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Abstract

We present a neutron scattering study of the structure and diffusion of myoglobin solutions at high concentration.
The protein—protein structure factor was determined by small angle neutron scattering (SANS) measurements using
mean spherical analysis (MSA), and the intermediate scattering function was measured by neutron spin-scho spec-
troscopy. We observe the cross-over between self-diffusion at high Q and collective diffusion below the structure factor
maximum. The self-diffusion coefficient decreases exponentially with concentration. The collective diffusion coefficient

is shown to increase at low Q due to direct interactions.
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1. Introduction

Mainly due to the high concentration of pro-
teins, the interior of biological cells is crowded
with macromolecules whose volume fraction range
up to 0.3. Under these conditions protein—protein
interactions play a central role. In vivo, transient
clusters of enzymes are formed depending on
physiological requirements. A particular aspect
concerns the transport of small molecules like
oxygen by protein diffusion. The exchange of ox-
ygen in the lung and in muscle cells is facilitated by
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macromolecular diffusion [I]. Red blood cells
(RBC) are tightly packed with oxygen carrier he-
moglobin. In the lungs hemoglobin binds O, and
releases it in muscle cells, this hetero-association/
dissociation must be done near the RBC mem-
brane because of the very low solubility of oxygen.
Consequently, the transport of oxygen depends on
a delicate balance between two opposing factors:
High protein concentrations, which will enhance
the quantity of stored oxygen in the RBC, and
crowding, which will depress the speed of oxygen
binding (due to diffusion limited kinetics) because
of strong protein interactions. In fact, an optimum
concentration for the oxygen flux is observed [1].
Similarly, myoglobin is present at high concen-
tration in muscle cells. It stores oxygen near the
cell surface and is supposed to facilitate oxygen
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transport to mitochondria by simple diffusion. One
central goal of our project is to clarify the ques-
tion, whether the mobility of different components
in a living cell can be understood based on their
intermolecular interactions. To this end we study
the diffusion of myoglobin and hemoglobin mole-
cules at high concentration. As a first step, we
perform a structural analysis of the solution, based
on SANS data (small angle neutron scattering)
and the molecular form factor measured on dilute
myoglobin solutions. As a result we obtain an es-
timate of the intermolecular structure factor,
which is relevant to diffusion. In the second step
we measure the time dependence of protein diffu-
sion on the scale of the intermolecular distance
using neutron spin-echo spectroscopy. Such a
study provides insight into mechanistic aspects:
How much is the diffusion coefficient depressed
with concentration? How does the diffusion coef-
ficient behave in the vicinity of the intermolecular
structure factor maximum, where the interaction is
most pronounced? Can we discriminate between
short-time and long-time diffusion coefficient?
How is hydrodynamic interaction between pro-
teins affecting diffusion? Similar questions however
on a different length scale were studied using dy-
namic light scattering (Photon Correlation Spec-
troscopy) first by Doherty and Benedek [2] on
BSA, and later by Weissman et al. [3] and Weiss-
mann and Marque [4]. Light scattering records the
concentration fluctuations of over typical dis-
tances of few 1000 A and requires optically
transparent samples.

The paper is organised as follows: In Sections 2
and 3 we introduce the theoretical background
generally used for structure and dynamics analysis
by neutron scattering. Section 4 is devoted to ex-
perimental details and Sections 5 and 6 to the ex-
perimental results and analysis. Section 7 is
devoted to discussion and conclusions are given in
Section 8.

2. Theoretical background for SANS data analysis

The neutron intensity scattered by a solution of
monodisperse spherical macromolecules is given
by

1(Q) = (4« F(Q) *S(Q) + B) © R(Q), (1)
where A is an amplitude factor, B is a ‘“back-
ground”, F(Q) is the normalised molecular form
factor and S(Q) the structure factor of the mac-
romolecules. R(Q) denotes the resolution function
of the diffractometer and ® refers to the convo-
lution product.

2.1. The amplitude factor A

For a solution of spherical macromolecules, A
depends on the volume fraction @, the specific
volume vy of the macromolecules (& = v,
C[mM] - N,), and the difference in the coherent
scattering length densities between protein and
solvent (Ap)® in cm~2 (see for example [5]), with N,
is the Avogadro number

A = doy(Ap)*. (2)

The experiments are performed on D-ex-
changed myoglobin in D,O solutions, in order to
maximise the contrast between the molecules and
the solvent. The scattering length density for D,O
is obtained from
_ A7)

ps = 7]\"4(217% +b5), (3)

where b, is the coherent scattering length of oxy-
gen, b, of deuterium. Following Ref. [6] the den-
sity of D,O at 7 =37 °C amounts to ~1.099 g
cm3. It then follows for D,O

p, = 6.327 x 10" cm 2.
The coherent scattering length density for pro-
tein molecules can be defined as

o b

Py o
for fully protonated myoglobin one obtains
pp = 1.852 x 10" cm™>.

However in reality only a fraction of the labile
protons exchanges with the deuterons of the sol-
vent. Assuming that Ny denotes the total number
of hydrogen atoms and f is the fraction of ex-
changed protons of the protein (fNVy deuterium on
the protein, assumed to be homogeneously dis-
tributed) one finally can write
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_ (Z#Hbf—&-ﬂVHbf)-i-

1 — f)Nubs ?
(Ap)* = LD,

(4)
2.2. The background contribution B

The background contribution includes the in-
coherent scattering from both the solvent and the
protein molecules, as well as the low angle con-
tribution of the coherent scattering of D,0O. The
latter is supposed to be constant within the ac-
cessible Q-range of the experiment. It is thus pos-
sible to extrapolate the solvent contribution of the
solvent to infinite dilution. The incoherent scat-
tering arises from the hydrogens, the deuterium
and the nitrogen atoms of the protein molecules.
This contribution can be written as

= (1= @)1%(0) + p (mby + fNB, + (1= /)N )
(5)

where nyn denotes the number of nitrogen atoms
per molecule, ' refer to incoherent scattering
lengths. We assume that the exchanged proton
atoms have been removed from the solvent by
successive dialysis. I5(0) includes incoherent and
coherent contributions from the solvent.

2.3. Molecular form factor of myoglobin in solution

The normalised coherent molecular form factor
can be written as

F(0) = e ( Y bt om (6)
SRPS
the bracket corresponds to the average over all
equiprobable molecular orientations, b; to coher-
ent scattering lengths. Finally we get

1 sin(Q - r;;)
bopt—=_Y2 7
El/bfbjg t Q'rij ()

Assuming a spherical shape for myoglobin, then
the form factor is given by the classical equation [7]
2

Q-Rcos(Q-R))

F(Q) =

F(Q) = 5(sin(Q - R) —

3
(Q-R)
(®)

The radius R corresponds to the exact radius of
the sphere and is related to the radius of gyration
by the formula R, = 3/5R’. The radius of gyration
is generally extracted from the measurements by
the expansion of the form factor in the Guinier
regime (OR < 1)

F(Q) ~ e iR, ©9)

2.4. The structure factor of concentrated protein
solutions

The determination of the protein structure
factor is performed via computation of the Orn-
stein—Zernike equations (OZE) relating the pair
correlation function A(r) = g(r) — 1 to the direct
correlation function ¢(r)

h(r) = c(r) +gn/c(r/) ~h(jr —¥|)d’r. (10)

In the reciprocal space the OZE can be written

as
. 1

S(Q)=1+h(Q)=1_—é(Q)7 (11)

where

¢(0)=p /V c(r)e @ d’r, (12)

where p=CmM]| N, =®/(4/3n-R3) is the
number of molecules per unit volume due to the
isotropy of the system

. 24 [ sin(Q - r)
Q) ="5 [ ™
To solve the OZE equations one needs a closure
relation. Different approximations have been de-
veloped in the preceding decades such as mean
spherical approximation (MSA) or hypernetted
chain approximation (HNC). For the first case
(MSA) there is a direct and very simple relation
between ¢(r) and the pair-potential function V};(7):

-rdr. (13)

c(r) = —pVy(r) forr> g (14)
and
g(r)=0 forr < a. (15)

Although at least three types of charged species
are present in solution, the macromolecule and the
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positive and negative ions in the buffer, we treat the
solution as a one-component system. This is rea-
sonable because the relative scattering intensity of
the solvent ions is negligible. The macromolecule is
considered as surrounded by a dielectric continuum
and the effect of the charges on the structure are
taken into account via their modification of the in-
ter-protein potential. They screen the electrostatic
potential, this is the one component model (OCM)
with Debye-Hiickel approximation (DHA) (i.e: the
Derjaguin—Landau—Vervey—Overbeek: DLVO po-
tential — in its simplest form: Hard sphere with
Yukawa tail) as defined by:

BVi(r) = +oo  for r < gy, (16)
ef;c(rfao)
BH(r) = Vi(a0)o forr>ay,  (17)
72L 1
Vii(oo) = et (18)

(1 +KO'0/2)2 0'_0’

where Ly = € /(4meoekT) is the Bjerrum length (the
minimum distance which can be supported be-
tween two charges in a solvent) Ly ~ 7.5 A in H,O
at25°Cand Lg ~ 7.25 A in D,O at 37 °C. € is the
relative dielectric constant ¢ = 74.32 in D,O at 37
°C. gy is the protein diameter. Z, is the charge of
the protein in unity of electron charge e.
K= (4nLBZi:]p,-Zi2)1/ * is the inverse Debye screen
length due to small ions. k' has the dimension of a
distance. For aqueous solution with added
monovalent salt (NaCl)

oy 8.13

K (A) =Lp= - ) (19)
VIs(A)(mol 1)
where [ is the ionic strength of the solution
1 —1\ 2
I=5 Z Cy(mol 17172, (20)

2.5. Algorithm for S(Q) data fitting

2.5.1. The analytical solution by Hayter and Pen-
fold [8]

They computed analytically the solution of Eq.
(10) with approximations (16)—(18).

For r < gy

1 inh
+F(cosh(kx) -1 (21)
X
with x = roy
for r > gy

¢(x) = — exp(—kx) /x. (22)

This expression is given in reduced units but is
quite similar to (17) and (18). Details on parameter
A, B, C, F and y are given in [8].

2.5.2. The correction method of [9]

The DLVO potential does not account for any
dependence on the concentration, and this ap-
proximation is strictly valid only for & — 0.
However, the ionic strength of the solution will
increase with concentration of the macromole-
cules. In a paper by Belloni [9] a rescaling method
is introduced which can directly be incorporated in
the preceeding MSA algorithm of Hayter and
Penfold [8]. In this generalised one component
model (GOCM) the interaction potential for
r > gy remains of the Yukawa type with k = 1/Lp
and Lp is the Debye length due to small ions. Only
the prefactor, hence the contact potential is re-
scaled (Fig. 1).

e—lc(rfzrg)
BVii(r) = Vi(a0) a0 for » > oy (23)
r
: 7 ] T L] ) Ll T ]
g 61 2073 y
e, ] ool 1
= | o=38A ]
E 41 T=37°CinD,0 1
*E 9 4
2 3 4 ]
=3
S ]
g 11 1
O
0 v T ¥ T T T N T Y T
0.0 0.1 0.2 0.3 0.4 0.5

Volume fraction ®

Fig. 1. Volume fraction dependence of the contact potential
V(a¢) using the rescaling method of [9].
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with

Vij(09)

The parameter X> depends on the screening
parameter k and volume fraction @; it is calculated
as follows

X = ch(kay/2) + U(xay/2ch(iay/2) — sh(koy/2)),

—Kag

e

= Z;LgX* (24)

0o

(25)
where
It Y
U= — 26
(kop/2)°  KOo/2 (26)
and
Tog/2+ p
- =T E 2
14+ Tao/2+p’ @7)

where I' is found by solving numerically the MSA
equation

2
=2+ 9o - (28)

where = 3¢/(1 — @) and
247%*d
2 _
9= 4reye,ookT (29)

3. Theoretical background for NSE data analysis

Neutron spin-echo spectroscopy [10,11] mea-
sures the polarisation P(Q, 1) of the neutron beam
scattered by a sample as a function of the wave
vector Q and the Fourier time 7. To a first approx-
imation, P(Q, 1) is equal to the intermediate scat-
tering function of the system 7(Q, t) = S(Q, t)/S(Q).
If the scattering process is coherent (favourable for
NSE measurements) we obtain for a solution of
macromolecules

Z IF(Q)I*(exp(—iQ - [r:(0) — r;(1)])),

(30)

where p is the number density of protein per unit
volume, F(Q) the molecular form factor (non-
normalised), #;(0) the position of protein i at time
t=0 and r;(¢) of protein j at time ¢. From the

intermediate scattering function one can define a
generalised diffusion coefficient which is wave
vector and time dependent

1 0

D(Q,t) = —— — In(I(Q,1)). 31

(0.1) =~ 52 3, 1n1(Q.0) G1)
For such measurements D(Q,¢) is a collective

diffusion coefficient, it is related to the decay of the

pair correlation function.

4. Sample preparation and neutron scattering
experiments

4.1. Sample preparation

Salt-free solutions were prepared from (horse
heart) myoglobin (Sigma). A given amount of D-
exchanged dry protein (g) per volume of solvent
was dissolved in D,0O. The concentrations were
then calculated using a specific volume of 0.74 cm?
g~! [12]. No salt was added.

4.2. SANS experiments

SANS measurements were made at the diffrac-
tometer PACE located on the cold source guide G1
of the Orphée reactor of the Laboratoire Léon
Brillouin (CEA Saclay). The incident wavelength
was set to 4 = 6.07 A with a wavelength spread of
AZ/2 =0.1. In order to cover the full wave vector
range corresponding to the relevant structure factor
we used two configurations corresponding to two
sample-detector distances Li, =0.768 m and
L3, =4.618 m. The respective wave vector range
were O = 0.04-0.4 A~! and O = 0.0067-0.071 A~
The samples were 1 mm thick which correspond to
transmission ~0.8. Six different solutions ranging
from 6 mM up to 30 mM were studied at the phys-
iological temperature 7 = 37°C. The molecular
form factor was measured on two solutions 0.25 and
0.5 mM. Since the differences in shape were limited
to uncertainties of the measurements, we assume the
forward scattering intensity as arising from F(Q).

The spectra were corrected for background,
empty cell and absorption by the standard proce-
dure following [13], no solvent subtraction was
performed prior to data analysis.
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4.3. NSE experiments

Three neutron spin-echo spectrometers Gybis
and MESS of the LLB and IN15 of the ILL were
used for measurements of the intermediate scat-
tering function (ISF). We studied different solu-
tions with myoglobin concentrations ranging from
5.2 to 35 mM. This corresponds to a volume
fraction of @ ~ 0.07 up to @ ~ 0.44.

G bis is a, high flux, medium wave vector,
mixed resonance-conventional spin-echo spec-
trometer [14,15]. We used incident wavelength of
A=10 A, with a Full Width Half-Maximum
(FWHM) of the distribution of 064/ =0.13.
Measurements were performed without other col-
limations than the resonance coils windows cor-
responding approximately to y ~ 1.2°. It was used
in the wave vector range Q ~ 0.05-0.25 A~!. The
Fourier time range was 7 ~ 30 ps—22 ns. MESS is a
SANS NSE spectrometer, with a the distance
sample to detector of Lsp ~ 6 m. The beam colli-
mation is y ~ 0.5°, which allows measurements
down to 20 ~ 1°. The maximum wavelength dis-
tribution was set to 1 ~ 6 A, with a full width half
maximum 64/ = 0.18. The minimum wave vector
of the measurement was Q = 0.025 A~!. IN15is a
long wavelength SANS NSE spectrometer located
on the High Flux reactor of the Institut Laue
Langevin. It takes advantage of the /* dependence
of the spin-echo time to reach very high times.
Two wavelengths were used for the experiments,
A~9 A and 2~ 15 A to cover the full range of
relevant wave vector to be compared with the
other spectrometers. The maximum Fourier time
was 7 ~ 200 ns. The full width half maximum of
the incident wavelength distribution was set to
04/4=0.15. The minimum wave vector of the
measurement was O = 0.022 A,

For all spin-echo experiments we used 30 x 40
mm? quartz cell of 1 mm thickness oriented per-
pendicular to the incident beam.

5. SANS results

The corrected spectra are shown on Fig. 2 in
absolute intensities (cm~') for myoglobin concen-
trations ranging from 6 to 30 mM. We used a scaling

4.0 ——r ———r

] %-Myogmbin inD,0,

35 - s T=37°C -
®o, % C=6mM

[m]
3.0 Etﬂq%% o DD
O m]

2.0 A .

1Q) (a. u.)
O

oo
oo
L5 A CDODOO .
o
(o)
O, o© & QQhszflfmo
w0 J R o i
1 oq%m
os C=30mM o ]
| ?%ﬂmo
0.0 ———
0.1 1
Wavevector Q (A'l)

Fig. 2. Neutron scattering intensity /(Q) measured from con-
centration myoglobin solutions at different concentrations: 6
mM (94 mg ml™"), 10 mM (169 mg ml™!), 15 mM (254 mg
ml~!), 20 mM (338 mg ml~!), 25 mM (423 mg ml~!) and 30 mM
(508 mg ml™").

factor to adjust the intensity of the small Q config-
uration to the high Q one, but the discrepancy re-
mains smaller than 8%. The molecular form factor
was measured in two dilute solutions of 0.25 and 0.5
mM. This corresponds, respectively, to volume
fractions @ ~ 3.1 x 1073 and ® ~ 6.2 x 1073, The
radius of gyration extracted from the Guinier re-
gime was R, ~ 15.9 A, compatible with the value
previously reported in the literature [16,17]. The
measured myoglobin form factor is compared with
the intra-molecular form factor refined from the
crystallographic structure and compared to the
form factor of a sphere (convoluted by instrumental
resolution). The results of the refinements are shown
on the Fig. 3 for myoglobin, the extracted radius of
the protein is R = 20.6 A. The results measured by
SANS and deduced from X-ray scattering are
comparable with a good degree of accuracy.
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Fig. 3. Normalised form factor of myoglobin calculated from
the PDB structure (open squares), measured experimentally on
Mb solution of 0.25 mM (full circles) and compared to the form
factor of a sphere convoluted by experimental resolution (full
line), Eq. (8).

The refinements of the spectra were performed
using the RMSA algorithm with the experimental
molecular form factor of myoglobin. A contribu-
tion was added in order to account for an addi-
tional intensity at low wave vectors probably
arising from small amount of aggregation. At high
concentrations a maximum in S(Q) emerges, due
to intermolecular repulsive interactions. The re-
sults of the refinements are shown in Fig. 4, the
points are the values of S(Q) deduced from the
SANS measurements and the continuous lines
were deduced from the analytical formulae. Two
parameters are relevant for the structure factor
refinements, the radius of the protein and the ab-
solute protein charge |Z,|. The two other param-
eters are the amplitude factor and background
intensity. They depend on the protein volume, on
the protein concentration and the number of ex-
changed protein labile protons.

5.1. The amplitude factor A: Can we use it to
compute the number of exchanged protons?

The amplitude factor 4 was refined using for-
mulae (2) and (4), vy and @ were computed from
the protein diameter ¢y = 2R and concentration at
each step of the refinement. We finally get
f ~0.05£0.01 for concentration ranges 6-30

Myoglobin T=37°C
1.5 v T v T v T @
1.2 C=6 mM -
~~ 9 E
O 0.9
e 1
A 0.6
0.3-.
0.0
1.2
~ 1
O 0.9
N’ b
1 0.6
0.3
0.0
1.2
~ 4
) 0.9-
N’ 1
A 0.6-
0.3
0.0

00 01 02 03 04
-1
Wavevector Q (A )

Fig. 4. Structure factor S(Q) of myoglobin solutions ranging
from 6 to 30 mM. The points are deduced from experiments
and continuous lines the refinements using RMSA.

mM. This corresponds approximately to 20% of
labil protons which has been exchanged. However
due to the necessity to introduce a factor for the
superposition of the two configuration spectra,
this value could be affected by significant system-
atic errors.

5.2. The background contribution B: Is it sensitive
to the number of exchanged protons?

The background intensity was refined as a
function of the concentration. The fraction of ex-
changed protons is found to be negligible. How-
ever, the maximum difference between fully
exchanged and nonexchanged protein solution
(only 257 protons can theoretically be exchanged)
corresponds to ' = 0.21 which induces a intensity
difference of the order of 0.01 cm~'. To measure
with such a precision would require a very high
statistics, and moreover at high D,0 fraction such
an intensity difference can easily arise from the
isotopic impurity of heavy water. It is thus very
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difficult to extract any fraction of exchanged
protons from the incoherent scattering intensity.

6. The neutron spin-echo results

The results obtained by neutron spin-echo
spectroscopy are shown in Fig. 6 (G;bis) [18] and
Fig. 7 (IN15) for solute concentration of 14.7 and
30 mM. These values correspond to volume frac-
tion of @ ~ 0.2 and @ ~ 0.4. For the range of wave
vectors and concentration under investigation we
could not detect in the time dependence of the
intermediate scattering function any departure
from the single exponential behaviour: The curves
were refined using a stretched exponential function
and the results concerning the stretching parame-
ter indicate  ~ 1. This needs to be verified for
cases where the full decay of the intermediate
scattering function is not observed. We corrected
for 4* dependence of the spin-echo time by directly
introducing the D(Q) - Q% in 1(Q,t) as was previ-
ously described [18]. Such a definition should in-
clude all pair contribution but as was mentioned
above we assumed that the coherent scattering
length density between protein and solution are
strong enough to neglect any contribution other
than the protein—protein one (especially incoherent
scattering). The results of the refinements are

o

Protein Charge |Z
~
HeH

0 - T T T T T T

0 5 10 15 20 25 30
Myoglobine Conc (mM)
Fig. 5. Effective protein charge |Z,| obtained from RMSA

analysis of myoglobin solutions with concentrations ranging
from 6 to 30 mM.

L
1.0 1 .
0.8 4 E
i o 76 A
S 06 1 Q=0.076 4
z ¢ Q=01204"
S 04 - o Q=0.207A&" i
174
02 Myoglobin 14.7 mM + D,0 J
T=37°C
0.0 T T T
100 1000 10000
Spin Echo times (ps)

Fig. 6. Intermediate scattering function measured on the spin-
echo spectrometer G)bis for myoglobin solutions of 14.7 mM
and three different wave vectors around the structure factor
maximum.

T M T
109 = = & 7 _ b
T e =
0.8
o
A 0.6 .
= Myoglobin 30 mM
e
@ 044 o g=0.02A"
e q=0.04A"
0.2 A g=0.08A"
0.0 N —
10° 10° 10 10°

Fourier Times (ps)

Fig. 7. Intermediate scattering function measured on the spin-
echo spectrometer IN15 for myoglobin solutions of 30 mM and
three different wave vectors.

shown of Fig. 8, D(Q) was obtained with the 3
different spectrometers for different concentra-
tions. For each protein volume fraction @ the wave
vector dependence of the apparent diffusion coef-
ficient D(Q) is always the same. D(Q) tends to a
plateau value D? at high wave vectors and in-
creases at low wave vectors. D? is strongly volume
fraction dependent as can be seen in Fig. 8 and was
shown in more details on Fig. 5 of [18]. Due to the
limited wave vector range of measurements
(0 > 0.025 A~!) we were not able to verify that
D(Q) tend to a constant value at low wave vectors.
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Fig. 8. Wave vector dependence of the apparent diffusion co-
efficient D(Q) for three different myoglobin concentrations. One
can observe a plateau at high Q, which is related to the self-
diffusion coefficient D(Q) ~ D;”, and the increase at low wave
vector is due to the direct electrostatic interaction (see text).

7. Discussion
7.1. D?: the self-diffusion coefficient

According to the Figs. 4 and 8 the plateau in
D(Q) is observed in the regime of wave vectors
corresponding approximately to S(Q) ~ 1. In this
regime the moment rule pointed out by de Gennes
[19] for coherent neutron scattering in simple lig-
uids is de-facto respected. The incoherent ap-
proximation of coherent neutron scattering
postulated by Vineyard [20] is valid. In other
terms, since QR > 1, a small modification of
Ar =r,(0) — r;(¢) (i and j refer to proteins) induces
a strong phase shift in the exponential term and
thus the average over the nearest neighbours re-
duces the i, j # i term in the scattering function to
0. This was also pointed out for light scattering
experiments [21] on colloids. Thus for a solution of
protein in D,0, the intermediate scattering func-
tion measured by coherent neutron scattering re-
duces to

I°(OR > 1,t) ~ {exp(—iQ - [r:(0) — r;(1)])).  (32)

Hence, within a good approximation, D? is
equivalent to the self-diffusion coefficient D? ~ D
which is generally deduced from neutron scattering
measurements as the Q =0 limit of incoherent
scattering.

D? = Digg.,, (Q) = Dy = lim D' (Q). (33)

We have reported previously the volume frac-
tion dependence of D? [18]. It is consistent with the
results obtained with macroscopic tracer diffusion
techniques by previous authors [22] on myoglobin,
but the concentration range of measurements was
extended.

7.2. D(Q): the apparent diffusion coefficient

As mentioned above D(Q) measures the collec-
tive diffusion of the protein in solutions over dis-
tances d ~ 2m/Q. Structural (direct interaction due
to inter-particle potential) and hydrodynamic in-
teractions (effect of the motions of a particle on
others via solvent) are generally separated [23-25]
using

006 I I'III'E % S
0.04 E . * % ]
0.024 D(Q)*S(Q) ]

1.0 1

05 S(Q)

0.10-: l%

st
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foEe: 1
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0.00 . . . . .
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Fig. 9. Apparent diffusion coefficient D(Q) deduced from NSE
measurements (bottom), structure factor deduced from RMSA
analysis (middle) and S(Q) - D(Q) for myoglobin solutions of
14.7 mM (& ~ 0.2).
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(34)

where D, is the infinite dilution diffusion coefhi-
cient given by Stokes—Einstein relation: D, = kT/
6mnR for a spherical particle. H(Q) denotes the
hydrodynamic factor. H(Q) =1 if there is no hy-
drodynamic effects. We used the structure factor
determined by the RMSA refinements and the
measured D(Q) to compute the product D(Q)-
S(Q). It is presented on Figs. 9 and 10 for two
different concentrations corresponding, respec-
tively, to volume fractions ¢ ~ 0.2 and @ ~ 0.4.
The top of Fig. 9 shows that the hydrodynamic
factor is wave vector dependent for ¢ ~ 0.2. It
seems to oscillate in phase with the structure fac-
tor. For a given wave vector H(Q) is very strongly
protein volume fraction dependent. For a 30 mM
solution of myoglobin (Fig. 10) the product
S(0) - D(Q) also seems to oscillate in phase with
the structure factor although the results are very
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Fig. 10. Apparent diffusion coefficient D(Q) deduced from NSE
measurements (bottom), structure factor deduced from RMSA

analysis (middle) and S(Q) - D(Q) for myoglobin solutions of 30
mM (& ~ 0.4).

0.00

noisy. The magnitude of the error bar results from
the incomplete decay measurement of the inter-
mediate scattering function in the experimental
time window. /(Q, #) can not be measured down to
1(Q,t) ~ 0 for high concentration myoglobin so-
lutions for small wave vectors on IN15 spectrom-
eter, and over the full wave vector range for G, bis.

7.3. D¢ the collective diffusion coefficient

The apparent diffusion D(Q) measured on pro-
tein solutions by DLS does not show any signifi-
cant wave vector dependence [26]. This quantity
has been interpreted as the concentration fluctua-
tion relaxation, and is often related to the trans-
port diffusion coefficient when a protein
concentration gradient is observed. The character-
istic distances probed by DLS (few 1000 A are
much larger than the one measured by NSE in this
experiment (50 A to few 100 A) so due to the
limited wave vector range of the measurements
(Q > 0.025 A~!) we were not able to observe any
plateau in D(Q) at small wave vectors. One should
nevertheless notice from the Fig. 9 that the lowest
wave vector limit in D(Q) seems to be less con-
centration dependent than the self-diffusion coef-
ficient which agrees with previous observations
based on different techniques [27].

8. Conclusion

We have performed static and dynamic neu-
tron scattering measurements on myoglobin so-
lutions to study the structure and diffusion
processes as a function of the concentration. The
structure seems correctly described by the RMSA
refinements using a Yukawa type screened elec-
trostatic potential, although the pD of the solu-
tion is near the isoelectric point of the protein
(hence it carries a small charge), and no buffer
was added to the solution to increase the protein
charge. The radius of the protein deduced from
RMSA analysis (R ~ 16 A) corresponds approx-
imately to the value which can be deduced from
SANS measurements (R ~ 17.3 A) [16]. The small
discrepancy probably arises from the nonspheri-
cal shape of myoglobin and the repartition of
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exchanged protons atoms near the protein sur-
face. It is interesting to note that the myoglobin
concentration deduced from the analysis is
slightly lower than the one measured by other
methods on our sample. Such an observation was
previously reported by Krueger on hemoglobin in
blood cells [28] and in solution [29]. It was in-
terpreted by the authors as resulting from oligo-
mer formation. In our case small aggregation can
be observed in the very small wave vector range
of SANS measurement, but the total amount of
protein involved in such phenomena is certainly
small since no stretching is observed in the in-
termediate scattering function measured by NSE.
The protein charge |Z,| ~2 and is not concen-
tration dependent. The question whether the
structure of water (or solvent in general) can be
neglected still remains an open question in par-
ticular with respect to the possible structure in-
duced by counter ions clouds around the protein.
Indirectly the structure of water is important due
to its effect on the dielectric constant. We neglect
both effects, and suppose that on this lengths
scales the medium can be considered homoge-
neous. It was suggested that the DLVO potential
is not valid for biological objects [30] but in our
special case due to the very small charge carried
by the protein and the small salt content this
objection is probably not relevant. The self-dif-
fusion coefficient, of an almost spherical protein
with radius R, can be measured for QR > 1 by
coherent neutron scattering. The effect of hydro-
dynamic interaction is observed whatever the
length scale which has been studied in this ex-
periment. These indirect interactions are respon-
sible for the slowing down of the self-diffusion
coefficient D,, since the structure factor in the
wave-vector range were it can be measured is
S(Q) ~ 1. The hydrodynamic factor H(Q) is wave
vector dependent and seems to oscillate in phase
with the structure factor, as measured for the
concentration up to ® ~ 0.4. For wave vectors
below a certain value, collective behaviour due to
interactions start to dominate with a speed up of
the diffusion. In this Q range we probe the
Fourier components of concentration fluctuations
0®, of wavelength bigger than the mean inter-
molecular distances. These decay faster due to

collective behaviour. The collective diffusion co-
efficient is generally assumed to be

1 on
C _f aC7
where fis the solvent friction coefficient and dn/0C
the reciprocal osmotic compressibility. The later
term acts as a force which tends to relax the con-
centration fluctuations. Nevertheless due to lim-
ited wave vector range of the experiment we were

not able to measure the collective diffusion ob-
served by QLS.

(35)
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