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Abstract

Correlation of the g-tensor of a paramagnetic active center of a protein with its structure provides a unique experimental infor-

mation on the electronic structure of the metal site. To address this problem, we made solid films containing metalloprotein (Des-

ulfovibrio gigas cytochrome c3) microcrystals. The microcrystals in a liquid crystalline polymer medium (water/

hydroxypropylcellulose) were partially aligned by a shear flow. A strong orientation effect of the metalloprotein was observed by

EPR spectroscopy and polarizing optical microscopy. The EPR spectra of partially oriented samples were simulated, allowing

for molecular orientation distribution function determination. The observed effect results in enhanced sensitivity and resolution

of the EPR spectra and provides a new approach towards the correlation of spectroscopic data, obtained by EPR or some other

technique, with the three-dimensional structure of a protein or a model compound.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

It is known that the study of oriented molecules by

EPR or other technique can reveal information valuable
for molecular orbital calculations [1–3], spin–spin inter-

actions [4,5], ENDOR simulations [6], and NMR studies

of paramagnetic proteins [7,8]. To relate spectroscopic

data with a molecular structure, a sample has to possess

a macroscopic structural feature which can be related

with its microscopic order. Protein crystals can provide

the direct link between molecular structure and macro-

scopic sample. EPR single crystal studies were done on
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doi:10.1016/j.jmr.2004.07.003

* Corresponding author. Fax: +351212948385.

E-mail address: fjc@dq.fct.unl.pt (J. Caldeira).
some systems [9–11] and the further advances are ex-

pected with the use of high frequency spectrometers.

Unfortunately, the protein crystals are often of a small

size, failing to meet common demands for sensitivity
of different spectroscopic techniques. Moreover, it was

reported, that membrane proteins deposited on a flat

surface [12,13] or paramagnetic molecules linked to

DNA oriented fibres [14,15] yield a one-dimensional ori-

ented systems that provide the correlation of the g-ten-

sor with the structural features of the material. A very

small degree of protein orientation, induced by magnet-

ically aligned liquid crystalline bicells [16] or by strain
induced alignment of polyacrylamide gels [17], was re-

ported and used for calculation of residual dipolar cou-

plings by NMR. All the above mentioned methods

possess different intrinsic limitations that prevent their
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general use in some interesting biological systems. Also

it was reported that protein crystals can be grown and

aligned by intense magnetic field, based on their magnet-

ic susceptibility anisotropy [18–22].

To induce a degree of orientation to the sample mea-

surable by EPR, we added a protein solution into an an-
isotropic host liquid polymer medium. A biphase

obtained by mixing the protein and aqueous liquid crys-

tal polymer (LCP) was submitted to a shear flow me-

chanical field [23] which causes a tunable alignment of

the LCP. Solid films with ordered material were ob-

tained by in situ crystallization of the protein phase.

Due to its orientation sensitivity, EPR was shown to

be an appropriate technique for studying partially
aligned systems. Simulations of the EPR spectra can re-

veal the orientation distribution function (odf) and

hence correlate spectroscopic data with the electronic

structure of the biomolecules.
Fig. 1. Optical microscopy photos and two-dimensional FT image of

the samples. (A) Polarizing microscopy image (Olympus microscope

equipped with a camera and crosspolarizers) of a dispersion of the

droplets of red D.g. cyt. c3 in a HPC/water fluid. (B) Microscopy

image, between cross polars, of riboflavin in a HPC/water solid film,

obtained from a colloidal suspension of riboflavin crystals in the

anisotropic HPC/water (60wt%) host fluid. Yellow riboflavin crystals

are in average aligned in the shear direction. Black and white stripes

(bands), perpendicular to shear direction, can be observed indicating

that the periodicity was locked in the solid matrix after solvent

evaporation. (C) Two-dimensional Fourier transform of a photomi-

crograph of D.g. cyt. c3 in HPC/water solid film. The observed

periodicity, parallel to the shear direction, is due to the protein

microcrystals (see D). (D) Optical micrograph, between cross polars, of

the 50lm thick solid film obtained from a microemulsion (see A) of

cyt. c3 in a host anisotropic fluid (HPC/water: 60wt%). The arrows

indicate the shear direction and the bars correspond to 10lm.
2. Materials and methods

2.1. Solid thin films preparation

The samples were prepared from isotropic (20% wt)

and anisotropic (60%wt) solutions of hydroxypropylcel-

lulose (HPC) (Aldrich: 100kDa molecular weight) and

2mM Desulfovibrio gigas cytochrome c3 (D.g. cyt. c3)

in 10mM Tris/HCl, pH 7.0, aqueous solution at room

temperature. The D.g. cyt. c3 protein was purified as de-
scribed previously [24]. The solutions were mixed and

centrifuged to remove air bubbles, and then allowed to

stand in the dark, at room temperature, for a week. Sol-

id films of both solutions were casted and sheared by

moving a casting knife at a constant speed (v = 5mm/

s), at room temperature. The final thickness of the films

was 50lm. In situ crystallization of D.g. cyt. c3 in the

anisotropic liquid crystalline polymer medium occurred
after 2–4 days by slow solvent evaporation. Samples

were frozen in liquid nitrogen (no crystal cryoprotective

substances were added). We have also prepared solid

films from commercially available riboflavin crystals

(Merck) 5wt% embedded in the same LCP medium.

2.2. EPR spectroscopy

The samples for EPR measurements were prepared

by staking 20–30 layers of D.g. cyt. c3 in HPC/water sol-

id films in the EPR tube, assembled according to the

modes I (bL = 0�) and II (bL = 90�) shown in Fig. 2,

where bL is the angle between the shear velocity direc-

tion and the applied magnetic field. For each of the

two modes the sample tube was rotated around the tube

axis (aL rotation), resulting in different positions be-
tween the film plane normal and direction of the applied

magnetic field. The orientation angles were measured
with ± 2� accuracy. Spectra of oriented D.g. cyt c3 in

HPC/water films were recorded on a X-band Bruker

EMX 300, at 10K, with 0.5mT modulation amplitude,

100KHz modulation frequency, 2mW microwave

power, and 1 scan. Spectra were taken with 5� angle

(aL) step.
3. Results and discussions

3.1. In situ crystallization of D. gigas cyt. c3 in HPC/

water films

The critical concentration for the appearance of a li-
quid crystalline nematic quiral phase of the HPC/water

system was found to be around 42 wt% [25]. Therefore,

samples were prepared from isotropic and anisotropic

solutions of HPC containing D.g. cyt. c3. These mixtures

were observed under a polarizing optical microscope

(POM) and, at rest, between parallel polars. Both solu-

tions, the isotropic and the anisotropic one, show a

phase separation. A biphase formed by small droplets,
with a mean diameter between 1 and 4lm dispersed in

both media, was observed (see Fig. 1A). Solid films pre-

pared from isotropic solutions show droplets that have

the same mean diameter as those observed in the solu-

tions at rest. Films prepared from anisotropic solution

show quite different texture that contains bands perpen-



Fig. 2. Sample assembly for EPR spectroscopy. Laboratory reference frame (XL, YL, ZL) with ZL ih0 and XL ih1, where h0 and hl are the unit vectors

along the static and radio frequency magnetic field. Film shear direction reference frame (XF, YF, ZF) is marked in the films placed in the EPR sample

tubes (schematic cylinders). Assembly modes I and II correspond to bL = 0� and bL = 90� shear direction position, respectively. Spectra were taken in

both assembly modes at several orientation angles aL, i.e., different rotation along tube axis XF direction (see text definitions). Orientation

distribution function odf (/,h,w) relates the solid film sample and the crystal unit cell were 16 heams of four molecules of tetraheam D.g. cyt. c3 are

displayed, with crystallographic axes being A iYC, B iZC, and C iXC.
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dicular to the shear direction fixed in the solid matrix.

This type of instability is characteristic of liquid crystal-

line polymers and was previously reported in thin films

obtained from HPC in water [25,26]. A nematic quiral

to nematic phase transition of HPC/water thin films up-

on shearing was described in the literature [27–29]. The

texture of the films seen by POM reveals that the rhom-

bic ellipsoids, that contain confined protein, are in aver-
age, aligned in the direction of the director, i.e.,

perpendicular to the direction of the bands. The slow

evaporation of the solvent induced crystallization of

D.g. cyt c3 in LCP films. These crystals, partially orient-

ed as shown by POM, Fig. 1D, were further studied by

EPR spectroscopy (see below). Crystal cryoprotective

substances that are commonly used in X-ray protein

crystallography are compatible with HPC/water media.
In this work, they were not used since a large degree

of orientation measured by EPR assures that no sub-

stantial randomization has occurred (see below). More-

over, the low temperature single crystal study of the

homologous D.d. (Norway strain) cyt c3 [9] did not re-

veal any crystal disruption or protein conformational

changes upon freezing.

3.2. Riboflavin crystals imbedded in the in HPC/water

films

An alternative and more general method for obtain-

ing partially aligned microcrystals was demonstrated

with commercially available riboflavin crystals in the

LCP medium (see Fig. 1B). The riboflavin crystals in

HPC/water films observed by POM show the same type
of bands as observed in in situ crystallization. Crystals

are aligned with the longest crystals axis parallel to the

shear direction. The revealed texture of the films, con-

taining either imbedded crystals or in situ grown ones,
indicates that our methodology can be extended to any

protein or model compound, when the harvesting or

crystallization buffer is compatible with the liquid crys-

talline solution.

The novel composite materials, obtained from the

stabilization a colloidal suspension [30,31] of paramag-

netic microcrystals in a liquid crystalline medium, dis-

play an alignment direction that can be controlled by
an external mechanical field. Moreover, like the com-

monly used paramagnetic probes, crystals can describe

internal average direction of the director, with an impor-

tant advantage: their size can be tuned from microscopic

to macroscopic.

3.3. EPR spectroscopy and simulation of the spectra

The EPR spectra of the oriented thin films exhibit a

typical pattern of the several overlapped low spin ferric

(S = 1/2) heam species. Resonances of the four heams,

with a corresponding set of g-values ranging from 3.05

to 1.45, are present in each spectrum (see Fig. 3A). A ve-

ry good signal to noise ratio in the spectra is ultimately

limited only by the highest sample concentration obtain-

able. In Fig. 3A significant angular dependence of the
resonances upon the sample tube rotation can be ob-

served. Both assembly modes I and II, have similar spec-

tral variation, due to the same orientation distribution

of the paramagnetic species in the films. Enhancement

or decrease of the intensity of different resonances is

caused by a non-random molecular distribution in the

sample. This effect resulted in: (i) additional resolution

of the heam resonances by direct spectral deconvolution
of the present paramagnetic species, that appears over-

lapped in a spectrum of an isotropic sample, which is

particularly important for protein molecules where

quantity available is scare; (ii) increased sensitivity in



Fig. 3. Experimental (A) and simulated (B) EPR spectra. Spectra of oriented D.g. cyt c3 in HPC/water films recorded in the mode I on X-band

Bruker EMX 300, at 10K, with 0.5mT modulation amplitude, 100KHz modulation frequency, 2mWmicrowave power, and 1 scan, for every aL = 5�
angular step. The shown selected spectra were taken at angles aL: a, +75�; b, +70�; c, +65�; d, +60�; e, +45�; f,�60�; g, �30�; h, +90�; and i, +85�. The
numerically simulated spectra (B) corresponds to the experimental data set (A).
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different regions of the spectra due to alignment of the

‘‘spin-packets.’’ This feature is of great utility for mul-

ti-center protein molecules.

In order to simulate the EPR spectra of partially ori-

ented samples we developed a theoretical model that us-

es an orientation distribution function (odf). The odf

accounts for the average orientation of the microcrystals
in the solid films. The information on the internal molec-

ular arrangement in the microcrystal unit cell was taken

from the literature [32]. The odf was parameterized by

square of the modulus of a series expansion of Wigner

D functions [33] to assure its non-negativness, Eq. (1).

Only terms up to J = 2 were kept in the series since they

are sufficient to produce accurate fittings.

odfð/; h;wÞ ¼
Xjmax

j¼0

Xj

m¼�j

Xj

m0¼�j

cjm;n0
1

Dj
mm0 ð/; h;wÞ

�����
�����
2

: ð1Þ

The EPR spectra were calculated according to a

S = 1/2 spin Hamiltonian with resonances of gaussian

line shape [34,35]. Calculations of the EPR spectra were
performed for each sample orientation in the laboratory

frame (XL, YL, ZL) with ZL ih0 and XL ih1, where h0
and h1 are the unit vectors along the static and radio fre-

quency magnetic field, respectively. Simulated spectra

represent the sum of resonances originating from 16

paramagnetic species coming from four different haems
present in the D.g. cyt c3 molecule, with four molecules

present in the crystal unit cell, conveniently weighted by

the odf, as given by the following equation:

GðHÞ ¼
Z 2p

0

dh
Z p

0

sin hdh

�
Z 2p

0

duodfð/; h;uÞgð/; h;u;HÞ: ð2Þ

Numerical simulations imply the use of six reference

frames, from the Lab frame to the g-tensor principal
frame of each unpaired electron, according to the

scheme given below. Sets of three Euler angles relate

two consecutive frames:

[Lab frame]—i (aL,bL,cL)—[Solid film frame]—ii

(/,h,w)—[Crystal frame]—iii (aC,bC,cC)—[Moleculen
frame]—iv (aM,bM,cM)—[Heamm frame]—v (aH,bH,cH)—
[g-tensor principalm frame].

Euler angles (i) are experimentally set and their vari-
ation results in different EPR spectra; Euler angles (ii)

are distributed according to the odf; Euler angles (iii) de-

scribe the spatial relationships between four n molecules

in the crystal unit cell; Euler angles (iv) define four m

heam molecular axis (defined by the atomic positions

of the iron coordinating ligands from the three-dimen-

sional protein structure (1wad.pdb)), and Euler angles



Fig. 4. Three-dimensional plot of the orientation distribution function

in the solid film sample frame. The value of the odf for a specific

orientation of the crystal unit cell is given by the distance from the

origin of the coordination system to the surface.
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(v) were obtained from NMR evaluation of the empiri-

cal magnetic susceptibility tensor [36].

The developed mathematical model enables that pa-

rameters like g-values, linewidths, sets of Euler angles,

or the odf coefficients can be input in the program as

fixed values and used to calculate the theoretical spectra.
If some parameters are unknown they are allowed to

change freely during the fitting routine. After finding a

minimum in the space of free parameters, the outcoming

values used for the best fit with the experimental data,

are the output parameters of the program. The adjust-

ment of the ensemble of the calculated to the experimen-

tal spectra uses a non-linear least square routine based

on the conjugate gradients method.
Simulated spectra shown in the inset of Fig. 3 reveal

an overall good agreement with the experimental data,

with some mismatches in the fine details of the spectra,

that can be explained by two motifs: (1) the fit is depen-

dent on anisotropy of the system, resolution of the spec-

tra, and on the orientation distribution of the crystals/

molecules, and only in a simpler system could allow

the determination of the g-tensor orientation in respect
to the molecular frame of the paramagnetic center, (2)

intercenter magnetic interactions (heam–heam) in a ho-

mologous tetraheam cytochrome [9], have been shown

to be important in a rigorous simulation of the EPR da-

ta. The current version of the simulation program does

not include intercenter magnetic interactions or hyper-

fine interactions. In this work we obtained the overall

orientation distribution function, by including g-tensor
orientation as an input parameter by the reasons stated

above. A more favorable case, with less paramagnetic

centers, and no magnetic interactions between centers,

is currently under study in order to test the simulation

program on a more suitable system.

A three-dimensional plot of the odf in the solid film

frame is given in Fig. 4. This plot accounts for the distri-

bution of protein crystals direction with higher degree of
order, where the distance from the origin indicates the

distribution value in the referential. The corresponding

order parameter is S = Æ3/2cos2(h) � 1/2æ = 0.25 ± 0.05,

where h is the angle between most ordered axis of the

protein crystal and the solid film shear direction (ZF).

A similar value (within the error) of the order parameter

is obtained from the Fourier transform analysis of a po-

larizing microscope image of the solid matrix [37],
shown in Fig. 1C.

So far, protein molecule orientation has mainly been

explored by two different approaches: surface attach-

ment or molecule/crystals bulk alignment. Surface orien-

tation of protein molecules has been achieved with the

use of self assembled monolayers (SAM) [38]. This

method takes advantage of the asymmetric charge, or

hydrophobic regions or specific residues for cross link-
ing, in the protein surface for binding to SAM. Devices

based on surface alignment have been used for polarized
optical absorption [39] and Raman spectroscopy [40] or

antibody [41] or ligand [42,43] enzyme binding recogni-

tion. Atomic force microscopy has been increasingly

used to describe orientation alignment of molecules

[44]. In respect to the so called ‘‘bulk alignment,’’ pro-

tein crystals (but not protein molecules) can be substan-

tially oriented in a strong magnetic field (P1T) due to

magnetic susceptibility anisotropy [18–22], enabling,
for instance, solid state NMR spectroscopic studies

[45]. On the other hand, it is known that nematic fluids

can be used to orient solute molecules for structural

studies [46,47]. It was shown that the degree of orienta-

tion of solute molecules in a liquid crystalline medium

can be predicted according to their shape anisotropy

[48]. However, a general method for substantial orienta-

tion of globular protein molecules is not available. Our
initial attempts to orient different protein molecules in

nematic HPC/water medium, like horse heart cyto-

chrome c, D.d., Nitrate reductase, or D.g. cyt c3 (non-

crystallizing conditions) in several buffers and LC

media/protein stoichiometries (data not shown), were

not successful. Proteins with a typical globular shape

are difficult to orient sufficiently in a nematic fluid, as

verified by EPR. We have shown that microcrystals of
globular proteins, on the other hand, can be readily ori-

ented in the liquid crystalline HPC/water medium. Since

the crystallization conditions of the proteins that have

the structure determined by X-ray crystallography are

published, the EPR spectroscopy of protein microcrys-

tals oriented in a liquid crystalline polymer medium

can be applied to a vast number of cases. The availabil-

ity of a solid material with many oriented microcrystals
overcomes the current size limitation of the single crystal

spectroscopic studies.

The orientation distribution of the crystals in a me-

chanical field, like the one imposed by HPC/water films,
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is governed by the crystal shape. That can be observed in

Figs. 1B and D where crystals are aligned with their lon-

gest axis parallel to the shear direction. The average

crystal shape (habit) is commonly reported in crystallog-

raphy, and defines the faces of the crystal in terms of

unit cell assembly. Interestingly, both methods: a single
crystal EPR and aligned multicrystal EPR (this work)

share the following analogy: single crystal studies re-

quire the mounting (orientation) of the crystals on a face

defined by habit (for spectra acquisition at several angles

between the applied field and the crystal faces). We ob-

serve, in the thin films, the preferential orientation ac-

cording to the same faces defined in the crystal habit.

It is therefore possible to find an algorithm to calculate
the average position of the crystals, based on their shape,

and determine ab initio the odf function. When the odf

is known, g-tensor orientation is the only parameter to

be adjusted in the simulations.

In this work we have describe an effect that offers the

advantage of sensitivity and resolution enhancement by

orientation of the protein sample. We have demonstrat-

ed that this effect could be observed in various systems
of biological significance, like metalloproteins and mod-

el compounds.
Note added in proof

Copper complexes (Cu(DD,LL-Ala)2 ÆH2O and Cu(LL-

Tyr) ÆH2O) and also copper containing protein Pseudo-

azurin (T. pantotropha) could be crystallized and oriented

(has jugged by POM and EPR spectroscopy) by these

methodology demonstrating their applicability to differ-

ent crystal forms and shapes (work in progress).
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