely agree that the sentence was missing a
reference to the specific protein, which is the subject of the present study.

How does one ensure that NO stays bound to heme iron in the crystal structures of NPs, given the
photoreduction and the fact that Fe(ll) might have altered affinity for NO than Fe(lll)? The fact that
the electron density could not be fit with a single configuration of NO indicates that NO is only
partially bound, which means that the crystals contain a mixture of liganded and unliganded
states? Does such mixed population influence conclusions about structural features? A sentence
in this regard could be added in the relevant section in the manuscript to dispel doubts.

The occupancy of NO ligand was refined to 0.44. The crystal structure in this case contains a
mixture of the NO-bound and NO-unbound states, however, this does not influence conclusions.
The occupancy of NO has been included in the revised manuscript.

Since the authors solved the crystal structures of NP7 at low (5.8) and high pH (7.8) and in
NO-bound form, for MD simulations these structures could be used to model the molecular
systems rather than using NP4 structures. Alternatively, the models obtained from NP4 could be
compared with the crystal structures. Clarification would help readers.

We have already addressed this point which was also raised by reviewer #1. As stated above, the
structural similarity of the protein backbones of the homology and X-ray model is now mentioned in
the revised version (Materials and Methods. MD simulations).

Since the liganded and unliganded structures are similar, is it safe to assume that the structure of
NP7 is not adapted to regulate ligand binding, but rather acts as a reservoir for NO storage suitably
endowed with tunnels and cavities for the NO release as and when required, with dependence on
pH only? A line of discussion would help.

We have modified the first paragraph of the “Concluding remarks and Future Directions” section to
discuss this aspect.

Finally, as a future perspective, a crystal structure of the mutant of NP7 (with extra N-terminal
residues deleted), both in unliganded and liganded forms, might help to validate the rational
hypothesis laid down in the paper.

It has been mentioned in the last paragraph of the manuscript that availability of the crystal
structure of the protein missing the three amino acids at the N-terminus may help understanding
the role of this short sequence.

Competing Interests: No competing interests were disclosed.
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Referee Report 24 February 2015

doi:10.5256/f1000research.6488.r7667

Marten H. Vos
Laboratory of Optics and Biosciences, CNRS, Ecole Polytechnique, Palaiseau, France

This work combines crystallography, time-resolved spectroscopy and MD simulations to investigate
structure and CO dynamics in a member of the NO transporter NP family, NP7. Whereas the found
properties are similar to other NPs, in particular the well-studied NP4, this work is useful as substantial
differences had been suggested from previous studies.

A few suggestions for improvements:

1.

Intro, 2nd par, ard phrase suggests that NP1 and NP2 share more identity with NP4 than NP7,
which appears not the case for NP2 (Table 2).

. Please specify sample conditions (path length, concentration) for both types of spectroscopic

measurements.

MD simulations of NP7 are based on homology modelling from NP4 structures. A comparison of
the homology and X-ray models, other than the flipped heme, would be interesting.

Admittedly it will not change the order of magnitude of the results, but the problematic gluing of the
gap between 1 ns and 20 ns by extrapolating a non-finished double exponential (fit parameters?)
can be avoided by determining the effective CO dissociation yield at ~20 ns in the linear excitation
regime using an established procedure (Brunori et al., 1973).

If | understand well the kinetics in Fig. 9 can be fitted by four exponentials (two <10 ns and two
ps-ms), and thus 7 independent free parameters. The model has as many as 11 rate parameters
(Table 3, k,, is strictly not a microscopic rate constant). This would suggest the model is
underdetermined. Please discuss.

Do the authors associate T1, T2 and T3 with specific modeled cavities?
It is unclear why the rebinding rate is specifically or only compared with TrHbO. In a number of

sensor proteins, including CooA, CO rebinding phases on the order of tens and hundreds of
picoseconds have been observed.

I have read this submission. | believe that | have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard.

Competing Interests: No competing interests were disclosed.

Author Response 05 Aug 2015
Cristiano Viappiani, Universita degli Studi di Parma, ltaly

This work combines crystallography, time-resolved spectroscopy and MD simulations to
investigate structure and CO dynamics in a member of the NO transporter NP family, NP7.
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Whereas the found properties are similar to other NPs, in particular the well-studied NP4, this work
is useful as substantial differences had been suggested from previous studies.

A few suggestions for improvements:

Intro, 219 par, 39 phrase suggests that NP1 and NP2 share more identity with NP4 than NP7,
which appears not the case for NP2 (Table 2).

The sentence has been misinterpreted. The sequence identity is determined for NP1 versus NP4
(88%), and for NP2 versus NP3 (80%). The sentence has been rewritten in the revised version.
Likewise, Table 2 has been modified to include the sequence identity with NP3, even though the
lack of an X-ray structure impedes to include the data for the structural resemblance.

Please specify sample conditions (path length, concentration) for both types of spectroscopic
measurements.

This relevant information was left out and has been included in the revised manuscript.

MD simulations of NP7 are based on homology modelling from NP4 structures. A comparison of
the homology and X-ray models, other than the flipped heme, would be interesting.

The structural similarity of the protein backbones of the homology and X-ray model has been
mentioned in the revised version (Materials and Methods. MD simulations).

Admittedly it will not change the order of magnitude of the results, but the problematic gluing of the
gap between 1 ns and 20 ns by extrapolating a non-finished double exponential (fit parameters?)
can be avoided by determining the effective CO dissociation yield at ~20 ns in the linear excitation
regime using an established procedure (Brunori et al., 1973).

We agree that this would be the best way to handle the data. Indeed, this procedure was applied to
merge the two time regimes in our previous works on trHb from Thermobifida fusca. (Marcelli et al.,
2012; Bustamante et al., 2014).

However, unlike that case, in the current nanosecond experiments we were unable to reach a low
enough laser pulse energy range where multiple photolysis becomes completely negligible, yet
with a reasonable signal to noise ratio. This impairs the possibility of using the above mentioned
procedure. For this reason we resorted to the approach we adopted for the present experiments.
We are aware that the present data normalization procedure may bias to some extent the kinetics,
but this effect is expected to be minor, as already mentioned in the original submission. A further
statement about this has been added in the “Ligand rebinding kinetics” section.

If  understand well the kinetics in Fig. 9 can be fitted by four exponentials (two <10 ns and two
Us-ms), and thus 7 independent free parameters. The model has as many as 11 rate parameters
(Table 3, k., is strictly not a microscopic rate constant). This would suggest the model is
underdetermined. Please discuss.

Overall kinetics can be approximated by 4-5 exponential decays. Apparent rates and amplitudes
are combinations of microscopic rates, some of which (in the bimolecular phase) are dependent on
the reactant concentration. By performing a global analysis of the rebinding kinetics at two different
CO concentrations it is possible to remove almost entirely the problem of under-determination of
parameters due to their cross correlation.
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Do the authors associate T1, T2 and T3 with specific modeled cavities?

Based on their location, it appears reasonable to associate transient population of the cavities T,
and T, close to the distal pocket with fast reaction intermediates, whereas the longer lived reaction
intermediate T, is interpreted as rebinding from the cavity in the back tunnel. In the revised

manuscript we have indicated putative locations of the cavities with reference to isocontours in
Figure 10.

Incidentally, we note that the caption to Figure 12 had a typo, where the cavities were erroneously
labeled T4, T, and T, instead of T,, T3 and T,4. This was noted also by Reviewer #3. The scheme
in Figure 11 also contained a typo, which is now corrected in the revised version. We apologize for
that.

It is unclear why the rebinding rate is specifically or only compared with TrHbO. In a number of
sensor proteins, including CooA, CO rebinding phases on the order of tens and hundreds of
picoseconds have been observed.

This remark is certainly relevant. The comparison of the rate constants proposed in the final
paragraphs refers to trHbO only because this is the only available set of microscopic rates to
compare with.

Indeed, several excellent papers have appeared in the literature, reporting apparent lifetimes/rate
constants for CO rebinding. We have expanded the discussion in the revised manuscript to include
some recent works.

Competing Interests: No competing interests were disclosed.
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