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Abstract Rhodnius prolixus Nitrophorin 4 (abbreviated
NP4) is an almost pure B-sheet heme protein. Its dynamics
is investigated by X-ray structure determination at eight
different temperatures from 122 to 304 K and by means of
Mossbauer spectroscopy. A comparison of this B-sheet pro-
tein with the pure a-helical protein myoglobin (abbreviated
Mbmet) is performed. The mean square displacement derived
from the Mossbauer spectra increases linearly with tempe-
rature below a characteristic temperature 7. It is about 10 K
larger than that of myoglobin. Above 7. the mean square
displacements increase dramatically. The Mossbauer spectra
are analyzed by a two state model. The increased mean
square displacements are caused by very slow motions
occurring on a time scale faster than 140 ns. With respect to
these motions NP4 shows the same protein specific modes as
Mbmet. There is, however, a difference in the fast vibration
regime. The B values found in the X-ray structures vary
linearly over the entire temperature range. The mean square
displacements in NP4 increase with slopes which are 60%
larger than those observed for Mbmet. This indicates that
nitrophorin has a larger structural distribution which makes it
more flexible than myoglobin.
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Introduction

Proteins catalyse the reactions necessary for life. For this
purpose not only a stable protein structure is required. In
addition concerted structural fluctuations are needed for
their function. To understand how these nano-machines
work, both their structures and their dynamics must be
investigated. Particularly well suited for these investiga-
tions are heme proteins since they contain an internal
sensor, a protoporphyrin IX coordinated by an iron, which
can be probed with a large number of biophysical methods.
Heme proteins perform a variety of functions, such as
storage and transport of small molecules, catalysis and
electron transfer. Usually, the heme is surrounded by a
network of o-helical structural segments which maintain
the structure and control the dynamics necessary for
function. This is the reason that up to now investigations on
heme protein dynamics were nearly exclusively performed
using o-helical proteins. A unique exception is the
nitrophorin family of heme proteins which are almost pure
B-sheet proteins. They open the door to investigate
the dynamics of B-sheet proteins and compare them with
o-helical heme proteins.

Seven nitrophorins were identified in the saliva gland of
the blood-feeding “kissing bug”, Rhodnius prolixus (NP1-7)
(Andersen et al. 1997, 1998, 2000, 2004; Andersen and
Montfort 2000; Champagne et al. 1995; Ding et al. 1999;
Kondrashov et al. 2004; Maes et al. 2004; Nienhaus et al.
2004; Ribeiro et al. 1993; Roberts et al. 2001; Walker
2005; Walker and Montfort 2000; Weichsel et al. 1998).
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All NPs are composed of a single polypeptide chain and
have a molecular mass of about 20 kDa. They store nitric
oxide (NO) in the saliva gland of the insects, and transport
and release NO into the tissue of a victim. NPs exist in vivo
in the ferric state and bind NO in a pH-dependent way. NO
is more tightly bound at the low pH (~5) predominant in
the saliva gland. In the victim’s tissue the pH is 7.5. NO
dissociates and diffuses through the nearby capillaries to
cause vasodilatation and inhibition of blood coagulation
to facilitate the bug’s feast on blood. At the same time,
the ferric heme of NPs binds histamine released by the
victim in response to the tissue damage. Histamine causes
itching and initiates immune reactions. Hence, the victim’s
responses, which would potentially lead to the detection of
the bug, are effectively suppressed.

Crystal structures have been determined for three of the
nitrophorins, NP1, NP2, and NP4 (Andersen and Montfort
2000; Andersen et al. 1998; Kondrashov et al. 2004; Maes
et al. 2004; Nienhaus et al. 2004; Roberts et al. 2001;
Weichsel et al. 1998). Figure 1 shows a structural overview.
The nitrophorins consist of an eight-stranded antiparallel
B-barrel (the B-strands are labelled A—H in Fig. 1) and three
short a-helical regions, labelled 1-3 in Fig. 1, adjoining the
B-barrel. A highly nonplanar, ruffled heme b is inserted into
the open end of the barrel. It is bound to the protein through
a histidine residue (His59) on strand C. The NPs provide a
large pocket distal to the heme for ligand binding. Unlike in
most globins, the heme pocket does not contain a distal
histidine.

Rhodnius prolixus nitrophorin 4 (called NP4 in the
following), has been particularly well characterized. It
consists of 185 amino acid residues. X-ray structures for

Fig. 1 The overall structure of NP4. The B-strands and a-helices are
marked A-H and /-3, respectively. The position of the heme group
(HE) in the structure and the ammonia coordinating the heme iron are
also shown. Figure prepared with “ribbons” (Carson 1997)
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wild type NP4 and some of its mutants, with various
ligands were determined at low (~5.6) and neutral (7.0—
7.5) pH at 100 K to ultrahigh resolution, up to 0.85 A
(Kondrashov et al. 2004). Of particular interest is the
conformational change upon NO binding at low pH. The
change is focused on the A-B loop (residues 32—40) and
the G—H loop (residues 125-131) flanking the heme pocket
(see also Fig. 1). In the case of NH; or H,O as a ligand,
NP4 has an “open” conformation where the G-H loop is
located away from the heme and the heme pocket, and the
A-B loop is poorly ordered. The “closed” conformation is
induced for example by NO binding. This causes a collapse
of the A-B and G-H loops toward the distal pockets, and
hydrophobic residues pack around the ligand. The A-B
loop is well ordered, and the G-H loop adopts two well-
defined configurations. Both the “open” and “closed”
conformers exist under all conditions with various ligands
and pH values. Recently molecular dynamics simulations
at pH 5 and pH 7 have been performed by selective
deprotonation of the Asp 30 and Asp 35 resulting in a shift
in the ratio of both conformers (Kondrashov and Montfort
2007). A highly occupied conformation under one set of
conditions becomes minor one under other conditions.
Therefore, these loops belong to the high-dynamic parts of
the protein. FTIR spectroscopy also indicates a structural
heterogeneity of NO- and CO-ligated NP4 that increases
with increasing pH (Nienhaus et al. 2004). The loop het-
erogeneity appearing in the ultrahigh resolution structures
of NP4 is consistent with its multiphasic kinetics for NO
release (Maes et al. 2005).

Numerous studies on other proteins show that a
functioning protein can usually adopt a number of con-
formations and each equilibrium conformation consists
of a large number of X-ray conformational substates which
have similar overall structures, but differ slightly in
structural details (Frauenfelder et al. 1988). These differ-
ences can be measured by a (x*)*-value obtained from the
crystallographic Debye—Waller factor. At physiological
temperatures the proteins fluctuate between their substates.
The structural fluctuations can be probed by the dynamic
mean square displacement, (x2>, of the atoms in the mac-
romolecule [see (Parak 2003) for an overview].

The dynamics of iron containing proteins can be
investigated by Mossbauer absorption spectroscopy on a
time scale shorter than 140 ns using the heme iron as a
probe. In the a-helical myoglobin, Mossbauer studies
revealed a dramatic increase in the slope of the temperature
dependence of the mean square displacements, (x°)7, at the
iron position starting at 180-200 K (Frauenfelder et al.
1988; Huenges et al. 2002; Knapp et al. 1982; Parak and
Formanek 1971; Parak et al. 1982; Parak 2003). With
incoherent neutron scattering this increase can also be
observed for the mean square displacements, (x°)"
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averaged over all hydrogen atoms in the myoglobin (Doster
et al. 1989; Doster and Settles 1998). The increase of the
mean square displacements above about 200 K indicates
an activation of protein specific motions. This so-called
dynamic transition indicated by a characteristic tempera-
ture T, has revealed itself also in many other experiments.
For instance it was shown with optical absorption spec-
trocopy, that the electron transfer in the photosynthetic
reation center of Rhodospirillum rubrum starts at T,
(Garbers et al. 1998; Parak et al. 1980). Optical absorption
and IR spectrocopy of the nonexponential rebinding of CO
after photodissociation in myoglobin showed among other
features the migration of the ligand through the protein
matrix above T, (Ansari et al. 1987; Steinbach et al. 1991).
IR spectrocopy also reveals a remarkable increase of a
bending motion of bound NO in NP4 above 7. (Nienhaus
et al. 2004). Relaxation experiments had been done with
optical and with Mossbauer spectroscopy, revealing the
importance of T for the relaxation of an intermediate state
(Engler et al. 2000, 2003; Lamb et al. 1998; Prusakov et al.
1995). With X-ray structure determination it was possible
to show the loss of function of ribonuclease below T,
(Rasmussen et al. 1992) and the structural changes above
T, attended with and necessary for the rebinding of CO in
the L29 W mutant of myoglobin (Ostermann et al. 2000).
With time-resolved transient hole-burning spectroscopy it
was detected, that the time scale of myoglobin structural
fluctuations and solvent dynamics are separated at room
temperature and become the same at 7. (Shibata et al.
1998).

While a large number of the mentioned investigations
have been performed on the purely «-helical myoglobin,
the nitrophorin is an ideal object to investigate a B-sheet
heme protein. In the following we employ Mossbauer
absorption spectroscopy and X-ray crystallography to get a
deeper insight into the static and dynamic properties of
NP4 and we compare them with results obtained on
myoglobin.

Materials and methods
Samples

cDNA of the NP4 was artificially synthesized (GENART,
Regensburg) using the gene bank (Benson et al. 2006)
sequence RPU70584 and the protein data bank (pdb)
(Berman et al. 2000) entry 1D2U (Roberts et al. 2001) as a
template. Codons 2-21 in the published DNA-sequence
were omitted since the corresponding amino acids belong
to a hydrophobic (leader) sequence which would prevent
crystallization. The sequence was modified for optimal
expression in E. coli. The construct consists of 568 base

pairs including the coding sequence and Ndel and HindIII
restriction sites for directional cloning. The modified
cDNA was cloned into the expression vector pET17b in
E.coli (BL21-DE3). Expression was induced with IPTG at
0.4 ODggo and the temperature decreased to 30°C. After
shaking overnight the bacteria were harvested and the
protein was found in inclusion bodies. The protein was
renatured as described (Andersen et al. 1997, 1998). The
protein was first solubilized in 30 mM Tris/HC1 buffer
(pH 7.4) containing 6 M guanidine hydrochloride, 5 mM
dithiothreitol (DTT), and 1 mM EDTA and then diluted in
an excess of 30 mM Tris/HCI buffer (pH 7.4) containing
0.8 mM NaCl, 1 mM EDTA, 10 mM DTT, and 15 uM
phenylmethylsulphonylfluoride (PMSF) with vigorous
stirring. The refolded protein was concentrated and sub-
sequently dialysed two times against 100 mM NaP;, pH
7.0. For the Mossbauer samples, a solution of 10 mM
hemin in DMSO enriched with *’Fe was added drop-wise
with stirring to the refolded protein, and a possible pre-
cipitate was spun out. The formation of NP4 was monitored
with UV-visible spectroscopy. The steps were repeated
until the ratio of the absorption of the Soret band at 404 nm
to the protein band at 280 nm remained constant. The
obtained NP4 was purified by cation-exchange chroma-
tography using a SP-Sepharose column with a gradient of
0-1.0 M NaCl.

NP4 was crystallized in 50 mM sodium phosphate, 3 M
ammonium phosphate (pH 7.5), and washed two times with
3.3 M ammonium phosphate (pH 7.5). Since the NP4
crystals were grown in ammonium phosphate solution,
NHj3; is bound to the heme iron at the distal position (NP4—
NH;). To prepare NP4-met(aquo) crystals NH; was
removed from the iron-binding site by soaking the crystals
repeatedly in ice-cold 3.5 M potassium phosphate (pH 7.0).
The crystals of a NP4 complex which mimics the natural
substrate histamine were produced by soaking the NP4—
NH; crystals in 3.5 M potassium phosphate (pH 7.0) con-
taining 200 mM nicotinamide adenosine dinucleotide
(NADH) for 2 days on ice.

The two state model

Here we want to introduce a physical picture which was
developed in order to understand the dynamics of myo-
globin (Huenges et al. 2002; Knapp et al. 1982; Parak
2003). In this contribution we analyze the dynamics of NP4
with the same model in order to get a fair comparison. The
two state model assumes that a protein molecule can be in
two states, a frozen one and a flexible one. In the frozen
state the molecules behave like any other solid. The
dynamics is determined by phonons. There are no struc-
tural fluctuations. Protein specific structural fluctuations
occur only in the flexible state. The number of molecules in
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the frozen state and in the flexible state depends on tem-
perature. It is determined by the probability to be in the
flexible state:

AHpex —T-ASfrex 1
Prex(T) = (I +e 7 ) (1)
AHjg., and ASg, are the enthalpy and the entropy differ-
ence between the frozen state and the flexible state
respectively (Knapp et al. 1982). R is the general gas
constant and 7 the temperature. In order to avoid confu-
sion, it should be emphasized that the introduced two states
do not describe two different conformations but two dif-
ferent flexibilities. It is well known that a protein molecule
can have multiple conformations which can be recognized
in ultra high resolution X-ray structure analysis. A good
example is NP4 (Kondrashov et al. 2004). This variety of
conformations is certainly present in the frozen state as
well as in the flexible state. For our model it is, however,
only important, if a molecule is frozen in an individual
structure or if it can fluctuate between slightly different
structures called conformational substates. The frozen as
well as the flexible state represent an average over the
multiple conformations, differentiating only between rigid
molecules and flexible molecules.

Many physicists like Hans Frauenfelder (Frauenfelder
et al. 1988) use the concept of conformational substates,
CS. The word conformation is restricted to larger structural
changes often connected with different functions. For
example deoxymyoglobin is in the so-called ¢ conformation
while CO-ligated myoglobin is in the so-called r confor-
mation. Molecules within one conformation (e.g. 7), but
with a slightly different structure are said to be in different
CS. This concept is used for all displacements from the
average structure determined by X-ray crystallography.
The parameter which takes into account CS is the mean
square displacement, <x2>X, where the upper index X refers
to X-ray crystallography. For the two state model the
(x*)*-values at the iron position are of special interest.
X-ray crystallography has no time resolution. Static dis-
placements and thermal motions can only be separated by
the temperature dependence of (x*)*. In our model a
molecule is either frozen in a CS or it is in the flexible state
where it fluctuates till it is trapped again in a CS.

Massbauer spectroscopy on >’Fe proved to be a good
tool to investigate dynamic mean square displacements,
(x*)?, where the upper index y refers to y-radiation. It
should be returned to mind that energy resolution AE and
time resolution At are connected by Ar = AE/A. Due to the
high energy resolution AE =4.7 107° eV of the *’Fe
Mossbauer spectroscopy, the time border becomes about
140 ns. This means that only motions on the time scale
faster 140 ns contribute to (x*)”. We have two contribu-
tions to (x%)’:
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()= () + (¥hex) (2)

[T}

The lower index “v” refers to vibrations in a CS while
“flex” refers to dynamic displacements by motions in the
flexible state. The vibrations in the rigid state are assumed
to be harmonic and at low temperatures (x*)" = (x2)
[compare (Achterhold et al. 2002)]. Above a characteristic
temperature 7, the flexible state is measurably populated
according Eq. 1. The characteristic temperature 7, is not
well-defined in literature. In the following we use for 7, the
intersect of the tangent at the turning point of (xfiex) with
the temperature axis.

In the flexible state the protein or segments of the pro-
tein perform Brownian oscillations yielding the additional
mean square displacement, (xfix). The restoring force of
the Brownian oscillator is modelled by only one frequency.
For the verification of the two state model the different
behaviour of (x*)* and (x?)” is essential. However, Moss-
bauer spectroscopy gives even more information. Broad
lines in addition to the usual Lorentzians reveal diffusive
motions in a limited space.

X-ray structure analysis

For the temperature dependent measurements three differ-
ent crystals have been used. All low temperature
experiments up to 212 K were performed on one and the
same crystal. This crystal was shock frozen in a gaseous
nitrogen cryostream using the crystallization buffer with
200 mg/ml of sucrose as a cryoprotectant. The temperature
of the cryostream was determined at the position of the
crystal using a pin-diode of size ~2 mm which was cali-
brated by dipping it into liquid nitrogen (77 K) and ice-
water (273 K). The same freezing protocol was used for
the NADH and potassium phosphate soaked NP4. For
measurements at ambient temperatures the crystals were
mounted in capillaries. Diffraction data were collected on
an Enraf-Nonius FR591 rotating anode equipped with a
Siemens HiStar detector. The data were reduced using the
program ‘saint’ (SIEMENS, Karlsruhe) and the ccp4-pro-
grams scala and truncate (CCP4 1994). The atomic model
with pdb-ID 1D2U (Roberts et al. 2001) was used as a start
for the refinement in CNS (Briinger et al. 1998). For all
temperatures the same refinement protocol was used which
comprised of a simulated annealing protocol starting
from a moderate temperature (1,100 K) followed by con-
ventional refinement of positions and B factors and a
subsequent water search. The last step was a final con-
ventional refinement of the parameters of all atoms (see
Table 1). To obtain comparable values for myoglobin, the
X-ray data in (Chong et al. 2001) were re-refined using the
same protocol as employed for the NP4.
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Table 1 Statistics from the X-ray structure determination

Temperature

122 K 131 K 155 K 155K 179 K 196 K 212K 225 K 293 K 304 K
a 70.49 70.14 69.82 70.11 69.96 70.66 70.24 69.68 70.67 70.90
b in (A) 272 42.87 42.69 42.82 42.62 42,97 42.89 42.85 43.71 43.86
c 53.06 52.88 52.66 52.82 52.68 53.01 52.93 52.56 53.19 53.40
y 93.90 93.93 93.91 93.87 93.91 93.68 93.86 93.43 94.65 94.56
Vol (A% 159,411 158,613 156,593 158209 156,710 160,620 159,094 156651 160,683 165,530
Resol (A) 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.75 1.5 1.5
Roym (%) 3.8(252) 43 (125) 4.0(11.5) 4.1 (13.5) 4.0 (11.8) 42 (14.1) 37 (122) 5.9 (15.8) 54 (312) 4.3 (20.1)
Completeness (%) 92.6 (80.0) 90.0 (70.6) 89.4 (73.4) 89.2(73.2) 90.0 (74.0)  89.0 (71.2) 89.4 (73.4) 93.8(85.0)  91.2(76.0) 95.2(78.2)
Redundancy 4.6 5.0 5.0 5.0 5.0 5.0 5.0 5.6 46 4.6
Va(I) 17.0 (4.4) 127 (5.9) 13.9(6.4) 139 (55) 14.1(6.2) 13.6 (5.2) 147 (5.8) 10.3 (4.7) 122 (3.1) 12.1 (3.6)
Rerys/Rivee 19.4/22.6  19.4/22.1 19.3/21.8 19.5/22.0 19.4/22.0 19.7/22.5  19.9/21.9  20.4/21.6 19.021.3  19.6/22.2
Ni,0 228 246 220 220 201 185 184 99 163 95
(¥ 0.126 0.150 0.153 0.151 0.151 £ 0.006 0.157 0.167 0.207 & 0.051 0.173 0.186
(% 0.192 0.171 0.173 0.178 0.175 0.181 0.203 0.263 0.241 0.272
(*)Reco 0.175 0.154 0.156 0.161 0.158 0.163 0.186 0.248 0.220 0.252
(Vs 0.209 0.188 0.190 0.196 0.192 0.198 0.220 0.277 0.265 0.293
(s 0.164 0.137 0.138 0.139 0.140 0.144 0.158 0.187 0.191 0.211
(%) 0.126 0.106 0.118 0.124 0.121 £ 0.001 0.123 0.137 0.166 & 0.001 0.157 0.176

a, b, c and y are the unit cell constants. Vol is the volume of the unit cell, Resol is the resolution and Ny, is the number of visible water molecules in the
structure. The refinement factors Rqym, Rerysc and Ry have the common definition (Drenth 1998). For Ry, completeness and I/a(I) the results for the last
resolution shell (1.6-1.5 A) is given in parenthesis. Mean square displacements (x*)* in A* are given for (x*)%: from Wilson plot

(x*)¥: from refinement, averaged over total number of atoms

2\ X

X )Ncco: from refinement, averaged over backbone atoms

2

X

Mossbauer studies

For the Mdssbauer experiments a large number of small
NP4-NHj; crystals (~25 mg) were sealed in a PVC holder
(an inner diameter of 3 mm and 4 mm thick) with mylar
windows. A “’CoRh source and a conventional electro-
magnetic drive system with a sinusoidal velocity profile were
used to measure Mossbauer absorption spectra in a temper-
ature interval from 80 to 280 K. The temperature of the
samples was adjusted with an error better than £1 K. Typical
times to measure a spectrum range from 3 days at 80 K to
about 1 month at 280 K. The mean square displacement of
the iron, (x2>y, is determined by the Lamb—MGossbauer factor:

f=exp(=k{*)") (3)

with k = 27/, and . = 0.86 A for ¥Fe. The f-factor is
proportional to the absorption area of the Mossbauer
spectrum. The temperature dependence of (x*)” obtained
from the data below a characteristic temperature T,
extrapolates to zero at 0 K in the classical limit with the
slope c,. This is used to obtain an absolute calibration.

(x*)§c: from refinement, averaged over side chain atoms, (x*)}: from refinement, all heme atoms averaged

.. from refinement, iron. Underlined temperature point: 2nd data set for 155 K after collecting seven data sets at 122, 131, 155, 179, 196 and 212 K

To include into the analysis also the measurements
above T, the two state model is employed, which was
introduced in a preceding chapter. With this physical
model the Mossbauer spectra were analyzed using the
absorption cross section, g,, which is:

0u(EaE) = 00 () o)

kz xﬂex
x Z N

N
(Fa/2 +foﬂex)

(E — E))*+(Ta/2 4 Notgiey)*
(4)

E, is the energy where maximal absorption occurs. The
width of the Lorentzian shaped absorption is I', which may
be larger than I',, determined by the life time of the
Massbauer level of *’Fe. It is

Fa - 1—‘nat + 1—‘inhom + 1—‘relaxat + kzD (5)

I'inhom accounts for inhomogeneities of the iron
environment for molecules in different CS, I'cjaxa for
unresolved magnetic relaxations and k°D for free diffusion.
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While Ijaxac decreases with temperature, K°D increases. A
separation of the different contributions is not possible in
our case. o equals 2.56 10~'® cm® for *’Fe. Equation 4
contains the parameters (x%), (xﬁex>, I', and ogex Which
need to be determined. In order to get physically trustable
results not all parameters are freely varied. For the evaluation
we included boundary conditions and correlations. I',, which
is the line width of the narrow line with N = 0, was allowed
to vary freely. As already mentioned <x3> is obtained from the
data below 7. With N equal zero in Eq. 4, (xJ) approaches
zero for T = 0 K. (x3)-values above T, can be obtained
by extrapolation using the slope c¢,. Slow overdamped
Brownian oscillations of larger segments within the protein
molecule cause (xf.,). These motions are often called
protein specific motions. ogex 1S a parameter describing the
line width of the broad lines obtained from the Brownian
oscillator model. The parameters (xfie,) and ogex are
correlated. We have:

<xéex> = <x?lex0> Piiex(T) = Ciex - T - priex(T) (6)
and
Olflex = Olflex0 * pﬂex(T) (7)

Paex(T) is the probability to be in the flexible state given by
Eq. 1. tgexo is a constant and (xfeyo) describes the mean
square displacement at the iron position due to the
Brownian motions if the system would be permanently
in the flexible state. (xfexo) increases linearly with
temperature with the slope cgex, if we assume a simple
harmonic potential for the flexible state. Inserting Eq. 6 in
Eq. 7 we obtain:

/

Oflex c
- OT ’ <xf2'lex> = T <x§ex> (8)

Cflex *

Olflex =

which can be inserted into Eq. 4. While ¢’ is a constant for
all temperatures, the spectra now depend on (x%ex>. All
Mossbauer spectra at T > T, were fitted with an assumed ¢/
hold constant at all temperatures. All fits were inspected.
Then, ¢’ was incremented by a small value and the pro-
cedure repeated. The best ¢’ is determined, if satisfactory
fits of the Mdssbauer spectra can be observed at all tem-
peratures. With this value of ¢/, the (xﬁex)—values and,
related to them by Eq. 8, the og.x-values are obtained.
What remains unknown at the present stage is pgex(7) and
Chex- TO determine the constant cg.,, Wwe assumed that the
molecules populate the flexible state according to Eq.1:
Equation 1 was inserted into Eq. 6:

(Xhex) = Cniex - T/[1 + exp((AH — TAS)/R/T)] )

Equation 9 was fitted to the (xfe,)-values weighted by
1/6> where ¢ is the standard deviation derived from the
fitting of the Mossbauer spectra. From this fit, the enthalpy
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and entropy differences as well as the constant cgex Were
obtained. ogexo can be calculated according to Eq. 8

Ulext0 = € * Cflex (10)

The parameter 1/ogexo iS the relaxation time of the
Brownian oscillator. With Ax(f) = xgex(f) — Xgex(0) one
obtains

Un(Ax(1)) = (ey) - (1 = exp( =t - 1)) (1)

An iron at the position xg.,(0) at the time zero is at position
Xaex(?) at time t. ocﬂ_elxo measures the time which it takes that
V5 Ax(t)* approximates <xﬁex) (Knapp et al. 1982).

The temperature dependence of the total (x?)” in the
entire temperature range is finally given by Eq. 12, which
connects the vibrational part ¢, with the quasi diffusive part
cpex and the probability of the molecules to be in the
flexible state:

<x2>y: <X3> + <xf2]ex> =Cyv- T + Cflex * T 'pﬂeX(T) (12)

In order to improve the myoglobin data with respect to the
literature we measured the Mdossbauer spectra of Mbmet
crystals and applied the same analysis procedure as in the
case of NP4.

Results and discussion
X-ray structure analysis

The statistics of the temperature dependent X-ray structure
determination and those of the NP4met(aquo) and the NP4
complex with nicotinamide are given in Tables 1 and 2,
respectively. The space group of all crystals is C2. The
overall structure of NP4-NH; determined with 1.5 A
resolution (Figs. 1, 2a) is in good accordance with the open
conformation structure of NP4-NH; obtained earlier
(Andersen et al. 1998; Kondrashov et al. 2004; Roberts
et al. 2001). The heme is found in a double position. The
two heme positions differ by a 180° rotation about the
CHA-CHC axis, which has been modelled by a conformer
ratio of 1:1. Other authors report conformer ratios of ~3:2
(Roberts et al. 2001). With ammonium phosphate as
crystallization buffer, ammonia is bound to the iron with an
iron to nitrogen distance of ~2.1 A at all temperatures.
Four additional water molecules can be found in the heme
pocket at T < 200 K (positions 2-5 in Fig. 2a, b). How-
ever, at temperatures of 225 K and higher the water
structure rearranges and only two of these water positions
can be identified. Obviously, there is an onset of dynamics
which affects the water structure in the heme pocket above
200 K.
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Table 2 Unit cells and statistics of the X-ray structure determination
using NP4 crystals soaked in potassium phosphate [NP4met(aquo)]
and NADH (NP4-nicotinamide) respectively

NP4met(aquo) NP4-nicotinamide
140 K 140 K
a 70.08 69.58
bin (A) 42.82 42.66
c 52.45 52.29
y 93.94 93.83
Resol (A) 1.55 1.6
Reym (%) 3.9 (14.6) 47 (22.6)
Compl (%) 82.4 (61.2) 90.0 (77.8)
Redund 5.8 5.8
To(D) 15.0 (5.3) 13.6 (3.3)
Reryst/Rivee 19.6/23 .4 20.1/23.0
Ni,0 269 152

All abrreviations as in Table 1

When the ammonium phosphate buffer is replaced by
potassium phosphate, a water molecule is found as the 6th
Fe(III) ligand with an Fe—O distance of 1.85 A (position 1).
Figure 2b shows the X-ray structure for NP4met(aquo) at
pH 7.0 and 120 K. Besides the water on position 1 four
additional water molecules occupy the heme pocket. If NP4
crystals are incubated with NADH electron density appears
in the heme pocket that equals that of nicotinamide
(Fig. 2¢). Additional electron density that might belong to
the rest of NADH cannot be identified. NP4 cleaves NADH
into nicotinamide and presumably adenosine diphosphate
ribose and binds one of the fragments namely nicotin-
amide. The pyridine ring of the nicotinamide is bound via
its ring nitrogen to the iron replacing the heme bound water
molecule as well as the other water molecules in the heme
pocket. The mechanism of the cleavage is not understood.
Nevertheless, both the water structure in the heme pocket
as well as the nicotinamide structure mimic that of the
natural NP4 substrate which is histamine.

Besides the structure of the average conformation, X-ray
data analysis yields the crystallographic B factor that is a
measure of the mean square displacements of the atoms,
(x*)%, from their average positions:

()= B/(87%), (13)

B is the crystallographic B value, often called temperature
factor.

To separate static and dynamic effects, X-ray structures
were determined over a temperature range from 122 to
304 K. Figure 3a shows the (x*)* as a function of the
residue number at 131 and 304 K. One can identify regions
with low <x2)X, which belong to the B-strands A-H, and

Fig. 2 Results from the X-ray structure determination. a View into
the B-barrel. All four loops flanking the heme are shown. b The heme
pocket of NP4, if crystals are soaked in potassium phosphate. Water
molecules forming the ring like structure are marked /-5. Electron
density (blue) contoured at 1g. ¢ The heme pocket of NP4 soaked
with 200 mmol/L. NADH. NA nicotinamide. Electron density (red)
contoured at 1o. d Water accessible surface (blue) of the NP4 (probe
radius 1.4 A) shows water channel into the heme pocket. The
nicotinamide bound to the heme is shown in addition. Figure prepared
with “ribbons” (Carson 1997) and “O” (Jones et al. 1991)
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Fig. 3 The (x*)¥cco averaged
over the backbone atoms N, C,,
C and O plotted as a function
of the residue number for
nitrophorin (a) and myoglobin
(b). Solid line room
temperature, dashed line 131 K.
Solid and open spheres (x*)5 of
the heme iron at room
temperature and 131 K,
respectively. a Results for NP4,
A-H: B-strands, /-3: short
a-helices, b results for Mbmet,

1-8: a-helical segments in
myoglobin

regions with high (x*)*, which belong to the flexible loops.
Most of the residues such as those in the B—C loop show a
strong temperature dependence of their <x2>x which indi-
cates a large contribution of dynamics. With decreasing
temperature the molecules occupy substates with lower
energy and the structural distribution becomes more con-
fined. However, there are also regions such as the A-B and
the G-H loop, which behave quit different. They exhibit
the highest B values which are, however, almost tempera-
ture independent. For comparison, backbone mean square
displacements of myoglobin are given in Fig. 3b.

The temperature dependence of (x2>X averaged over
all the backbone (N, C,, C, 0) atoms ((x*)¥cco) of NP4
and that of the heme iron, <x2>§e, is plotted in Fig. 4. The
temperature dependences were fitted by straight lines
with slopes ¢* in analogy to myoglobin [see (Parak et al.
1987b) for a detailed discussion of this behaviour]. The

T
»
1

0.25F

1 1 | IR

L]
280 320

0 40 80 120 160 200 240
T [K]

Fig. 4 Temperature dependence of the (x?)* determined from the
crystallographic B value. Solid triangles (x*)Xcco averaged over the
backbone atoms of NP4, solid squares (x*)7. of the NP4 heme iron,
open triangles (x*)Xcco averaged over the backbone atoms of Mb-
met, open squares (x2>f;(c of the Mbmet heme iron. Thin solid, thick
solid, thin dashed and thick dashed lines are linear fits to the data for
NP4 backbone atoms, NP4 iron, Mbmet backbone atoms and Mbmet
iron, respectively
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residue #

residue #

extrapolation to 7= 0 K gives an estimate of the static
distribution of the structure. In the case of the A—B loop the
average mean square displacement, (x2>§3, extrapolates
with temperature to 0.52 A? at 0 K which would mean that
80% of its total mean square displacement at 304 K
((x*)Xp = 0.65 A?) is static and only 20% dynamic. This is
unlikely at room temperature. The energy surface of the
AB-loop seems to be very shallow. At low temperatures the
AB-loop can adopt many different structures having almost
the same energy and the structural distribution is indeed
static. At higher temperatures the loop effectively fluctu-
ates between these different substates exploring only few in
addition.

To test a possible redistribution of conformational sub-
states during the raise of the temperature and to check for a
potential influence of radiation damage, the measurement
at 155 K was performed twice on the same crystal. The first
data set was measured after previous experiments at 122
and 131 K. The second data set was measured after
recording data sets at 179 K, 196 K, and 212 K. The
corresponding  (x*)* values obtained in both 155 K
experiments are nearly the same. This implies that radia-
tion damage and a possible photoreduction of Fe(Ill) to
Fe(II) does not play a significant role in our experiments.
Irreversible position and orientation changes of the NP4
molecule in the crystal during the temperature cycle can be
excluded. This result shows in addition that the flash-
freezing procedure does not produce an artificial meta-
stable structural distribution. Such a structural distribution
would collapse at elevated temperatures and B values
derived from the second 155 K data set would have
changed. This is not observed and the thermodynamic
equilibrium between the substates is maintained at all
temperatures.

Mossbauer spectra

Figure 5 shows Mossbauer spectra of the polycrystalline
sample of NP4-NH; measured in a transverse magnetic
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field of 20 mT. In the temperature range of 80-210 K the
spectra can be well fitted with a single asymmetric quad-
rupole doublet with somewhat broadened lines (Fig. 5Sa—c).
The values and the temperature dependence of the Mdss-
bauer parameters which are the isomer shift, IS, the
quadrupole splitting, QS, and the linewidths, I',, show that
the heme iron is in the Fe(IIl) low spin state (Table 3). The
temperature dependent asymmetry of the quadrupole dou-
blet is the signature of Fe(IIl). The signature for low spin is
the large quadruple splitting together with the decrease of
the linewidth asymmetry with increasing temperature in the
temperature regime below T, where no protein specifying
motional modes were present. Such a behaviour is typical
of Fe(Ill) low spin heme proteins, e.g. ferricytochromes
(Cooke and Debrunner 1968; Debrunner 1989; Lang et al.
1968; Sharrock et al. 1973). With increasing temperature
the spin-lattice relaxation time becomes faster and I'jaxa
decreases. In the fast relaxation limit both components of
the doublet become equally narrow. The area ratio of the
left- to the right-hand line (A(y/A() is about 0.83 in all the
temperature range (see Table 3), and can be explained by
joint appearance of two factors: (1) an anisotropy of the
relative intensities of the absorption lines depending on an
angle between the direction of the Mdssbauer y quanta and
the axis of the gradient of the electric field at the heme iron
in the NP4-NH3; and (2) partial orientation of the small
protein crystals of plate form in the Mossbauer sample
(Gol’danskii and Makarov 1968). The increase of I', above
T, is an indication of a contribution KD (compare Eq. 5).
Our data do not allow a separation of the different contri-
butions to I',.

Figure 6 shows the temperature dependence of (x?)” of
the iron atom in the polycrystalline sample of NP4-NH;
together with the values obtained for metmyoglobin. Two
regimes can be distinguished. Below the characteristic
temperature T, the (x*)7 values increase linearly with
temperature typical for solid state vibrations. As shown for
myoglobin the phonon density of states (Achterhold et al.
2002; Huenges et al. 2002) or a normal mode analysis
(Chong et al. 2001) can fully account for this temperature
behaviour. Each protein molecule within the ensemble
vibrates in a distinct conformational substate, whereas the
structure of each substate differs slightly. Above T, the
slope of the (x*)” versus T deviates from the linear increase.
Protein specific motions are activated, indicated also by the
appearance of the broad lines in the Mossbauer spectra and
the strong decrease of the intensity of the narrow lines. The
broad components in the spectra obtained above 7. are
indicative for the diffusive like motions of NP4 segments
in limited space. The molecules leave their substates and
fluctuate with large amplitude motions in the flexible state.
The temperature dependence of (xfe,)” allows the deter-
mination of the thermodynamic parameters AH and AS as
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Fig. 5 Mossbauer spectra from the NP4 crystals at a 80 K, b 180 K,
¢ 220 K, d 260 K, e 280 K. Thick solid lines least squares fit to the
Mossbauer spectra using Eq. 4. Fits at 80 and 180 K could be
performed with N = 0 only. For the higher temperatures N = 0
(contribution shown by dashed lines) and N = 1-20 (contributions
shown by dashed dotted lines) of Eq. 4 were taken into account. The
contributions of terms with N > 6 were less than 1%

well as the constant cqex derived by Eq. 9 and listed in
Table 4. Equation 11 allows us to calculate the relaxation
time of the Brownian oscillator. At 280 K the relaxation of
1/2<Ax(t)227 into 95% of the equilibrium value of (x3ey)’
occurs in about 10 ns.

The different temperature dependences of X-ray
and Mossbauer data

Besides the (x?)” values obtained by Mossbauer spectros-
copy for NP4 and Mbmet, Fig. 6 also shows the (x*)f.-
values derived from the X-ray data of NP4. At all tem-
peratures the (x*)f.-value at T = 0 K has been subtracted,
to obtain only the temperature dependent part. It is evident
that (x*)” and (x*)f. differ strongly. This discrepancy is
caused by the different time sensitivity of the two experi-
mental methods. The (x*)’-values are caused by self-
correlation. Mossbauer spectroscopy is sensitive to the
dynamics of individual molecules. Due to the energy
resolution of about 5 neV, Mdssbauer spectroscopy can
measure structural fluctuations with a characteristic time
faster than 140 ns. The temperature dependence of the
<x2>§e—values can be approached by a linear increase with
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Table 3 Parameter of the Mossbauer spectra of NP4-NH; crystals

T, K IS, ke QS T | I Taay/Tagry An/Aw
mm/s mm/s mm/s mm/s

80 0.258 £ 0.003 1.944 + 0.005 0.585 £ 0.005 0.970 £ 0.009 0.604 £ 0.008 0.828 £ 0.012
120 0.238 £ 0.002 1.892 £ 0.003 0.447 £ 0.004 0.611 £ 0.005 0.733 £ 0.009 0.810 £ 0.010
140 0.231 £ 0.002 1.866 £ 0.003 0.413 £ 0.004 0.525 £ 0.005 0.786 £ 0.011 0.825 £ 0.012
180 0.214 £ 0.002 1.855 + 0.003 0.410 £ 0.004 0.475 £ 0.004 0.863 £ 0.012 0.867 £ 0.013
220 0.207 £ 0.003 1.834 + 0.007 0.4 0.4 1 0.83

240 0.199 + 0.005 1.813 + 0.011 0.4 0.4 1 0.83

260 0.193 + 0.005 1.800 £ 0.010 0.4 0.4 1 0.83

280 0.163 £ 0.012 1.780 £+ 0.024 0.4 0.4 1 0.83

I"aqy, Tawry» Aqy and A,y are the linewidths and the areas of the left and right absorption lines respectively. The ratio of the areas A/A,, for 220,
240, 260 and 280 K was fixed for the fitting to the low temperature, 80 K, date. The linewidths I', where both fixated to the extrapolated value of

0.4 mm/s for these temperatures

0.1f PR
_ 008} P ¥
= 0.06}F o ; |
NA ' /:'/' 7
g 0.04f P W 1
o2 -7 1
0/'/ |‘ 1 1 1 1
0 50 100 150 200 250 300 350

T [K]

Fig. 6 The temperature dependence of the mean square displace-
ments (x*) of the heme iron in NP4 and Mbmet determined from the
Mossbauer spectroscopy compared to the dynamic mean square
displacement <x2)1>:(edyn calculated from the crystallographic B value of
the heme iron in NP4. Solid spheres (x*)7 of the NP4. Open diamonds
(x*)7 of the Mbmet. Error bars are mostly smaller than symbol size.
Thick solid line the temperature dependence of the (x)7 as
determined by Eq. 2 with Eq. 9 for NP4. Dashed line the temperature
dependence of the (x?)” as determined by Eq.2 with Eq. 9 for
Mbmet. Solid squares <x2>l):(cdyn of NP4. Dashed dotted line assumed
linear temperature dependence of <x2)f§edyn

temperature although the values scatter strongly. X-ray
crystallography is sensitive to pair correlations. The
(x*)*-values are an average of structural distributions of all
conformational substates throughout the crystal as well as
an average over vibrations and fluctuations. There is no
differentiation between static and dynamic displacements.
However, since the static part of the (x*)* can be estimated
by extrapolation to 0 K, it can be subtracted to obtain the
dynamic part only. At the position of the iron we obtain
(xz)f:(edyn. If the (x2>f§edyn—value is larger than the (x*)’-value
of the iron atom at the same temperature (see Fig. 6), then
displacements contribute to the (x*)f.ayn Which are caused
from motions slower than 140 ns.

Assuming a linear decrease of <x2>§edyn with tempera-
ture implies that the thermal equilibrium is reached fast
in comparison to the time of the experiment. We may
estimate this time assuming that for a relaxation into
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Table 4 Parameters obtained from the fits to the (x)” of NP4-NHj;
and Mbmet crystals

NP4-NHj; Mbmet

6.6 +02) x 107° (7.8 +0.1) x 107
(2.66 + 1.27) x 107* (1.97 + 0.08) x 10~
(332 4+ 1.27) x 107* (2.75 +£ 0.08) x 10~

ey (AZK
Cflex (‘&2 Kil)
Cy + Cpex (AZ Kil)

AHgex (kI mol™h) 18300 + 3700 21000 + 960
ASgex 63 + 20 80 + 4
(kJ mol™' K71
Uftexo (mm s~ 1) 443 £212 328+ 1.3
Slopes ¢* (A2K™
e (3.02 & 0.49) x 107" (1.80 + 0.48) x 10~
c¥eco (4.61 &+ 0.88) x 107" (2.76 + 0.66) x 10~

c, is the slope of (x)” below the characteristic temperature T, ¢g.. is
the slope within the flexible state. 4Hp,, and A4S, are the enthalpy
and the entropy difference between the frozen state and the flexible
state respectively. ag, is the width of the broad Lorentzians in Eq. 4
if the molecules are permanently in the flexible state. For comparison
the temperature dependences of the slopes ¢ of the iron (cX,) and the
backbone (cXcco) determined from the B values are given

the equilibrium the flexible state has to be reached. At
temperatures below 7. the Brownian motions are very
ineffective. At 100 K pg,, is 5.4 x 10~7 for NP4 and not
even every millionth molecule is in the flexible state.
However, in the crystalline ensemble, which consists of
roughly 10'* molecules, about 5 x 107 proteins are in the
flexible state at the same time, each molecule for a period
of time that corresponds to a few protein specific motions
which are in the order of a few nano-seconds until it returns
to the rigid state (Parak 2003). From this one may estimate
that at 100 K a few seconds are sufficient for a distribution
to equilibrate after a temperature change which is very
short compared to the time needed to collect the X-ray
data. Only when the temperature is decreased so much that
the probability to leave the substate is so low that it is
extremely unlikely that any of the molecules of the
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ensemble enters the flexible state during the recording of an
X-ray structure, then the distribution is frozen out. On a
time scale of 10% s, which is about the time that is needed to
collect a monochromatic data set at a synchrotron, pg.,
should be as low as 107>* assuming 10"* molecules in a
crystal and a 10 ns residence time in the flexible state. By
rewriting Eq. 9 with respect to 7 and with the AH and AS
shown in Table 4 one can estimate the temperature at which
this pg,, is reached. For NP4, T needs to be decreased to
about 36 K. Using AH and AS for myoglobin shown in
Table 4 we arrive at 39 K, which is the temperature needed
to effectively capture and stabilize the CO in crystallo-
graphic photo-flash experiments on MbCO (Hartmann et al.
1996; Schlichting et al. 1994; Teng et al. 1994, 1997).

Comparison of nitrophorin and myoglobin

In the following the results on the B-sheet nitrophorin are
discussed in the light of existing experiments on the
o-helical myoglobin. Figures 3 and 4 compare the mean
square displacements <x2>X averaged over the backbone
atoms of individual residues in NP4—-NH; and Mbmet. The
atomic distributions are larger for NP4 than for Mbmet. In
NP4 the large, flexible loops are tethered between rela-
tively stable B-strands (A-H) whereas in Mbmet only the
loop between helix 7 and 8 shows pronounced B values.
The three small helices 1-3 in NP4 show larger B values
than the [B-strands or the helices in Mbmet. The reason
might be that they are at the periphery of the protein (see
Fig. 1) and may slide on the B-barrel whereas in Mbmet the
helices are integral part of the protein structure.

Following the line for myoglobin (Chong et al. 2001;
Parak et al. 1987b), the temperature dependencies of the
<x2)%‘(edyn for NP4 was approximated by a straight line.
Linear extrapolation for NP4 gives, like for Mbmet, a
positive (x*)f at T = 0 K that can be considered as the
static part, (x*)festae Of the (x*)* values. (xz)fu(csm is caused
by molecules having slightly different structures but can
not be distinguished with respect to their energy. Although
the (x*)* of NP4 are higher overall than those of myo-
globin, the corresponding lines intersect at similar positions
at T = 0. Obviously, the average static disorder is similar
in nitrophorin and myoglobin. The double position of the
entire heme group which is observed in the crystal structure
of NP4 does not seem to contribute to the static disorder
since the iron positions in these two heme orientations
superpose perfectly.

If the temperature is increased, more substates are
populated and the distributions of atomic positions in the
crystal changes. The temperature dependence of <x2)x is
larger in NP4 than in Mbmet (Figs. 3, 4). This can be
observed especially at the iron position (Fig. 4). The slope
¢ obtained is 3 x 10™* A%K for the NP4 iron and about

2 x 1074 A¥K  for myoglobin for the Mbmet iron
(Table 4). In NP4 the <x2>f§edyn changes from 0.11 to about
0.18 A2 when going from cryogenic temperatures to 300 K
whereas in Mbmet it drops only from 0.12 at 300 K to 0.10
at 115 K. A wider set of conformational substates can be
explored at a certain temperature in nitrophorin. This may
make NP4 more flexible than the myoglobin. At 100 K the
dynamic mean square displacement of the central iron is
0.03 A% which is about 30% of the total (x*){.. This is in
accordance with results from another study at atomic
(<1 A) resolution (Petrova et al. 2006). At 293 K the
<x2>f§edyn is 0.09 A2 for the iron, which is 57% of the total
mean square displacement for NP4 (compare Figs. 6, 4),
and 0.06 AZ for myoglobin, which is also roughly 50% of
the total mean square displacement.

The characteristic temperature, 7, of NP4 is around
230 K, which is about 10 K larger than that of myoglobin.
Note, that with our definition the T, values become slightly
larger as those in literature. The characteristic temperature
can also be identified in FTIR investigations on the NP4—
NO complex (Nienhaus et al. 2004). Large amplitude
bending motions of the NO set on only at 7> 220 K in
good accordance with the T, determined here.

Figure 7 compares the (xfiex)-values of NP4 and Mbmet.
There are slight differences which are larger than the error
bars. Table 4 shows the entropy and enthalpy differences
for NP4 and Mbmet as determined by fitting Eq. 9 to the
(xfiex)-values. However, taking the error bars in consider-
ation, the values for the two proteins are practically the
same. The differences in the (x*)-values are not large
enough to give significant differences in AH or AS. The
results depend on the fine interplay between the parameter
Criex» AH and AS which are to some extend correlated. cqex
is a measure of the width of the flexible state. AH
parameterizes the depth of the rigid state. AS determines
the entropy loss, when a molecule returns to the rigid state,

IS

=

N
T

150 200 250 300 350
T [K]

Fig. 7 Comparison of the temperature dependence of the mean
square displacement in the flexible state <xﬁex) for NP4 (solid spheres)
and Mbmet (open diamonds). Error bars are mostly smaller than
symbol size. Thick solid line result of fitting Eq. 9 to the (xj,) of
NP4. Thick dashed line result of fitting Eq. 9 to the (xfe,) of Mbmet.
Thin solid line and thin dashed line tangent of (xﬁex) at the turning
point for NP4 and Mbmet respectively
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Table 5 Comparison of (xﬁcxy" and o, derived from the Mossbauer
investigations at 7 > 180 K for NP4-NH; and Mbmet

Temperature

180K 200K 220K 240K 260K 280K
NP4-NH;
(Xex)” (A 0.0 0.0010 0.0041 0.0124 0.0180  0.0350
ex (Mm/s) 0.0 083 311 861 1154 2083
Mbmet
(Bex)” (A%) 0.0006 0.0022 0.0050 0.0113 — 0.0352
tgex (Mm/s) 056 183 379  7.85 - 20.95

and which therefore keeps the molecules in the flexible
state (Table 5).

Discussion

In our investigations we were able to separate dynamics in
three time regimes. Fast vibrations revealed itself by the
(x*)-values of the iron in NP4 at temperatures below T
obtained from *’Fe Mdssbauer spectroscopy. Above 7.
Mossbauer spectroscopy reveals in addition protein specific
motions on a time scale faster than 140 ns. The relevant
parameters are(xﬁex> and ogex. Structural distributions on
all time scales were obtained from X-ray structure analysis.
Beside the (x*)f.-value of the heme iron also (x*)Ncco-
values for the backbone atoms have been determined.
There are clear differences in (x2) for NP4 and Mbmet.
The larger values for NP4 compared to Mbmet indicate that
NP4 together with the buffer are a softer system, at least at
the position of iron. It is unlikely that this is caused by the
different buffer (3.3 M ammonium phosphate for NP4 and
3.6 M ammonium sulphate for Mbmet). It probably reflects
the fact the the heme group in Mbmet is buried in the
protein moiety, while it is more on the surface in NP4.
Above T, quasi diffusive motions are exited which can
be described by Brownian motions in limited space of
molecular segments. Astonishingly, these protein specific
motions are the same for NP4 and Mbmet. On a first sight it
seems more likely that these motions are different in a
B-sheet protein and in an a-helical protein. Since this is not
the case we have to look for an explanation. It is well
known that the protein specific motions are strongly cou-
pled to the mobility of the hydration shell (Fenimore et al.
2002, 2004; Frauenfelder et al. 20006). If the protein looses
its hydration shell by freeze drying it becomes rigid (Parak
et al. 1987a). A correlation between the mobility of
adsorbed water and protein dynamics was already found by
Singh et al. (Singh et al. 1981). It is also known that the
temperature dependence of dielectric relaxation for water
adsorbed in Mbmet crystals is very similar to that of water
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adsorbed on many other materials (Hedvig 1977). That
means that the fluctuation of the surface water is probably
very similar in NP4 and Mbmet. Going back to our two
state model we assume that the fluctuation of the water
molecules determines pgex(7). One mechanism may be that
fluctuating water molecules shield the charged residues on
the protein surface much better from each other than rigid
waters with a low &. A diminished interaction of the surface
charges of the protein reduces the rigidity.

Clear differences between the dynamics of NP4 and
Mbmet can be obtained from X-ray structure analysis. The
structural distribution is larger in NP4 than in Mbmet. This
enables the nitrophorin to allow ligands like histamine and
nicotinamide and most likely even NADH to enter the
heme pocket easily. Without too much drag, these ligands
replace the water structure there and bind to the iron. The
mentioned structural heterogeneity of the A-B and G-H
loops flanking the heme pocket in NP4 is in accordance
with this behaviour. The P-barrel provides a flexible
entrance to the heme pocket. Big channels to the heme
pocket can be opened transiently for the substrate to enter.
In contrast, the architecture of the myoglobin is more
compact in their functional form to bind smaller ligands.
Also here transient channels need to be opened to allow the
ligands to enter. However, these channels do not need to be
big. The small ligands like O, or CO can penetrate more
easily and require a less flexible architecture.
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