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Abstract. Second-harmonic-generation (SHG) microscopy has emerged as a powerful tool to image unstained liv-
ing tissues and probe their molecular and supramolecular organization. In this article, we review the physical basis
of SHG, highlighting how coherent summation of second-harmonic response leads to the sensitivity of polarized
SHG to the three-dimensional distribution of emitters within the focal volume. Based on the physical description of
the process, we examine experimental applications for probing the molecular organization within a tissue and its
alterations in response to different biomedically relevant conditions. We also describe the approach for obtaining
information on molecular conformation based on SHG polarization anisotropy measurements and its application to
the study of myosin conformation in different physiological states of muscle. The capability of coupling the advan-
tages of nonlinear microscopy (micrometer-scale resolution in deep tissue) with tools for probing molecular struc-
ture in vivo renders SHG microscopy an extremely powerful tool for the advancement of biomedical optics, with
particular regard to novel technologies for molecular diagnostic in vivo.© 2012 Society of Photo-Optical Instrumentation Engineers
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1 Introduction

In the last two decades, the development of nonlinear optical
microscopym'ﬂ has opened a field of biomedical optics with
ever-expanding perspectives both in basic research and in the
development of very powerful noninvasive diagnostic tools.&H
Nonlinear optical transitions, in fact, ensure confinement of
excitation to the focal volume, leading to intrinsic three-
dimensional (3-D) sample optical sectioning. Further, the
near-infrared (NIR) wavelengths employed reduce scattering
and maximize tissue penetration. These characteristics have
boosted nonlinear microscopy as an elective method for imaging
cells with micrometer-resolution deep into living tissues. In two-
photon fluorescence (TPF) microscopy, nonlinear excitation is
coupled with detection of fluorescence, the contrast method
most used in biological microscopy. Fluorescence contrast
can arise from exogenous labels,O genetically encoded fluo-
rescent proteins,B or specific autofluorescent cellular sub-
strates B Tmaging methods based on this source of contrast
are most sensitive to the density of the fluorescence emitters but
typically do not provide information on their subdiffraction
spatial distribution.

In this review, we focus on second-harmonic-generation
(SHG), a nonlinear source of contrast which in some tissues
arises directly from unlabeled proteins arranged in ordered
arrays. 2 This property of SHG offers the unique opportunity
of combining the advantage of nonlinear microscopy with
probing of structural order within a living tissue at different
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hierarchical levels, ranging from protein molecular conforma-
tion to supramolecular arrangement.

SHG is a nonlinear second-order optical process occurring in
systems without a center of symmetry and with a large molecu-
lar hyperpolarizability. For example, these conditions are easily
fulfilled at the molecular level by the presence of electron-donor
and electron-acceptor moieties connected by a z-conjugated
system. Such a conjugated system can be engineered in organic
membrane dyes, which permit exogenous labeling of biological
samples for SHG imaging. The membrane contrast achievable
with these dyes and their sensitivity to membrane potential lead
to important applications in functional imaging of cell electrical
activity.

In addition, SHG signal can be endogenously produced
by polypeptide chains BEHE previous studies aiming at charac-
terizing the molecular source of this signal concluded that pep-
tide SHG mainly arises from chiral and achiral susceptibility
components that are resonantly enhanced in the region of the
amide 7 —7z* transition of the single amino acid residue. B
The tilt of the amide group planes in an a-helix relative to
the helical axis leads to detectable SHG signal in tissues char-
acterized by a high degree of structural anisotropy, offering the
opportunity to probe structural order and molecular conforma-
tion in vivo.

Below, we review the physical principles leading from a
single-molecule second-harmonic response to a bulk SHG sig-
nal; we then describe how these principles determine which bio-
logical tissues do indeed generate SHG contrast. Understanding
the basis of the phenomenon allows exploiting it for structural
probing of living tissues.

0091-3286/2012/$25.00 © 2012 SPIE

June 2012 « Vol. 17(6)

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 5/7/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


http://dx.doi.org/10.1117/1.JBO.17.6.060901
http://dx.doi.org/10.1117/1.JBO.17.6.060901
http://dx.doi.org/10.1117/1.JBO.17.6.060901
http://dx.doi.org/10.1117/1.JBO.17.6.060901
http://dx.doi.org/10.1117/1.JBO.17.6.060901
http://dx.doi.org/10.1117/1.JBO.17.6.060901

Vanzi et al.: Protein conformation and molecular order probed. ..

2 From SHR to SHG Through Coherent
Summation

In the description of the light—matter interaction, the optical
properties of a molecule are determined by its dipole moment
(§), described as

L R
=g+ aE+SPEE+ -, ey

where E is the driving electro-magnetic field, i, is the perma-
nent molecular dipole, a is the molecular polarizability describ-
ing linear absorption and scattering of light, and f is a tensor
describing the first hyperpolarizability term, responsible for
the second-order nonlinear process known as second-harmonic
response (SHR). The condition for a nonzero value of § in a
molecule is the presence of a resonance axis with an asymmetry
of charge distribution. A general description of the principles of
SHR can be found in excellent textbooks EHI

SHR is characterized by phase and energy conservation,
leading to the possibility of coherent summation of the
waves radiated from all the molecules. The dependence of
SHR coherent summation on the orientation of emitters is
described in Fig. [I. The top panel of Fig. shows two parallel
emitters located within a distance smaller than the optical wave-
length. Due to the alignment of their resonance axis, the two
emitters scatter in-phase SHR photons that will constructively
interfere. The bottom panel of Fig. shows the case of
two molecules with antiparallel orientation: the opposition of
their resonance axis produces out-of-phase SHR photons that
will destructively interfere. Figure [[(b] shows an experimental
demonstration of the principles illustrated in Fig. [(a]: when the
membrane of giant unilamellar vesicles (GUVs) is labeled with
Di-6-ASPBS membrane dye (uniform membrane labeling is
demonstrated by the TPF image), strong SHG signal arises
from the GUVs’ surface, except for areas in which the
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Fig. 1 Coherent summation. (a) The figure shows examples of the
second-harmonic response (SHR) waves produced by two pairs of irra-
diated emitters. If the molecules are parallel (upper panel), their SHR
waves are in phase with the driving field and can interfere construc-
tively. If the molecules are antiparallel (bottom panel), their SHR waves
have opposite phases and interfere destructively. The figure is inspired
by Ref. E1. (b) Simultaneous two-photon fluorescence (TPF) and
second-harmonic-generation (SHG) images of three vesicles labeled
with Di-6-ASPBS dye. The radiating dye molecules are symmetrically
distributed in the adherence regions between the vesicles. In the left
region, a symmetric distribution results in a nearly perfect cancellation
of SHG (yellow arrowhead). In the right region, the cancellation is im-
perfect because of a disparity in labeling density. Scale bar = 20 um.
The figure is modified from Ref. fJ. (c) Simultaneous TPF and SHG
images of a SY5Y cell labeled with RH237 membrane dye. The ran-
domly oriented dye that is internalized into the cell cytoplasm (as appar-
ent from the TPF image) does not produce coherent second-harmonic
response. Scale bar =5 ym. The figure is modified from Ref. {3

Journal of Biomedical Optics

060901-2

membranes of two GUVs juxtapose (shown by the yellow
arrowhead). In these areas, in fact, SHR emitters (SHREs) from
the two membranes are oriented antiparallel, leading to destruc-
tive interference of the scattered photons. The dependence of
SHG signal on the ordered arrangement of emitters in the
focal volume has relevant applications for membrane imaging,
as shown in Fig. [[(c]. When labeling a cell membrane, diffusion
of the dye from the plasma membrane to inner cell compart-
ments occurs (shown by the presence of fluorescence inside
the cell, as detected by TPF). However, the internalized dye
molecules are randomly oriented and, therefore, do not produce
coherent summation, resulting in a high-contrast SHG image, in
which only the cell membranes are visible. The dependence of
signal on isotropic versus anisotropic SHRE distributions is the
basis for high-contrast imaging of ordered structures.

In this regard, it is particularly interesting to notice that some
tissues exhibit the intrinsic capability of producing SHG. The
first SHG biological imaging was reported by Freund et al. B
on connective tissue. In this tissue, in fact, the structural orga-
nization of collagen in fibrils and fibers disposes the SHREs in a
lattice leading to SHG. Indeed, endogenous SHG signal is dis-
played by biological samples characterized by a high degree of
order: Fig. f] shows the three most prominent examples of intrin-
sic SHG in biology, namely collagen [Fig. E(a]], microtubules
[Fig. E(®B]l, and myosin in muscle [Fig. E(c]]. In all these sam-
ples the cylindrical symmetry of protein arrangement within the
biopolymer and the supramolecular arrangement of polymers
within the tissue warrants a high degree of alignment of the
endogenous SHREs (as described in more detail below), leading
to the strong SHG signal detected. The anisotropic distribution
of SHREs underlying coherent summation in biological samples
also determines the polarization of SHG signal. Quantitative
measurements of SHG polarization anisotropy can, therefore,
provide information on the SHRE distribution itself.

3 Polarization Anisotropy

To derive the dependence of SHG anisotropy on SHRE distri-
bution within the focal volume, we start from the general
description of the polarization P in a medium:

P=,VE+QEE+ .. . )

This equation is nothing but the bulk equivalent of Eq. (). The
7% tensor describes the second-order susceptibility. In the gen-
eral case, the susceptibility tensor )(ijz.k(wl,a)z) is a third-rank
tensor with (3 X 3 X 3) elements. In the specific case of SHG,
in which two fields with the same frequency (w; = @, = w)
generate a third field with frequency 2w, each component of
the second-order polarization can be expressed as

= (@, 0)E;(@)Ey(0). 3)

Therefore, the susceptibility tensor has the following symmetry:

)(szlz (w,w) = )(EZJ) (0, w). (€))
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Fig. 2 Endogenous second-harmonic-generation (SHG) imaging. (a) SHG image from a mature rat tail tendon collagen. Scale bar = 10 um. Figure
modified from Ref. Pg. (b) SHG imaging in living cells. SHG arises from mitotic spindles and from interphase microtubule ensembles in RBL cells.
Scale bar = 10 um. Figure modified from Ref. 8. (c) SHG image of a gastrocnemius muscle. The bright bands in the image correspond to sarcomeric

A-bands. Scale bar = 20 um. Figure modified from Ref. B34.

With these symmetries, the number of independent elements of
the tensor decreases to 18. Hence, the second-order induced
polarization can be written as a function of the components
of the tensor )(1(12,2 and of the electric field E; as follows:

Py DU R S
S I I S A Y
P P N S
E}
E
E2
2k E. ®
2E,E.
2E,E,

In a bulk sample made of a distribution of individual SHREs,
the susceptibility tensor ;(1(12,2 can be calculated, summing each
individual hyperpolarizability term f;/;/ (expressed in the

molecule’s system of coordinates x’y’z’):

2
xfﬂl = Z Z COS @1 COS @1 COS Pyrfigrjr. (6)

n i/j/k/

Considering SHRE with a single dominant axis of hyperpolar-
izability and defining the molecular system of coordinates with
the y’ axis coinciding with the hyperpolarizability axis, the only
nonzero component of f is B+, (which, with abuse of nota-
tion, will be hereafter denoted simply as ). Then, Eq. (f) can be
re-written as:

2 _ i
Xijk = COS @/ COS @}y COS Py
n

= Np(cos @;y cOS @}y COS Ppy1), 7

where N is the number of the emitters. As noted above, bio-
logically relevant SHG-emitting samples are characterized by a
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Fig. 3 Second-harmonic response emitter (SHRE) spatial distributions.
(a) Diagram of coordinate system for calculating the second-harmonic-
generation (SHG) intensity from a distribution of SHREs with cylindrical
symmetry. The system of coordinate is defined with the y-axis along the
axis of cylindrical symmetry. The excitation light propagates along the
z-axis and is linearly polarized at an angle y with respect to the y-axis.
(b) Schematic representation of SHREs distributed on the surface of a
cone with an aperture angle 9. Three different aperture angles are
shown: 25 deg (black), 40 deg (dark grey), 70 deg (light grey). (c) Depen-
dence of SHG polarization anisotropy (SPA) on polar angle in cylindri-
cally symmetric sample. SPA curves are calculated for the three SHRE
distributions shown in (b). The intensity of SHG is represented as a func-
tion of the angle y between the laser polarization and the cone axis
[see panel (a)].

distribution of SHREs with cylindrical symmetry. We define
the laboratory system of coordinates (x, y, z) with the
y-axis along the axis of sample cylindrical symmetry [see
Fig. B(@]]. Under the assumption that, within the cylindrical
symmetry, the emitters are oriented at a fixed polar angle 9
with respect to the symmetry axis [see Fig. B(b]], computation
of the tensor elements using Eq. ([J) produces the following
nonzero components:

2
{Ay)y = Nficos®§ "

2 2 P
xﬁxl :)(Scx)y :)(§§)z ng)y =4 p cos Isin*9

The second-order susceptibility tensor, therefore, can be
written as
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Considering an electric field propagating along the z-axis and
linearly polarized at an angle y with respect to the y-axis

[Fig. BGa]l.
= . A A
E =Esinye, + E cos ye, (10)

and substituting Egs. () and ([Q) into Eq. (f), the second-order
polarization can be written as

P? = 2E? sin w cos y/;(ﬁlcle\x
+ [E2sin? yy i 4+ E2cos?yyinle,.  (11)

The intensity of SHG (/gg) is proportional to the square of the
second-order polarization:

2(2)12
Isg o [P
(2) 2
= E* %ﬂ]z{sinz 2y + {sin2 W +% cos? y/] }
Xyxx

12)

The simple case illustrated in Fig. (extended to N mole-
cules) can be described by setting the polar angle 9 to zero so
that

ISHG X E4N2ﬂ2 COS4 V. (13)

This equation provides a quantitative description of the coher-
ent summation at the basis of SHG described in the previous
section.

In general, Eq. (T provides the foundation for using SHG
measurements to assess the structural distribution of emitters in
a sample. In fact, if Igyg is measured as a function of the laser
polarization angle y, the resulting SHG polarization aniso-
tropy (SPA) data can be fitted with Eq. ([2) in the following
form:

Isug(w) o« sin? 2y + (sin?y +ycos?y)?,  (14)

with
22 Npcos® 8 2
V= .(é) =N 20 tan2Q” (15)
Toax Fp cos 9sin" 9 tan-

As an example, Fig. and shows three different /gyg
profiles for samples characterized by different values of the
angle 9. This example provides a clear demonstration that
SPA data can be used to access information on the structural
distribution of SHREs in the sample.

All the above treatment rests on the assumption of a uni-
formly distributed medium illuminated by a simple plane
wave. However, experimental measurements are typically per-
formed with high numerical aperture objectives and on samples
characterized by inhomogeneously distributed SHREs. A full
mathematical calculation of SHG in these conditions was
provided by Mertz and Moreaux.B In that work, the authors
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demonstrated that, under the assumption that there is no corre-
lation between SHRE orientation and position within the illumi-
nation focal volume, the considered inhomogeneities affect
only the SHG spatial radiation pattern and total power without
affecting SPA. These results, therefore, justify the simplified
SPA calculation employed in all experimental and theoretical
works based on SPA in which explicit 3-D spatial distribution
of SHREs is neglected and only their angular distribution is
considered.

Another factor to be considered in a full description of SPA
is the sample thickness. In fact, a thick anisotropic tissue could
affect, in a polarization-dependent manner, both the illumination
and SHG emitted beam propagation. This effect has been
recently investigatedBHH and, with the development of theore-
tical models, the birefringence and attenuation of the excita-
tion propagation can be taken into account, correcting SPA
measurements.

4 Assessment of Molecular Order in Tissues

The exquisite dependence of both SHG intensity and polariza-
tion anisotropy on SHRE distribution (in combination with the
advantages conferred in microscopy by its nonlinear nature)
leads to interesting biomedical applications. SHG imaging,
for example, is a valuable tool for assessing the degree of
order of collagen fibrils within different types of tissue, from
morphological characterization of healthy and pathological
connective tissue in vivolHEMEH (o quantitative measurement
of fibril orientation within the pixel size.B'El Collagen type 1

Fig. 4 Supramolecular order quantification. (a) Heat-induced disorder
in porcine corneal stroma. Second-harmonic-generation (SHG) images
acquired from the periphery to the center of a laser-irradiated spot area.
The radial distance of the images from the center of the irradiation spot
area are indicated above each panels. The fast Fourier transform (FFT) of
each image is also shown in inset. Scale bar = 10 ym. Figure modified
from Ref. B4. (b) Heat-induced disorder in rat tail tendon fascicle.
Progressive changes in SHG data in rat tail tendon fascicles exposed
to 58°C heat. SHG intensity (left panels) decreased across the entire
tip. SHG maps of a disorder index (central panel) underline that disorder
is detectable across the tip, consistent with loss of SHG signal. The
orientation maps (right panel) indicate that the loss of parallel alignment
occurs in some fibril bundles faster than in others and is associated with
increased levels of disorder. Figure modified from Ref. 4.
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features a hierarchical organization ranging from the atomic and
molecular scale (tropo-collagen molecules: 280 nm length and
1.5 nm diameter), to the microscopic scale (fibrils: 1 ym length
and 30 nm diameter) and the macroscopic scale (fiber bundles).
The sensitivity of SHG to these different hierarchical organiza-
tions allows probing the thermally induced structural changes of
collagen as shown in Fig. f]. In Fig. the loss of order
caused in porcine cornea upon laser-induced heating is demon-
strated by SHG images collected at different distances from the
irradiation spot. As the distance decreases, image contrast gets
poorer due to decreased overall alignment of SHREs within the
focal volume; moreover, at a higher dimensional scale, the
imaged collagen fibrils themselves display higher angular dis-
persions, as demonstrated by the image fast Fourier transform
(FFT) (shown in the inset of each image).

Quantitative analysisE can be employed to extract a disorder
index from SHG images and measure, for example, topology
and dynamics of collagen heat denaturation, as shown in
Fig. E(B]. The possibility to monitor collagen thermal modifica-
tions is an important issue in biomedical optics. In fact, several
laser-based treatments (such as corneal thickening, vascular
treatment, and skin rejuvenation) can cause collateral thermal
damage.

The examples shown in Fig. f] provide a clear demonstration
of how SHG microscopy extends the range of imaging to poly-
mer orientation analysis. Next we will further extend this power-
ful capability of SHG microscopy into the realm of probing
molecular conformations in unstained living samples. This
application has found thus far its most extensive development
in the study of muscle tissue.

5 SHRE Organization in Proteins

Strong SHG signal has been detected in skeletal muscle. B8
As shown in the example of Fig. P(c), the signal arising from
muscle tissue displays a striking alternation of bright and dark
bands, typical of the sarcomeric striations. The possibility of
imaging sarcomeres by SHG allows measuring sarcomere
length with nanometric resolution.E More generally, the possi-
bility of imaging unstained muscle in vivolB 8 with 3-D capabil-
ities holds great promise for the development of biomedical
diagnostic tools for muscular pathologies involving alterations
and/or loss of sarcomeric structure. BE3

The organization of most muscle proteins in helical filaments
and the distribution of such filaments in cylindrically symmetric
and repetitive structures along the fiber clearly represent an ideal
structural configuration to give rise to SHG. Measurements on
peptides suggest that the main SHR source lies within the amide
groups (HN-CO) of polypeptide chains. B In the case of proteins
characterized by sequence repeats with amino acids containing
methylene groups (for example, proline) this additional element
of resonance should be considered.H For example, in collagen
(rich of the -ProHypGly- repeat) the second-order susceptibility
arises mainly from peptide groups in the backbone, 2 but also
from the symmetric stretch of the methylene groups in the side
chain. Analysis of collagen SPA data showed that the helical
pitch angle estimated including methylene groups resonance
agrees more closelyE with the known pitch angle of 45.3 deg.
The analysis of large conformational changes in a protein (see
next section), on the other hand, can be satisfactorily conducted
with the simplified assumption of all SHREs residing within the
amide group.
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Because of the predominant role of the polypeptide amide
groups in SHG, secondary structures are particularly relevant
in considering the effects of coherent summation within a pro-
tein. The arrangement of amide groups in the a-helix is shown in
Fig. p(a]. An individual a-helix is characterized by cylindrical
symmetry with all SHREs tilted at a fixed polar angle with
respect to the helical axis [the same geometry described in
Fig. B(b]]. The generation of SHG signal through coherent sum-
mation requires an anisotropic distribution of the SHREs. Pro-
teins characterized by randomly oriented a-helices do not fulfill
such anisotropy and are not expected to be good SHG sources.
On the other hand, proteins with a high degree of alignment of
their a-helices should produce coherent summation. In other
words, a first level of order (required for constructive interfer-
ence) is achieved by organization of peptide bonds in a helical
pattern; however, a second level of order is also necessary, con-
sisting in substantial alignment of the helices themselves in the
protein. Considering, for example, the two main constituents
of muscle (myosin and actin), the a-helices of actin display
an orientational dispersion limiting SHG, whereas myosin is
endowed with some extraordinarily long a-helices which are
highly aligned, especially in the tail portion. Clearly, a single
protein would produce too low an intensity of SHG to be
detected. Thus, a third level of structural organization is required
in which SHG-emitting proteins are arranged with a symmetry
leading to further summation of the signal up to a detectable
level. These considerations provide an interpretation for SHG
being observable only in specific samples such as collagen,
microtubules, and muscle.

6 Probing Molecular Structure

Knowledge of the atomic structure of a protein allows placing
all its HN-CO SHREs in space so that the bulk second-order
susceptibly tensor [;((2)] can be calculated, assuming that all
HN-CO SHREs have the same nonlinear hyperpolarizability
tensor (characterized by f,+,/, as the only nonzero component
in the x’y’z’ molecular reference system) and using Eq. (.
Because all biological samples capable of SHG emission are
characterized by a cylindrically symmetric distribution of their
protein constituents, structural information can be experimen-
tally obtained in terms of the factor y from SPA data [see
Eq. ([@)]. On the other hand, y can also be calculated from
2 computed from the atomic model of the protein. Comparing
the experimentally measured y with the theoretically computed
ones allows determining which modeled protein structure is
most representative of the conformation inside the tissue under
investigation. This approach has been applied to probing the
structural conformation of myosin in skeletal muscle.

The atomic structures of myosin [Fig. P(b]] and actin
[Fig. B(c]l, their polymeric organization in filaments, and the
overall sarcomeric ultrastructure are known. In detail, the
atomic-resolution structure of full-length myosin can be recon-
structed using the atomic coordinates from the Proteins Data
Bank: a-helix coiled coil light meromyosin (LMM) and S2
(Ref. pY) and double-headed rigor S1 (Ref. pf). Further,
based on the thick filament structure, full-length myosin mole-
cules, repeated with the proper axial periodicity and helical sym-
metry, generate the quasihelical 42.9 nm-long elementary unit
containing nine myosin molecules. The structure of the actin
filament, on the other hand, is published. With this informa-
tion, the full spatial distribution of HN-CO SHRE:s in a muscle
sarcomere can be reconstructed [Fig. P(d]]. Equation ([J) can be
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Fig. 5 Probing protein structural conformation. (a) Example of location of two HN-CO second-harmonic response emitters (SHREs) (black arrows) in
a-helix. (b) Atomic structure of myosin molecule with light meromyosin (LMM) and S2 portion shown in cyan and the S1 globular head shown in blue.
(c) Atomic structure of an actin monomer in ribbon representation. (d) Sarcomeric acto-myosin array. (e) Computed second-harmonic-generation (SHG)
intensities. The relative contributions of actin and myosin were calculated modeling the acto-myosin array inside the excitation volume. (f) Scheme of
the myosin molecule (in blue) detached from actin (red line). The two S1 heads are indicated by S1 and S1'. (g) Calculation of y (surface color plot) as a
function of 6s; and 0s; for different values of 6s,. The value of y,. on the surface plot is pointed by the arrow. (h) Scheme of the myosin molecule
attached to actin. The catalytic domains are rigidly fixed to actin. (i) Calculation of y as a function of 6,4 and 6,4 for different values of s,. The black
iso-y curves (average = dashed line; one std interval = solid lines) report the measured value of y,,. The asterisks show the geometry of rigor heads

according to cryo-EM. Figure modified from Ref. B3.

used to estimate the /gy from knowledge of hyperpolarizability
tensor, defining an intensity indicator b(ﬁx]z + b{fvl]z that con-
siders the contributions from both parallel and perpendicular
incident polarizations. Using this approach, the contribution
of myosin is three orders of magnitude larger than that of
actin [Fig. p(e]], in agreement with the experimental evidence
of SHG as myosin—basedE and with structural distributions
of SHRE within proteins (as described above).

Construction of the full 3-D distribution of SHREs also
allows calculation of y [see Eq. (T3)]. Experimental SPA mea-
surements in different physiological states of muscle (resting
and rigor, characterized by different myosin conformations)
yield ypq = 0.30 £0.03 and y,4, = 0.68 4 0.01, highlighting
SHG sensitivity to the myosin structural changes.B For calcula-
tion of different y values corresponding to different myosin
structures, the conformation of myosin can be varied with
rigid body rotations about selected hinges. The myosin molecule
can be divided into globular heads (S1), a first coiled-coil por-
tion (S2), and a longer coiled-coil portion (LMM). For detached
heads, the whole S1 was considered as a rigid body and free
rotations at the S1-S2 and S2-LMM junctions allowed variations
of the f5; and O, angles, respectively [see Fig. P(]]. Figure
shows computed y as a function of the orientation of each head
(01 and Hg;/) of the same myosin molecule for different orienta-
tions of S2 (fs,) ranging from 0 to 20 deg, limited by geome-
trical constraints determined by molecular dimensions and the
sarcomere lattice spacing. The general features of the landscape
are determined by fg; and 6g;/, whereas increasing tilt of S2
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away from the fiber axis offsets the whole landscape toward
higher y values. Comparing the experimentally measured y .
[indicated by the black arrow in Fig. p(g]] with the computed
y, it can be seen that only a myosin configuration with both
S1 heads and S2 parallel to the fiber axis is compatible with
the SPA result. This finding is in agreement with the cry-EM
experiments.

In the simulation of rigor state, due to the attachment of myo-
sin to actin, the catalytic domain of S1 is fixed and only the
lever-arm angles (0; 5 and 6; /) can vary [Fig. f(h]]. Compar-
ison of the results shown in Fig. with those in Fig.
demonstrates that fixing the catalytic domain in the rigor con-
figuration produces an overall increase of y Similarly to what
was observed in Fig. B(g], tilting of S2 away from the fiber
axis shifts the y landscape upward. Indeed, for 05, =0 deg
or O5, = 20 deg, no orientation of lever arm can produce a y
value compatible with the rigor measurement. On the other
hand, for 05, ranging from 5 to 17 deg, several lever-arm orien-
tations produce y values compatible with the measured y;,
[black iso-y curves in Fig. PG]]. In particular, for s, = 17 deg,
the lever-arm angles measured in rigor by cryo-EME produce
a value of y consistent with the SPA measurement [see asterisks

in Fig. P

7 Conclusions

The properties of SHR coherent summation leading to SHG ren-
der this type of microscopy unique for its capability to conjugate
the advantages of nonlinear processes with the possibility of
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probing molecular and supramolecular organization in living
tissues. In this work, we have reviewed the physical bases of
SHG in relation with its source in biological specimens, describ-
ing the mathematical modeling through which SHG polarization
anisotropy data can be used to obtain information on protein
conformation and degree of order within the tissue. This tech-
nique finds applications in biomedical optics both at the molec-
ular level (for example, study of myosin conformations in
muscle) and at the supramolecular level (for example, the char-
acterization of fibril order and arrangement in collagen tissue).
Important advances in biophysical and biomedical research, as
well as in diagnostics, can be gained from a new generation of
imaging tools capable of probing molecular structures and their
dynamics in vivo.
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