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Polarization resolved second-harmonic generation (pSHG) microscopy is increasingly used for mapping
organized arrays of noncentrosymmetric proteins such as collagen, myosin, and tubulin, and holds potential
for probing their molecular structure and supramolecular organization in intact tissues. However, the
contrast mechanism of pSHG is complex and the development of applications in the life sciences is
hampered by the lack of models accurately relating the observed pSHG signals to the underlying molecular
and macromolecular organization. In this work, we establish a general multiscale numerical framework
relating the micrometer-scale SHG measurements to the atomic-scale and molecular structure of the
proteins under study and their supramolecular arrangement. We first develop a new method to
automatically analyze pSHG signals independently of the protein type and fiber orientation. We then
characterize experimentally pSHG signals in live zebrafish larvae and show that they can be used to
distinguish collagen, myosin, and tubulin structures in intact tissues. We then introduce a numerical model
that considers the peptide bond (PB) as the elementary SHG source in proteins and takes into account the
three-dimensional (3D) distribution of PBs to predict the second-order hyperpolarizability tensor j of
proteins, as well as the SHG efficiency and pSHG response of an arbitrary macromolecular assembly.
We show that this model accurately reproduces pSHG measurements obtained from collagen, myosin,
microtubule, and actin structures, revealing the precise dependence of SHG signals on the 3D distribution
of PBs within protein assemblies. We then use our model to analyze pSHG from a 3D distribution of
microtubule assemblies as a function of out-of-plane angles, angular disorder, and polarity. Finally, we
demonstrate that our model predicts SHG from different molecular conformations of tubulin that are highly
relevant from a biomedical point of view as associated with microtubules (de)polymerization. By bridging
scales from the molecular bonds to the optical wavelength, our model provides an accurate interpretation of

SHG signals in terms of protein structure and supramolecular organization.

DOI: 10.1103/PhysRevX.14.011038

I. INTRODUCTION

Second-harmonic generation (SHG) microscopy is a
multiphoton imaging modality [1] increasingly used for
label-free mapping of organized protein arrays in intact
tissues [2,3]. SHG is specifically obtained from a small
number of physiologically important macromolecular
assemblies including fibrillar collagen [4—8], myofilaments
[9-11], polarized microtubule (MT) bundles in mitotic
spindles and axons [12-17], and p-amyloid plaques
[18,19]. Because of its underlying physical origin and
coherence properties, SHG is sensitive to the molecular
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structure of materials and to the spatial organization of
these protein assemblies at the scale of the emitted wave-
length. In particular, polarization resolved SHG (pSHG)
has been shown to be sensitive to molecular order and to
average 3D orientation of fibers within the focal volume
[20-31]. Apart from a few attempts at superresolution
imaging [32,33], the resolution of SHG is generally limited
by diffraction to the micrometer dimension, i.e., 1000
times lower than when using cryogenic electron micros-
copy (CryoEM) or x-ray crystallography; therefore, pSHG
microscopy probes the average organization of the harmo-
nophores at the micron scale. Based on this readout, several
structural proteins (collagen, myosin, tubulin) [21,34,35]
can be detected from their pSHG response. Recent works
further demonstrated the sensitivity of pSHG to protein
conformational changes in myosin [11,36] and micro-
tubules [37-39] suggesting that pSHG could become a
sensitive label-free method to probe structural modifica-
tions of protein arrays in physiological conditions.

Published by the American Physical Society
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Moreover, SHG is sensitive to structural changes occurring
during various pathological processes, potentially provid-
ing metrics relevant for both basic biomedical research and
diagnostic applications [2]. This unique ability of pSHG to
provide structural information in intact tissues is, however,
hampered by the lack of a comprehensive model to relate
the pSHG response to protein structural conformation and
3D macromolecular organization. The difficulty to develop
such a quantitative model is due to the coherent nature
of the SHG signal and to its dependence on molecular
orientation. Indeed, several parameters govern SHG inten-
sity in an intricate manner at different scales: (i) at the
atomic scale, the nature of elementary groups that are
sources of SHG (“harmonophores”) within the proteins,
(ii) at the molecular scale, the 3D spatial distribution of the
harmonophores within the proteins, and (iii) at the optical
scale (wavelength scale), the 3D macromolecular packing,
organization, and density of protein assemblies. Previous
efforts to elucidate the molecular source of SHG in fibrillar
collagen have identified that peptide bonds (PB) between
protein amino acids are likely to be the main SHG sources
at the atomic scale, and that tight packing of PBs in
collagen a chain results in an efficient coherent buildup of
the SHG signal at the optical scale [40—43]. Using similar
assumptions, we previously predicted the SHG response of
myosin proteins in different conformational structures and
physiological states [11].

In this work, we introduce and validate a comprehensive
computational framework to model the pSHG response
from an arbitrary macromolecular arrangement of proteins
of known molecular structure described by the atomic
positions in a Protein Data Bank (PDB) file [44]. We first
show experimentally that collagen, myosin, and tubulin
assemblies can be automatically identified and distin-
guished based on their pSHG response in a live zebrafish
embryo. We then present our computational framework
enabling the calculation of the second-order hyperpolariz-
ability tensor f of a protein array from the spatial
distribution of PBs at the optical scale, and the prediction
of the pSHG response of an arbitrary macromolecular
assembly. We show that our model is fully consistent with
experimental pSHG observations and that it can be used to
provide a molecular interpretation of SHG microscopy
signals in terms of protein ultrastructural conformation and
degree of protein organization.

II. RESULTS AND DISCUSSION

A. pSHG distinguishes different endogenous
proteins experimentally

In this section we investigate experimentally whether
pSHG microscopy can be used to distinguish different
proteins such as collagen, myosin, and tubulin in a live
organism such as a zebrafish (Danio rerio) larvae. For
this we have modified a multiphoton microscope to

perform pSHG microscopy (Appendix A 1) and developed
a new method to automatically perform pSHG analysis
(Appendix A 2). We first optimized the excitation and
detection conditions in our custom-built pPSHG microscope
[see Fig. 1(a) and Appendix A 1] in order to efficiently
image different protein assemblies. We chose an excitation
wavelength of 1150 nm because it results in reduced
scattering and endogenous intracellular multiphoton absorp-
tion compared to lower wavelengths [14,45]. We collected
the SHG signals with a sensitive GaAsP photodetector
placed in the forward direction path (see Appendix A 1).
We adapted the excitation power to the different types of
protein assemblies: collagen, myosin, and MTSs. In the case
of microtubules, which are significantly less efficient SHG
sources [12,17] than collagen and myosin, we increased the
excitation power by a factor of ~10 to obtain a similar
signal-to-noise ratio (Appendix A 1). Under these condi-
tions, we recorded in vivo SHG of collagen fibers in the tail
and fins [46], myosin in the skeletal muscles of the tail, and
microtubule bundles in the brain and spinal cord of the
zebrafish embryo [Figs. 1(b) and 1(c) herein and Fig. S1-S3
in Supplemental Material [47]]. The SHG efficiencies for
the three proteins in zebrafish embryos show that collagen is
the most efficient while microtubules are the least efficient
[Fig. 1]. We attribute the SHG intensity heterogeneity within
the images [Fig. 1(c)] and the large distribution at the pixel
base [Fig. 1] to different protein densities and 3D packing in
different regions of the tissue.

As depicted in Fig. 1(a), we used a rotating half-wave
plate located before the excitation objective to control the
incident polarization in the sample plane yz (Appendix A 1)
and collect pSHG responses. As expected, SHG intensity
depends on the incident polarization angle ¢, and the shape
of the polarimetric response is specific to each protein
assembly [Figs. 1(c) and 1(d)]. To quantify the pSHG
responses within the images, we first determined the
relative angle of the maximum (highest minimum) SHG
intensity with respect to the fiber axis for one-peaked (two-
peaked) pSHG profiles [see Appendix A 2 and Fig. 1(e)],
which results to be ~0° for collagen and microtubules
(larger SHG signal parallel to the fiber axis than
perpendicular to it) and ~90° for myosin (larger SHG signal
perpendicular to the fiber axis). According to the relative
angle, we then fitted the curves in a region of interest (ROI)
with Eq. (A21) in Appendix A 10 that is valid for cylindrical
symmetry. At the pixel level, we implemented a fully
automated image analysis method based on structure tensor
analysis [48] and FFT to detect fiber direction and calculate
the values of the pSHG anisotropy factor y in each pixel of
the image, independently of the protein type and fiber
orientation (Appendix A2 and Figs. S1, S2g, and S3f in
Supplemental Material [47]). The anisotropy factor y was
thus extracted from both the fits of ROI [Table IV and
Fig. 1(d)] and the FFT-based analysis at the pixel level
automated single pixel analysis [Fig. 1(f) herein and
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FIG. 1. Polarization resolved SHG (pSHG) measurements on different fibrillar structures in a live zebrafish larva at 5 days post
fertilization (dpf). (a) pSHG microscopy setup. A rotating half-wave plate (HWP) is installed before the objective and is used to
control the direction of the incident linear polarization in the yz imaging plane of the laboratory system. (b) Scheme of a zebrafish
larva at 5 dpf. Collagen and myosin signals are observed in the pectoral fins (i) and in the trunks (ii), while tubulin signals are
observed in the brain and spinal cord (iii). (¢) pPSHG images recorded at polarization angles ¢ = 0°, 40°, and 90° as indicated by the
arrows. pSHG raw data are displayed in Movies M1-M4 in Supplemental Material [47]. (d) Dependence of the SHG intensity in a
region of interest as a function of the incident polarization angle ¢ — ¢(, where ¢, is the angle of the protein fiber axis. Curves are
obtained by the least square fitting of Eq. (A21) (see Table IV). (e) Maps of the relative angle of the maximum (highest minimum)
SHG intensity with respect to the fiber axis for one-peaked (two-peaked) pSHG profiles extracted automatically with the structure-
tensor analysis and FFT-based analysis (Appendix A 2). (f) Maps of the anisotropy factor y for the three proteins calculated with the
FFT-based analysis (Appendix A 2) taking in account the relative angle of the maximum (highest minimum) SHG intensity. pSHG
distinguishes myosin and collagen within the same image based on the anisotropy factor. 3D stack of the SHG intensity, relative
angle, and anisotropy factor of the region containing both collagen and myosin are displayed in Movies M12-M 14, respectively
[47]. (g),(h) Pixel distribution of the total SHG intensity normalized by the square of the incident power (g) and anisotropy factor,
calculated with the FFT-based analysis (h) in the three proteins of the zebrafish embryo. (i) Theoretical standard deviation o, of the
anisotropy factor y as a function of the number of photons for the three types of structures: collagen (blue, y = 1.5), myosin (red,
y = 0.5), and microtubules (green, y = 2.5).
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Figs. S1-S3 [47] ]. y is expected to provide the ratio of the
two independent components of the second-order suscep-
tibility tensor y,.. and y,, in the cylindrical symmetry
approximation [Eq. (A25) in Appendix A 10].

The y anisotropy factors measured here in live embryos
are consistent with measurements previously reported in
literature in various proteins: y has been measured in the
range between 0.8 and 1.8 for collagen [20-22,25],
between 0.3 and 0.7 for myosin [11,21], and between
1.7 and 3.3 for microtubules [37-39].

Based on the anisotropy factor y, we find that pSHG can
distinguish between different sources of SHG at the pixel
scale [Figs. 1(f) and 1(h)], within the same image in 2D
[Figs. 1(d) and 1(f) last row] and in 3D structures (Movies
M12, M13, and M14 in Supplemental Material [47])
provided that the signal-to-noise ratio is sufficient.
For example, a total number of photons over the all
incident polarization between 300 and 1000 per pixel
is enough to measure the different values of y of different
proteins, collagen, myosin, and tubulin [Figs. 1(f)
and 1(h) and Table III], and therefore to distinguish
them (7tubulin — Ycollagen ~ 1’ Ycollagen — Ymyosin ~ 1’
Ytbulin — Ymyosin ~ 2). This is in agreement with the theo-
retical calculation [49,50] of the standard deviation of y
[6,(Nphotons)] as a function of the number of photons
[Fig. 1(1) and Figs. S4a and S4b]. To distinguish instead y
variations close to ~0.2, that correspond to different protein
conformations [11,36,38,39], less than 50 photons are neces-
sary for myosin (Fig. S4c [47]) while ~60 x 10° photons are
necessary for tubulin assemblies (Fig. S4d [47]). The low
microtubules SHG efficiency [Fig. 1(g)] and the larger
number of photons required to distinguish between different
tubulin conformations (Fig. S4d [47]) makes pSHG exper-
imentally more challenging in microtubules than in collagen
and myosin. Our experiments, combined with our automated
image analysis method, demonstrate that pPSHG profiles and
the anisotropy factor y can be used to discriminate between
the proteins collagen, myosin, and microtubule, providing
automated identification of these proteins in tissues in a label-
free and noninvasive way.

B. Modeling SHG response of proteins
from peptide bonds distribution

We develop a comprehensive numerical model that takes
into account the molecular structure of any protein
to accurately describe its pSHG response. Theoretical
approaches previously modeled the collagen hyperpolariz-
ability by using quantum chemical calculations on building
blocks and additive model [51-53]. A simplified model
often used in the literature [10,21,25,37,38] relates the
anisotropy factor y of proteins with complex 3D structures
to the average polar angle y of the SHG elementary sources
(or harmonophores) with respect to the fiber axis
[Eq. (A27) in Appendix A 12]. This approximation is

adequate for protein assemblies where harmonophores
alignment is present at multiple scales, such as in collagen
fibers. In fact in this case, the average polar angle measured
by pSHG is close to the pitch angle of the helices measured
by x-ray diffraction [21,25,26]. However, this model is too
simple to analyze the case of more complex assemblies
characterized by a broad angular distribution of proteins at
the optical level, or made of proteins where the secondary
structures (o helix and f sheet) are less aligned at the
molecular scale, such as in tubulin. Indeed in that case, the
SHG intensity and the anisotropy factor are expected to
depend at the same time on the average orientation, the
angular distribution, and the polarity of the elementary
harmonophores in the excitation volume.

To decipher the relationship between protein hyper-
polarizability and protein structure, we first identified
the elementary source of SHG within proteins, we used a
unique tensor component to describe its SHG response,
without any quantum calculation, and we then calculated the
protein hyperpolarizability f from its molecular structure in a
bottom-up manner. Molecules with z-electron donors and
acceptors with partial charge transfer between the two
groups are a source of nonlinear optical susceptibility [54].
Previous studies using sum-frequency vibrational spectros-
copy [55], hyper-Rayleigh scattering (HRS) [42,43], SHG
measurements [40], and theoretical calculations [51] have
determined that the primary molecular origin of SHG in
collagen is the delocalization of the z electron between
the -C = O and the -N-H of the PB [Fig. 2(a)].

We built a bottom-up model to predict the second-order
hyperpolarizability tensor and the pSHG response of
any protein, taking into account its molecular structure
[Fig. 2(b)], using the following assumptions.

(i) We assumed that the elementary source of SHG is
located in the PB independently of amino acid residue
along the protein chain (see Appendix A 6). We
assumed that the amide group -NH-CO-, which
composes the backbone of the protein structure,
has a preferred hyperpolarizability axis along the
C-N PB between the amino acids of the proteins (z’)
[Fig. 2(a)]; hence we considered only the hyper-
polarizability tensor component ... of the PB. Thus
we neglected all its other hyperpolarizability tensor
components, relying on previous quantum chemistry
calculations that showed that they are typically at least
a factor of 3 smaller in magnitude [41]. The impact of
this approximation will be discussed in Sec. I C.

(ii) We made the assumption of a weak coupling between
the SHG harmonophores along the PB within the
protein, which allows us to calculate the bulk second-
order hyperpolarizability tensor by coherent summa-
tion of all the individual SHG emitters weighted
by their orientations, as already assumed by other
theoretical studies [40-42,51,53,60]. Of note, as-
sumptions (i) and (ii) neglect the possible contribution
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FIG. 2. Modeling pSHG from protein peptide bonds distribution. (a) Peptide bond (C—N) 7 orbitals represented by their two
resonance forms with a preferred hyperpolarizability axis along z'. (b) Multiscale distribution of peptide bonds between amino acids
(AA) at the atomic scale (A), molecular scale in helix (nm) and protein (10 nm), and at the optical scale in protein assemblies (um). The
7/(n) axis along the peptide bond n between the AA (n) and the AA (n + 1) is defined in the xyz laboratory system by the angle 0.3
The protein axis z,, is aligned along the z laboratory axis. (c) Three-dimensional reconstruction of the peptide bonds distribution of
proteins from their molecular structure extracted from PDB files: collagen triple helix [56], myosin tail [57], reconstructed microtubule
in GTP-tubulin state [58], and actin filament [59]. Nitrogen atoms are represented by black dots, while carbon atoms are represented by
colored dots and the PBs by colored lines. 3D reconstructions are displayed in Movies M7-M11 [47]. All the proteins are lying in the
imaging plane yz and their axis z,, is aligned with the laboratory z axis. (d) Distribution of 8, angles between the peptide bond axis z’
and the laboratory z axis. (e) Simulated SHG intensity per number of peptide bonds as a function of the polarization incident angle ¢.
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TABLE I. Modeling different proteins.
1(q . -

Protein Ipg® el r=1 1(¢éfro9)0°) g“ 0., SD(,) DCS
Collagen 0.062 0.25 1.40 1.41 52° 9° 0.07
Myosin tail 0.017 0.130 0.44 0.49 72° 12° 0.15
Tubulin dimer (GTP-tubulin) 0.003 0.056 1.48 3.70 83° 37° 4.33
Microtubule (GTP-tubulin) 0.002 0.044 2.49 2.49 83° 37° 0.01
Actin 2.4 %107 0.005 1.93 -39 90° 38° 3.78

“The simulated average SHG intensity per PB (Ipg), the effective protein hyperpolarizability per PB (L), the
anisotropy factor y, the ratio of the hyperpolarizability tensor components and deviation from the cylindrical
symmetry (DCS) are calculated as described in Appendix A 10.

The average 6. and the standard deviation SD(6../) of the angular distribution of the PBs are extracted from the
molecules structure of the proteins as described in Appendix A 6.

of aromatic amino acids (His, Phe, Trp, Tyr) [41,61].
We expect that these assumptions may impact the
modeling of proteins containing a non-negligible
number of aromatic amino acids such as tubulin.
For collagen triple helix and myosin tail we do not
expect deviation from the model as there are no
aromatic amino acids. Introducing the contribution of
the aromatic amino acids would require a more
advanced modeling that is beyond the scope of this
paper [61,62]. The relevance of this approximation
will be further commented on in Sec. IIL

Since protein lengths (=10 nm) are negligible com-
pared to the optical wavelength (21 pm) we did not
take into account the retardation of the exciting field
and the harmonic field along proteins.

(iv) We considered the case of plane-wave excitation
and neglected the effect of the Gouy phase shift of
strongly focused beams, which was shown to have
only a limited effect on measured second-harmonic
tensorial responses [63]. The impact of this approxi-
mation will be evaluated in Sec. IIC and in Sup-
plemental Material B [47].

(v) Finally, we neglect the effect of birefringence,
diattenuation, and depolarization due to scattering
of the excitation beam, as well as polarization
scrambling upon scattering of the harmonic signal
that occurs in thick anisotropic tissues and depends
both on the scattering coefficients and on imaging
depth [30,63-66]. The impact of this approximation
will be discussed in Secs. II C and IIL

We considered the structures of the following proteins:

collagen triple helix, myosin a-helical coiled-coil tail,
tubulin dimer (GTP-tubulin), microtubule in different
molecular conformations (GTP-tubulin, GDP-tubulin, and
taxol-bound tubulin), and actin (Table V and Appendix A 6).
We note that, as the myosin tail dominates the pSHG
response of the entire myosin molecule in terms of both
PB number and organization [11], for simplicity we do not
consider here the myosin head. For each case, we first
extracted the locations and the orientations of all the PBs
between amino acids from the atomic coordinates of the

(iif)

protein of interest in the Protein Data Bank [44] [Fig. 2(b)
and Appendix A 6]. We reconstructed the three-dimensional
distribution of PBs [Fig. 2(c) herein and Figs. S5 and S6, and
Movies M7-M11 in Supplemental Material [47] ], plotted
the distribution of the polar angles 6/ of the harmonophores
[Fig. 2(d)], and measured the average 9ZZ/ and the standard
deviation SD(6,./) of the angular distribution (Table I).
Second, considering a coherent summation of the
responses of all individual PBs in the protein [Eq. (A8)],
we calculated all the components of the second-order
hyperpolarizability tensor fpg normalized to the number
of PBs [Egs. (A10)—-(A16) in Appendix A 9]. Finally, we
simulated the pSHG signal as a function of the polarization
incident angle ¢ using the f;; components, both for the
general case [Eq. (A20)] and in the case of cylindrical
symmetry [Eq. (A21)] [see Appendix A 10, Fig. 2(e) herein,
and Figs. S7 in Ref. [47] ]. We used the following metrics to
describe the SHG responses of every protein: the simulated
average SHG intensity per PB (Ipg), the effective protein
hyperpolarizability per PB (f55), the anisotropy factor y
calculated as the ratio of the SHG intensities along and
perpendicular to the protein main axis, and the ratio of the
two hyperpolarizability tensor components ... /f. .. using
Egs. (A22)—(A25), respectively (see Appendix A 10). The
two latter metrics y and f3,., /.., aim to quantify the validity
of the cylindrical symmetry in every protein of interest
because they provide similar results only if the cylindrical
symmetry is valid. For the same purpose, we defined the
deviation from the cylindrical symmetry (DCS) with
Eq. (A26) (see Fig. S7d [47]).

C. Peptide bond SHG model reproduces
experimental results

We first confirmed that the characteristic shapes of the
PSHG profiles predicted from the PDB protein structures
[Figs. 2(e) and 3(a)] are similar to the experimental shapes
[Fig. 1(d)] for all proteins. The simulated pSHG profile per
PB has different amplitudes for the different proteins
considered [Fig. 3(a)], and therefore the computed average
SHG intensity per PB (Ipg) has different magnitudes
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averaged over all the incident polarization angles ¢. (c) Comparison between the experimental SHG intensities normalized by the
square of the incident power and the modeled SHG intensity per PB (Ipg). (d) Modeled effective protein hyperpolarizability per PB

¢i'). (€) Average and standard deviation of the 6, PB polar angle distribution. (f),(g) Effective protein hyperpolarizability per PB
as a function of the average (f) and standard deviation of the 6,,, PB polar angle distribution (g). (h) Modeled anisotropy factor y.
(i) Comparison between the experimental anisotropy factor and the modeled anisotropy factor y. (j) Deviation from cylindrical

symmetry (DCS).

[Table I and Fig. 3(b)]. Ipg accurately accounts for
experimental SHG measurements in collagen, myosin,
and microtubules [Fig. 3(c)]. While collagen has the
highest SHG efficiency per PB, microtubules total SHG
intensity is predicted to be 2 orders of magnitude smaller
[Figs. 3(a) and 3(b)], in agreement with experiments
[Fig. 1(g) and previous literature [12,17] ]. The calculations
also predict that SHG efficiency per PB is 4 orders of
magnitude smaller for actin than for myosin, consistent
with experimental evidence that actin filaments do not
efficiently produce SHG, while myofilaments do [10,67].

We note that the computed average SHG intensity per PB
(Ipg) is calculated only from the molecular hyperpolariz-
ability (f) of the proteins (Appendix A 8), without any
consideration of density or macromolecular organization.
In contrast, the experimental SHG measurements at optical
scale in tissues are determined by the bulk response of the

tissue, the so-called susceptibility tensor y(?), that depends
not only on the molecular hyperpolarizability but also on
the organization and the degree of alignment of the protein
assemblies at the optical scale as well as on their density
inside the focal volume [Eq. (A2)]. Indeed, the effective
susceptibility y°T of a tissue is calculated by multiplying
the effective protein hyperpolarizability per PB (4) with
the density of PBs, i.e., the number of PBs per volume (V):
2 = Npg x Sl /e, V, in the basic case of proteins aligned
within the imaging plane (see Sec. II D for more complex
protein assemblies). While this explains the heterogeneous
SHG intensity in the tissues [Figs. 1(c) and 1(g)], we
nevertheless find similar orders of magnitude between
proteins [Fig. 3(c)].

We then evaluated the effective hyperpolarizability per
PB At [Eq. (A23)] for the different proteins [Table I and
Fig. 3(d)] and analyzed how it relates to the distribution of
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the PBs inside the protein [Fig. 3(e)]. In particular, we
found that g is anticorrelated with the mean value of
the PB polar angles ézz’ [Table 1 and Fig. 3(f)]. For
example, the collagen protein is characterized by 0., =
52° and exhibits a large effective hyperpolarizability, while
microtubules are characterized by 6, = 83°, and have a
one order of magnitude smaller effective hyperpolarizabil-
ity [Figs. 3(d), 3(e), and 3(f)]. Actin is characterized by
6., = 90°, and has an effective hyperpolarizability 2 orders
of magnitude smaller than collagen. This is consistent with
the fact that centrosymmetric distributions of PBs (with
6. = 90°) cannot act as efficient sources of SHG. Along
the same line, we also observed that there is an anticorre-
lation of the protein effective hyperpolarizability with the
standard deviation of the angular distribution of PBs
SD(6..) [Fig. 3(g)]. In general, structures with limited
PB angular dispersion such as collagen triple helix and
myosin a-helical coiled-coil tail have a higher effective
hyperpolarizability than structures with large PB angular
dispersion such as microtubules [Figs. 3(d), 3(e), and 3(g)].

To further validate our model, we estimated the absolute
value of the effective hyperpolarizability for proteins of
known length by multiplying the computed effective
protein hyperpolarizability per peptide bond ﬂi%% by
the number of peptide bonds and by the previously
estimated [43] hyperpolarizability of the peptide bond
Poss =0.67x 10730 esu (see Appendix A 13). For a
[(Pro-Pro-Gly),,]5 collagenlike polypeptide whose size is
negligible compared to the optical wavelength, our model
predicts a value of Sl = 14.6 x 107 esu, consistent with
experimental values previously reported using HRS [42]
(Table VIII).

Finally, we evaluated the anisotropy factor y [Eq. (A24)]
for the different proteins considered [Fig. 3(h)]: we
calculated y = 1.4 for collagen, 0.44 for myosin tail,
and 2.49 for microtubules (GTP-tubulin), in good agree-
ment with our experimental measurements [Figs. 1(d),
1(f), and 3(i)] and with values reported in literature
[10,11,20,21,24-26,28,36-38]. The modeled y for myo-
sin tail is in agreement with the modeled values for the
entire myosin molecule in resting state [11] as well as
with experimental measurements in resting state [11,36].
For collagen protein, we found that the hyperpolariz-
ability tensor component f,,, is significantly larger in
magnitude than the other contributing tensor component
(B > P.w) [Eq. (A10)], in agreement with previous
theoretical modeling (Table SI in Supplemental
Material A [47]) [51-53].

To estimate the impact of the assumption of unique
hyperpolarizability tensor component f3» for the elemen-
tary harmonophore PB, we considered also the second
biggest component of the tensor, by introducing a
perpendicular dipole in the plane of the amide group
(=3 times smaller than the PB dipole as estimated in
Ref. [41]), and we obtained only a slight variation

(=15%-20%) in the y value of collagen. We note that
modeling the tensor with one unique hyperpolarizability
component f,. gives in collagen the best agreement
with the experimental values [Figs. 1(f) and 1(h) and
Refs. [10,20,21,24-26] ] and is in perfect agreement with
the quantum mechanical calculations by Tuer et al. [51].
Other previous theoretical modeling in collagen, that
considers all the components of the amide tensor [53]
and uses a nonlinear optical prediction and data analysis
plugin (NLOPREDICT) [68], obtained different values of the
anisotropy factor of collagen depending on the quantum
chemical calculation method used (see Supplemental
Material A [47] and Table SI). We also note that, by
assuming a unique hyperpolarizability tensor component of
the elementary harmonophore, we cannot account for the
chiral-specific SHG of proteins. However, as chiral-specific
SHG is typically ~10 times smaller than the achiral
SHG [69], we expect that neglecting all the other tensor
components would not significantly affect the calculations.
On the other hand, modeling of chiral-specific SHG would
require us to consider the magnetic dipolar response of the
elementary harmonophore, which is beyond the scope of
this paper [69].

We also evaluated the relevance of the cylindrical sym-
metry approximation. For collagen, myosin tail, and micro-
tubules, the computed pSHG profiles [Fig. 2(e) herein and
Fig. S7b, Ref. [47]] show good resemblance with the
cylindrical symmetry pSHG profiles (Fig. S7c), resulting
in low values of DCS [Fig. 3(j)] and a good agreement
between y calculated with the SHG intensities [Eq. (A24)]
and f_../p.. [Eq. (A25)] calculated with the hyperpolariz-
ability tensor components (Table I). In contrast, for tubulin
dimer (Fig. S5d) and actin filament (Fig. S7) there is a
discrepancy between the pSHG profiles for the general case
and the cylindrical symmetry assumption (Fig. S7), resulting
in high values of DCS and a big difference between y and
B.../ P values (Table I). We note that, while tubulin dimers
do not have cylindrical symmetry themselves, the cylindrical
symmetry of microtubules derives from the arrangement of
tubulin dimers in 13 protofilaments assembled around a
hollow core [70]. We further confirmed that for structures
with low DCS (collagen, myosin, and microtubules), for
which the cylindrical symmetry is valid, the computed
P..o/Po values are in agreement with the values fitted
with Eq. (A21) assuming cylindrical symmetry (Table VI).

We estimated the impact of the plane-wave approximation
in the calculation of the anisotropy factor (see Supplemental
Material B [47]). We first estimated the electric field
depolarization induced by a high numerical aperture objec-
tive used in our experimental work (NA = 1.04). We found
that the axially polarized (x-polarized) electric field compo-
nent has a maximum intensity of approximately 30% of the
maximum of the polarized component in the imaging plane
(z polarized). The values of the anisotropy factor calculated
without the plane wave (see Table SII in Supplemental
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Material B) slightly differ from the ones with a plane wave,
but they are still in good agreement with the experimental
values measured in our paper (Figs. 1 and 3) and in previous
literature [11,20-22,25,37-39].

We point out that the anisotropy factor y in anisotropic
thick tissues can also be affected by diattenuation or, to a
lesser extent, birefringence experienced by the incident
excitation in depth [30,63—-65,71]. Nevertheless, previous
numerical simulations and experiments in rat-tail tendon
showed that birefringence and related effects do not affect
significantly the value of the anisotropy factor at depths
smaller than 40 m [63,64], while pSHG imaging experi-
ments in collagen and myosin were performed in this work
at 20 m depths (Table III). Strong diattenuation of the
incident laser can affect the anisotropy factor y, as observed
in rat-tail tendon, because of much stronger scattering
for polarization perpendicular to the fibers’ direction than
parallel to them. However, we image here in tissues with
modest diattenuation ratio, as the scattering coefficient of the
brain of zebrafish embryo at 5 days post fertilization (dpf)
is moderate, since it is constituted mainly by cell bodies.
Moreover, the excitation wavelength of 1150 nm used in this
work strongly reduces scattering, so that attenuation is
strongly reduced and diattenuation is thus negligible. It
explains why the values of the anisotropy factor modeled
here (Table I), neglecting both birefringence and depolari-
zation, are in good agreement with the experimental values
measured in zebrafish [Figs. 1(d), 1(f), and 3(i)].

A simplified model is often used in literature
[10,21,25,37,38], using a single polar angle yw of the
harmonophores with respect to the fiber axis [Eq. (A27)
in Appendix A 12]. We point out that such a model is
appropriate only for the case of collagen where the PB
distribution is narrow and y is equivalent to the average 6.
of the PB polar angle distribution [Fig. 2(d) and Table VII
in Appendix A 12], resulting in a correct prediction of
the effective hyperpolarizability per PB (Table VII). For
structures where the PB angular distribution is broader,
such as myosin and microtubules, however, the simplified
model fails to describe the actual PB distribution [Fig. 2(d)
and Table VII] and to estimate the effective hyperpolariz-
ability per PB fSif (Table VII). As the angular distribution
of the harmonophores in the protein broadens, the discrep-
ancy between the two models increases (Table VII),
illustrating the need to use our more comprehensive
approach to properly account for the complex dependence
of the protein hyperpolarizability tensor f on the 3D
angular distribution of PBs within the protein.

D. Modeling 3D protein assemblies

To further demonstrate the potential of our model, we
predicted the SHG signals at the optical scale depending on
protein spatial organization using microtubule assemblies
as an example. The SHG bulk properties y(® of tissues
are determined both by the values of the molecular

hyperpolarizabilities of proteins f as well as by the
organization and the degree of alignment of the SHG
protein assemblies at the optical scale [Eq. (A2)]. The
critical parameters that modulate SHG signals and the bulk
7' in tissues are thus the protein density, the orientation
of the proteins with respect to the optical axis, the
orientation distribution of the proteins, and the polarity
within the focal volume. We considered the following
microtubules assemblies (Fig. 4): (i) microtubules lying out
of the imaging plane zy, with different out-of-plane angles
a [Fig. 4(a)], (ii) microtubule assemblies with various
amounts of angular dispersion 6 out of the imaging plane
[Fig. 4(b)], and (iii) microtubule assemblies with different
polarities [Fig. 4(c)].

Our calculations indicate that increasing the out-of-plane
angle o results in a decrease in pSHG modulation
[Fig. 4(d)] and in total SHG intensity with a minimum
at o = 90° when the microtubule is aligned along the laser
propagation axis x. The f,../f.., ratio calculated with the
hyperpolarizability tensors components increases with a,
similar to the case of collagen in a previous publication [72]
while y calculated with SHG intensities decreases with «
[Fig. 4(e)]. DCS increases with a with a maximum at
a = 90° [Fig. 4(e)]. We note that y = (f3,../f...) only in
the case of cylindrical symmetry when the microtubule
lies in the imaging plane yz, while the difference between
y and f... /.., increases with DCS [Fig. 4(e)]. Increasing
the angular dispersion angle § of the microtubule distri-
bution also causes a decrease in SHG intensity and pSHG
modulation [Figs. 4(f) and 4(g)]. The predicted increase
of f.../P... with & [Fig. 4(g)] is also similar to previous
calculations in collagen [23,25,63]. We predicted a
smaller decrease of y with a and we observed that the
discrepancy between f,../f... and y goes along with an
increase of DCS [Fig. 4(g)]. Finally, the simulation
of microtubule assemblies with different polarities
[Fig. 4(h)] predicts a quadratic dependence of the SHG
intensity on the number of microtubules with the same
polarity [Fig. 4(i)]. Maximum SHG is expected when all
microtubules have the same polarity such as in axons, and
minimum SHG is expected from microtubule assemblies
with mixed polarity such as in dendrites, as experimen-
tally observed [16,17,73].

E. Modeling microtubules with different tubulin
molecular conformations

To further demonstrate the potential of our modeling
and its sensitivity to protein ultrastructure, we modeled
and predicted pSHG signal in microtubules with different
tubulin molecular conformations that are highly relevant
from a biomedical point of view. This section is based on
published tubulin structural information [58] combined
with our predictive modeling. Microtubules are essential
for cell morphology, intracellular transport, and cell divi-
sion. Microtubule network is highly dynamic and its
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FIG. 4. Modeling pSHG intensity in a 3D macromolecular distribution of microtubules (a) schematic a microtubule tilted out of the yz
imaging plane by an angle a. (b) Schematic of a microtubule distribution with angular spread d. (c) Distribution of microtubules with the
same polarity and with opposite polarity. (d)—(h) Calculated SHG intensity per peptide bond as a function of the polarization incident
angle ¢ for different out-of-plane angles « (d), different values of the microtubules angular spread 6 (f), and percentage of microtubules
with the same polarity (h). (e)—(i) Calculations of SHG intensity per PB Ipg, anisotropy factor y (red circles), the ratio (black squares)
of the hyperpolarizability tensor components /... and f,,, and deviation from cylindrical symmetry as a function of the microtubules

out-of-plane angle a (e), angular spread 6 (g), and polarity (i).

dynamic instability is regulated by the biochemical tran-
sition of single tubulin dimers defined by GTP hydrolysis.
When bound to GTP the tubulin dimer is stable while
GDP-bound conformation is unstable and prone to depo-
lymerization [74]. Anticancer agents like taxol stabilize
microtubule network by increasing the GTP-bound tubulin
dimer conformation, therefore suppressing microtubule

dynamics, blocking mitosis and tumor cell proliferation
[75,76]. The tight connection between tubulin ultrastruc-
ture [58] and microtubule polymerization state and hence
the stability of the microtubule lattice is thus highly relevant
to cancer [76] as well as to many neurodegenerative
diseases [77,78]. Here we performed simulations of micro-
tubule in different molecular conformations (GDP-tubulin,
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Modeling pSHG from different microtubule molecular conformations. (a) Microtubule and tubulin dimer in GDP-bound

conformation (gray) that is highly unstable and stabilized by taxol drug (cyan). High resolution structures are extracted from Ref. [58].
Tubulin dimer molecular structure is represented with ccp4 molecular graphics. (b) Distribution of 8, angles between the peptide bond
axis 7' and the laboratory z axis in GDP-tubulin (gray) and taxol-bound tubulin (cyan) microtubule conformation. (c¢) Simulated SHG
intensity per number of peptide bond as a function of the polarization incident angle ¢ in GDP-tubulin (black) and taxol-bound tubulin
(cyan) microtubule conformations. (d),(e) Modeled average SHG intensity per peptide bond averaged over all the incident polarization
angles ¢ (d) and anisotropy factor y (e) in GTP-tubulin (green), GDP-tubulin (gray), and taxol-bound tubulin (cyan) microtubule

conformations.

GTP-tubulin, and taxol-bound tubulin) whose structures
have been determined by CryoEM with high resolution by
Alushin et al. [58]. Changes in microtubule biochemical
state lead to a structural rearrangement of the secondary
structures of the tubulin dimer [Ref. [58] and Fig. 5(a)]
that is reflected by a subtle change in distribution of the
polar angles 6,/ of the PBs with respect to the microtubule
axis [Fig. 5(b) and Table II]. The simulated pSHG profiles
per PB in microtubule have slightly different amplitudes

for the different microtubule molecular configurations
considered [Fig. 5(c)], and therefore the computed aver-
age SHG intensity per PB (Ipg) has different magnitudes
[Table II and Fig. 5(d)]. Our simulations indicate that
microtubules stabilized by taxol have the highest SHG
intensity per PB in agreement with Van Steenbergen et al.
[17] who observed experimentally an overall increase
of SHG intensity in microtubules stabilized by taxol. Our
model predicts a similar average SHG intensity per PB for

TABLE II. Modeling different tubulin molecular conformations associated with microtubule (de)polymerization.
. o 1(q ez -

Protein Ipg* b T VT <«z§i°9)0°> Pexs 0.." SD(0..) DCS

Microtubule (GTP-tubulin) 0.0020  0.0448 2.488 2494 8335°  36.73°  0.010

Microtubule (GDP-tubulin) 0.0021  0.0461 2.711 2713 83.32°  36.32°  0.017

Microtubule (taxol-bound tubulin)  0.0023  0.0478 2.556 2.557 82.87° 36.52° 0.012

“The simulated average SHG intensity per PB (Ipg), the effective protein hyperpolarizability per PB (i), the

Pz =

P v 1atio calculated with SHG intensities, the anisotropy factor y, calculated with the hyperpolarizability

tensor components, and deviation from the cylindrical symmetry are calculated as described in Appendix A 10.
"The average 0., and the standard deviation SD(G /) of the angular distribution of the PBs are extracted from the
molecules structure of the proteins as described in Appendlx A6.
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GTP-tubulin and GDP-tubulin configuration, while Van
Steenbergen et al. [17] reported higher hyperpolarizabil-
ties for GTP-tubulin dimers using HRS. The reason for
this disparity could potentially be attributed to the fact that
our model neglects the aromatic amino acid contribution
or to a possible aggregation of dimers in HRS solution.
More importantly, we point out that using uniquely SHG
intensity to experimentally probe microtubule conforma-
tion [17] is challenging because in GTP-tubulin micro-
tubules there is also a decrease in dimer density (tubulin
dimer axial repeat change of 2.4% from GTP-tubulin to
GDP-tubulin conformation [58]) as well as a macromo-
lecular rearrangement of microtubule organization and align-
ment that affect the SHG efficiency. On the other hand, the
evaluation of the anisotropy factor y represents a more robust
measurement since it is ratiometric. We evaluated the
anisotropy factor y for the different microtubule conforma-
tions [Fig. 5(e)]. Our simulations show that taxol-bound
tubulin configuration has a higher value of y compared to
GDP-like structure as previously reported experimentally
[38,39]. We also found similar values of the anisotropy
factor y for GTP-tubulin and taxol-bound tubulin states
confirming that no major conformational differences are
observed at the molecular level between these two states,
while their molecular structure differs from the structure of
GDP-tubulin [58].

Overall, our simulations demonstrate the exquisite sen-
sitivity of our model to the molecular structure of micro-
tubules associated with different biochemical states and
stability by predicting changes both in SHG intensity and in
anisotropy factor y in stabilized microtubules [Figs. 5(d)
and 5(e)]. This result shows the promise of this bottom-up
approach to predict and elucidate molecular level alterations
due to either mutations or post-translational modifications
that might occur in different types of diseases; recent work
indeed demonstrated that a mutation can affect the structure
of a protein as well as its hyperpolarizability [79]. Our
modeling could be, for example, helpful to quantitatively
interpret SHG measurement [13,17] in the context of
interaction with microtubules associated proteins such as
tau [80]. We anticipate that this modeling will help us
understand how tau protein stabilizes bundles of axonal
microtubules at the molecular and macromolecular level and
how it fails to do it in the context of neurodegenerative
diseases [81-83], as well as the dynamic interplay between
microtubule molecular conformation and molecular motors
such as kinesis [39] that are essential for axonal transport.
Our modeling would also be relevant to cardiopathies by
interpreting the deviation from the healthy pSHG anisotropy
factor due to myosin mutations [36] in terms of myosin
molecular and structural conformation [11].

III. CONCLUSIONS

In this work, we established and experimentally vali-
dated a comprehensive bottom-up numerical model for

predicting SHG of protein assemblies from their molecular
structure and for identifying different protein types,
conformations, or assemblies in pSHG images. Our model
links the micrometer-scale measurements provided by
SHG microscopy to the proteins’ atomic-scale structure
as determined by CryoEM, x-ray crystallography, or deep
learning based approaches [84—-86]. The main novelty of
our model is that it is based on a simple hypothesis (SHG
dipole along the peptide bond, unique hyperpolarizability
tensor component) without any quantum mechanical cal-
culations of building blocks, so that it can be used for
any protein with a complex 3D structure, not just simple
and small proteins with helical structure like collagen.
Moreover, besides the hyperpolarizability, our model pro-
vides the calculation of a series of parameters of interest
(the anisotropy factor as well as the SHG intensity per
peptide bond and the deviation from cylindrical symmetry)
for the identification and the comparison of different
proteins. Using the spatial distribution of PBs within the
protein assemblies extracted from their atomic coordinates
in the PDB, we calculated the second-order hyperpolariz-
ability tensor f; ;. We then predicted the resulting pSHG
profiles as a function of the polarization incident angle ¢
and analyzed the deviation from cylindrical symmetry
(Fig. 2 herein and Fig. S7 in Supplemental Material [47]).
Our model predicts SHG efficiency (Ipg) and anisotropy
factor y for collagen, myosin, microtubules, and actin that
are in good agreement with experimental measurements in
live zebrafish larvae (Fig. 3) and consistent with previously
published observations.

Our work clearly demonstrates with both experiments
and modeling that pSHG and the anisotropy factor y can be
used to discriminate the three main sources of endogenous
SHG in biological tissues (collagen, myosin, and micro-
tubule), which establishes the specificity of this label-free
imaging method [Figs. 1(f), 1(h), 3(a), and 3(h)]. We
further combine pSHG analysis with automatic detection
of fiber orientation and thus provide the first demonstration
of automated identification of proteins from their pSHG
signal independently of fiber orientation. We also demon-
strate that the observed y value ranges for these proteins
([01] for myosin, [12] for collagen, and [23] for micro-
tubule) have a fundamental origin in the molecular
structures of these proteins.

This comprehensive bottom-up computational approach
unveiled the dependence of these parameters on the
3D distribution of peptide bonds within the proteins
[Figs. 3(e)-3(g)]. We showed that such a model is neces-
sary to account for SHG by protein and assemblies with
broad distribution of PB orientations such as microtubules
and protein complexes. In contrast, commonly used sim-
plified model using a single polar angle fails at predicting
SHG from such structures (Table VII).

With this computational framework, we also estimated
absolute values of the effective susceptibility of small
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polypeptides and obtained results consistent with HRS
measurements in collagen [42] and tubulin [17] (Table VIII).
We predicted the dependence of pSHG in microtubule
assemblies on their 3D macromolecular arrangement,
revealing a specific dependence on the out-of-plane angle,
the angular spread, and the polarity of microtubule assem-
blies (Fig. 4). Finally, using published structural information,
we demonstrated the sensitivity of our modeling to the
changes in the molecular conformations of microtubules
(GTP-tubulin, GDP-tubulin, and taxol-bound tubulin) asso-
ciated with their (de)polymerization state (Fig. 5), opening
the way to quantitative interpretation of SHG signal in terms
of conformational changes of microtubules and of their
interaction with microtubule associated proteins [38,39,81].

The fact that values of Ipg, S, and y predicted with our
model are generally consistent with experiments validates
this model and its approximations. We showed that the
assumption of plane wave has a little influence on the
prediction of the anisotropic factor. In the context of more
scattering or in anisotropic tissues in which diattenuation,
birefringence, and imaging depth are not negligible, a
model accounting for these parameters would be necessary
to predict correctly the anisotropic factor y [63,65,60].
Also, we considered only the PB contributions to SHG and
neglected the contribution of aromatic amino acids. This
approximation looks reasonable not only in proteins with-
out aromatic amino acids (collagen and myosin tail) but
also in tubulin, where aromatic amino acids are more
abundant. Despite their significantly bigger hyperpolariz-
ability with respect to PBs (~2-7 fold) [43,61,62], aromatic
amino acids might not contribute significantly to the SHG
contrast because their signal cancels out due to their random
orientation within the protein. Integrating the contributions
of aromatic amino acids would possibly allow a more precise
prediction of SHG from structures with large number of such
residues, such as tubulin assemblies, where their organiza-
tion may also depend on the protein molecular conformation.
However, we note that, despite neglecting the aromatic
amino acids, we already have a good prediction of SHG
generation (Ipg) and anisotropy factor y in different molecu-
lar conformations (GDP-tubulin, GTP-tubulin, and taxol-
bound tubulin) of microtubules.

In conclusion, we demonstrated that a bottom-up multi-
scale model precisely accounts for the structural informa-
tion held in pSHG measurements. This methodological
advance holds promise for developing pSHG microscopy
into an ultrastructural probe, able to detect allosteric
biochemical changes and protein structural rearrangements
during physiopathological processes. We believe that our
model creates a foundation to elucidate protein structural
alterations in different contexts such as neurodenenerative
diseases and cardiomyopaties. For example, accurate
pSHG modeling opens opportunities to shed light on
supramolecular arrangements of p-sheet assemblies in
amyloid proteins misfolding and fibrils aggregations [87],

helping us to understand aberrant organizations observed in
neurodegenerative diseases [88,89]. Our method could also
be used for characterizing organized biomaterials and
scaffolds in the context of tissue engineering [90,91] as
well as to guide the design of proteins and materials that
have strong SHG efficiency.

All data and scripts and codes written in MATLAB or data
analysis and modeling will be uploaded in the Zenodo
repository [92].

ACKNOWLEDGMENTS

This work was supported by the Agence Nationale
de la Recherche (ANR) under Contracts No. ANR-10-
INBS-04 France Biolmaging, No. ANR-11-EQPX-0029
Morphoscope2, and No. ANR-15-CE11-0012-01
NLOMMIIT. We thank Emilie Menant for zebrafish hus-
bandry and Guy Malkinson for early work on tubulin SHG
signal detection in the zebrafish brain.

C.S., E.B.,, and W.S. designed the experiments.
E.B., C.S,, and P. M. implemented the microscopy setup.
B. A. performed experiments and analyzed the data. C. S.
designed the modeling and performed the numerical
calculations. C. S. and M.-C. S.-K. designed and performed
the analytical calculations. X.Z. and A. C. developed the
workflow for automated fiber detection.

The authors declare no conflicts of interest.

APPENDIX: MATERIAL AND METHODS

1. Polarization resolved SHG microscopy
in zebrafish embryos

We performed pSHG imaging on a custom-built laser
scanning two-photon upright microscope that is equipped
with a femtosecond laser source (80 MHz, 1150 nm, 100 fs,
Insight X3, Spectra-Physics, Santa Clara, CA, U.S.), galva-
nometric scanners (VMS500S, GSI Lumonics, Bedford, MA,
U.S.), and a water immersion objective (25x, 1.05 NA,
XLPLN25XWMPm Olympus, Japan). The SHG signal
was forward collected, using a high NA condenser
(Olympus, Japan), GaAsP detector (Hamamatsu H7422-
40 GaAsP detectors, Japan), and bandpass filter (Semrock
FF01575/19 nm). Polarization control was performed with
a rotating half-wave plate (Fichou, France) before the
objective, as described in a simplified schematic of micro-
scope in Fig. 1(a). The polarization control and the image
acquisition was performed using a custom written software
written in LabView (National Instruments, U.S.) and an I/O
board (PCI-6115, National Instruments, Austin, TX, U.S.).

We performed SHG imaging on a zebrafish embryo from
a wild type fish line at 5 days post fertilization (5 dpf). After
anesthetizing the embryos in 0.16 mg/mL in Tricaine (MS-
222 Sigma, cat E10521, St. Louis, MO, U.S.) solution for
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TABLE IIl. Imaging parameters in Fig. 1.

Protein or structure Power (mW) Pixel dwell time (ps) Depth (pm) N photons yto
Collagen 10 10 20 852 1.63 £0.16
Myosin 30 5 20 1014 0.46 +0.04
Tubulin 100 20 100 217 2.23+0.43
Collagen in collagen + myosin 20 10 20 794 1.62 £0.11
Myosin in collagen + myosin 20 10 20 459 0.46 +0.13

10 minutes, we embedded them in 1% low melting point
agarose (Invitrogen, cat 15517014, Carlsbad, CA, U.S.) for
imaging adding Tricaine. The acquisition of pSHG images
was performed every 10° from 0° to 180°. The acquisition
time of a pSHG stack was on the order of 20-90 sec for a
100 x 100-500 x 500 pixels image with pixel dwell time
of 5-20 ps/pixel with a 10-100 mW excitation power and
a signal level of typically 200-1000 photons/pixel for the
sum of polarizations (See Table III). The mean powers used
for imaging collagen, myosin, and microtubules are 10, 30,
and 100 mW, respectively (see Table III). We performed
imaging of collagen in the pectoral fin at 20 pm depth,
myosin in the muscles of the tail at 20 pm depth, and
microtubules in the spinal cord were imaged at a depth of
100 pm in zebrafish embryos from the dorsal side [see
Fig. 1(b)]. We determined experimentally a power limit of
100 mW to perform pSHG measurements in live 5 days
post fertilization (dpf) zebrafish embryos without induc-
ing visible damage. After imaging we kept the fish alive
for another 24 hours and we verified their survival and
correct development. We performed imaging of the
pectoral fin at 20 pm depth where collagen fibers and
muscle fibers are present in the same region in zebrafish
embryos imaged from the dorsal side.

2. Image analysis

Image analysis was done using Fiji [93] (NIH, Bethesda,
MD, U.S.), a custom written program in MATLAB and
PYTHON code. We first registered the pSHG stack with the
plugin StackReg in Fiji to correct possible translation
moving artifacts. We performed fitting of the pSHG curved
extracted data [Fig. 1(d) herein and Table IV] from different
ROIs with Eq. (A21) in Appendix A 10.

Pixel-by-pixel fiber angle mapping was performed with
structure-tensor analysis [94,95], using a structure-tensor

TABLE IV. Fitted parameters in Fig. 1(d).

Protein y R?

Collagen 1.59 £0.07 0.98
Myosin 0.56 = 0.04 0.94
Microtubules 2.44 £0.07 0.98
Collagen in collagen + myosin 1.45+0.02 0.97
Myosin in collagen + myosin 0.57 £ 0.05 0.94

based method [48]. Briefly, we first apply a median filter to
denoise the raw image, we then compute the structure

tensor S = VI(VI)T, that is the outer product of the
gradient vector with itself, then locally averaged within
a neighborhood. VI = [I,1,]" is the gradient vector. In 2D
images, the structure tensor for each pixel is a 2 x 2 matrix:

s [Bonn
Li, I

y

The structure tensor is computed using two Gaussian filters.
We convolve [ with derivatives of Gaussian along x and y
with standard deviation ¢ to obtain /, and /,,. We convolve
each value with a Gaussian kernel with standard deviation p,
which is the size of the neighborhood for averaging. We used
o = 1 and p = 20. p can be adjusted based on the size of the
structures of the image. Finally, we perform eigendecom-
position of the structure tensor S that yields two positive
eigenvalues 4; < A, corresponding to two orthogonal eigen-
vectors e; and e,. The smallest eigenvalue 4; means the
orientation represented by e; has the smallest variation in
intensity and is the predominant orientation of the pixel.
Since e is a unit vector (v,, v,) we compute the orientation
of every pixel with 6 = tan™'(v,/v,) to create the fiber
angle maps (Figs. S1, S2g, and S3f in Ref. [47]).
Pixel-by-pixel pSHG analysis was performed with
MATLAB (Mathworks, Natick, MA, U.S.) using a program
based on fast Fourier transform (FFT) [50,96]. For every
pixel we determined the first three complex Fourier
coefficients (FO, F1, and F2). We first used the phase of
the F1 coefficient (Figs. S1b, S2f, and S3e [47]) to calculate
an orientation angle that indicates the absolute angle of the
maximum (highest minimum) SHG intensity for one-
peaked (two-peaked) pSHG profiles. We then determined
the relative angle of the maximum (highest minimum) SHG
intensity with respect to the fiber axis for one-peaked (two-
peaked) pSHG profiles [Fig. 1(e) herein and Figs. S1, S2h,
and S3g in Ref. [47]) by subtracting the phase of F1 and the
angle of the fiber, that was previously determined in every
pixel (Fig. S1 [47]). We then calculated the anisotropy
factor y = /I /I ., where I is the SHG intensity parallel
to the fiber axis and 7| is the SHG intensity perpendicular
to the fiber axis (Fig. S1). For proteins with the maximum
(highest minimum) SHG intensity at 0° with respect to
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the fiber axis, such as collagen and microtubule, / | =
[Fol + |F1| = |F>| and I, = [Fo| = |F[ = |F;|. For pro-
teins with the maximum (highest minimum) SHG intensity
at 90° with respect to the fiber axis, such as myosin,
Iy = |FO[ = [F1| = |F,| and I = |Fo| + [Fy| — |Fa|. We
then applied a 2 x 2 median filter to the y and angles
matrices to reduce the noise without reducing the spatial
resolution (Fig. S1c [47]). The reliability of this calculation
is determined by the R? parameter that compares the
experimental data and the curve obtained from the extracted
Fourier coefficients. We selected pixels of the images with a
R? greater than 0.4 (Figs. S1d and Sle [47]). For pSHG
images in which different types of protein are present, we
take into account the direction of the fibers and the relative
angle of the maximum (highest minimum) SHG intensity to
calculate the anisotropy factor. Calculations on the SHG
efficiency in every protein was performed by normalizing
the SHG images by the square of the power used.

3. Experimental imaging parameters and pSHG
measurement precision

As we adapted the imaging conditions to different
endogenous proteins, we report in Table III the exper-
imental parameters, the total number of photons over the
polarizations for the regions of interests in Fig. 1(c), as well
as the average and the standard deviation of the anisotropy
factor y calculated over the pixels in Figs. 1(f) and 1(h).

To estimate the precision of the pSHG measurement,
we evaluated the theoretical expected standard deviation
of y as a function of the total number of photons N, as
derived in Refs. [49,50] [Fig. 1(1)].

4. Fit of experimental pSHG profiles

We fitted the experimental pSHG profiles obtained from
a region of interest of Fig. 1(d) with the cylindrical
symmetry [Eq. (A21) in Appendix A 10] and we obtained
the parameters in Table IV.

We note that the error of the y calculated in a ROI
(Table 1V) is smaller with respect to the average error
calculated on the single pixels (Table III) because the SNR
in the ROI is significantly better than in the single pixels.

5. Theoretical background of SHG response

A material response to an applied electric field E is
described by the induced polarization P:

P=ey(yVE+yPE* 4 yOE 4 ...), (A1)
where y") is the nth-order nonlinear susceptibility. The y(?)
tensor describes the second-order susceptibility tensor and
is a third rank tensor with 18 elements in the specific case of
SHG [97]. The » tensor probed experimentally with a
focused laser beam is determined by the ensemble of the
nonlinear optical responses and the spatial distribution of

the molecules within the excitation volume. The molecular
nonlinear properties are described by the first hyperpolar-
izability tensor f, where p = BE? is the second-order
induced molecular dipole moment. The molecular and
the bulk properties are related by the following equation:

X = N(p)/eo, (A2)
where N is the density of the molecules and the bracket
denotes the orientational average. As SHG is characterized
by energy and phase conservation, all the waves radiated by
the molecules in the micrometer-scale focal volume coher-
ently sum up. In order to have a nonzero y(?) at this scale,
molecules with a nonzero dipole moment must exhibit a
preferential polarity, leading to constructive interference of
the second-harmonic waves. Therefore, the bulk properties
of a material are determined by both the values of the
molecular hyperpolarizabilities and the organization and
the degree of alignment of the emitters inside the focal
volume. The second-order induced polarization depends on

@ and the excita-

the second-order susceptibility tensor ;5

tion electric field as follows:

E:
POV (A A2 AN | D
PO = A i 22 A% % || g e
P a8 2 2 2 8 ) g
2E,E,
(A3)

Far from resonance the susceptibility tensor ;(sz,z is inde-

pendent of the frequency of the electric field; therefore,
all indices of the tensor may be freely permuted, a
condition that is known as Kleinman symmetry [98]. It
reduces to 10 the number of independent elements of the
susceptibility tensor.

Since many sources of SHG are protein assemblies with
a cylindrical symmetry, we consider this particular case.
For a material with cylindrical symmetry the second-order
susceptibility tensor will have several null elements as well
as several equal elements [97]. A cylindrical symmetry
around the z axis (corresponding to the mirror planes xz
and yz) leads to an invariance for the transformation x — y
and y — —x, hence obtaining )(g)z = )(Ei)x Y ;(ﬁ)z, and
for Kleinman symmetry:

(2) 2 _ (%) (2)

Nzoxx = Xxxz = y = Xyyz- (A4)

Therefore, for a material with a cylindrical symmetry

around the z axis, ;522 and xfil are the only two
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independent components of the susceptibility tensor, while
the others vanish due to symmetry of the material:

o 0 0 0 42 o
@

Zg = 0 0 0 4L 0 o0

204 A2 0 0 o

(AS)

6. Extraction of peptide bonds distribution from protein
molecular structure in the Protein Data Bank

In our model we assume that the elementary SHG
emitters are located along the PB C-N between every
amino acid of the protein, as the PB presents a partial
charge transfer due to the electronic 7 — z* transition
[Fig. 2(a)]. For every amino acid (AA) of the protein, we
first extract the positions of all the carbon C=
(Xc, Yc, Zc) and nitrogen ﬁ = (XN, YN, ZN) atoms
belonging to the amide groups along the protein backbone.
We then define the SHG harmonophore associated with the

PB 1 as the vector N(n + 1) — é(n) from the carbon atom
of the amino acid »n to the nitrogen atom of the amino acid
n+ 1 and we determine the axes 7/(n) of every peptide
bond reference system with respect to the laboratory system
xyz [Fig. 2(b)]. The orientation of the peptide bond z’(n)
axis with respect to the laboratory reference system xyz is
defined by the set of angles 0, (,)0,. ()02 (n)-

For every protein of interest we reconstructed the three-
dimensional distribution of the PBs [Fig. 2(c) herein and
Figs. S5 and S6 and Movies M7-M11 in Supplemental
Material [47]], the distribution of the polar angle 6,
between the PB axis z/(n) and the laboratory axis z
[Fig. 2(d) herein and Fig. S5c [47]], as well as the
distribution of the PB length (not shown). We calculated
the mean values 6., and the standard deviation SD(6,(,))
of the 6_,(,) angle distribution [Fig. 3(e) and Table I].

We reconstructed the protein 3D distribution of PBs for
the following proteins as summarized in Table V:

(i) the triple helix [(Pro-Pro-Gly),,]; (PPG10) from the
1K6F.pdb file [56] taking into account A, B, C, D, E,
and F chains of the protein for a total of 166 PBs
(Movie M7 [47]). |

TABLE V. Extraction of peptide bond distribution in different
proteins.

Protein PDB ID Npg Chains Reference

1K6F 166 A-F [56]
2FX0O 248 A-B [57]

Collagen
Myosin tail

Tubulin dimer GTP-tubulin) 3J6E 851 A-B [58]

Microtubule (GTP-tubulin) 3J6E 33131 A-R [58]

Microtubule (GDP-tubulin) 3J6F 33104 A-R [58]

Microtubule (taxol-bound 3J6G 33133 A-R [58]
tubulin)

Actin 6BNO 2927 A-H [59]

(ii) the a-helical coiled-coil tail of the myosin protein
from the 2FXO.pdb file [57] taking into account
A and B chains of the protein for a total of 248 PBs
(Movie M8 [47]).

(iii) the tubulin dimer (a and f monomers) from the
microtubule segment in GTP-tubulin conformation
from the 3J6E.pdb file [58] taking into account A
and B chains for a total of 851 PBs (Movie M9 [47]).

(iv) the microtubule from the microtubule segment in
GTP-tubulin (3J6E.pdb file), GDP-tubulin (3J6F.pdb
file), and taxol-bound tubulin (3J6G.pdb file) con-
formations [58] taking into account A, B, C, D, E, F,
G, HILJK L M N,O,P, Q, and R chains. We
reconstructed manually the entire structure of the
microtubule with a tubular structure of 24 nm diam-
eter with 13 protofilaments for a total of 39 tubulin
dimers and ~33 000 PBs (Movie M10 [47]).

(v) the actin filament from the 6BNO.pdb file [59]
taking into account A, B, C, D, E, F, G, and H
chains for a total of 2927 PBs (Movie M11 [47]).

In the PDB files of collagen, microtubule, and actin the

protein axis z,, is aligned with the z axis of the laboratory
system. On the other hand, we rotate the myosin tail to align
its fiber axis z, with the z axis.

7. 3D rotation of protein

We implemented a module to perform a specific 3D
rotation of the protein atoms coordinates in order to align the
protein axis of the PDB file along the z axis or to rotate the
protein of interest in the 3D space to simulate a specific
molecular assembly. We apply the following transformation:

XF COs p coss — sin p sint sin p cos ¢ cos p sin s + sin p sin ¢ Xp
vy | = | —sinpcoss —cos psintsins cospcost —sin psins + cos p sintcos s vi |, (A06)
F —costsins —sint COS1COS S Zr

where 7, p, and s are the angles of rotation with respect to the x, z, and y axis, respectively. To rotate the microtubule out of the
plane of imaging yz, we introduced a rotation around the y axis (s angle) from 0° to 90° with a step of 10°. To simulate an
angular dispersion we consider a linear distribution of microtubules with out-of-plane angles. To simulate microtubule with
different polarity we rotate the microtubule around the y axis (s angle) of 180° to obtain a microtubule of opposite polarity.
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8. Calculation of second-order protein
hyperpolarizability

From the distribution of peptide bonds of a given protein,
we estimated every element f;; of the second-order
hyperpolarizability of the protein summing each individual
hyperpolarizability term f; ;. of the PBs and taking into
account their relative orientation with respect to the protein
system, using the following formula:

Npp

Bijk = Z Z COs eii’(n) Cos ejj’(n) COs Hkk’(n)ﬂi’(n)j’(n)k’(n)’

n=1 i/j/k/
(A7)

where 6 are the angles of the PBs reference system with
respect to the xyz laboratory system [Fig. 2(b)] and Npg is
the total number of PBs within a protein. Under the
assumptions that the PB has a preferred hyperpolarizability
axis along the C—N bond axis (z’) [Figs. 2(a) and 2(b)], we
consider the only nonzero component of the hyperpolariz-
ability tensor f,,. We further assume that the f,. of the
peptide bond is insensitive to the residues [R in Fig. 2(a)]
of the ammino acids. We therefore can express the protein
hyperpolarizability tensor as follows:

Npp

:Bijk = Z Coseiz’(n) COS@er(n) cos ekz’(n)ﬁz’(n)z’(n)z’(n) ) (A8)
n=1

where for every PB, cos sz/ (XN(n ) ) /L,
o8 Oy (n) = (YN(n+l )/L and cos9 (n) :|
0.37 —-0.64
;(]);lagen _ 0.46 ~0.36
-17.68 -17.87
1.34 0.22
ggosin _ 0.08 0.43
-11.50 -12.89
2.29 2.69
plimer=GTP _ | (066 —0.45
-153 -3.03
—-0.02 0.03
PSP =1 0  -0.02
-2.25 =226
-0.02 0.02
B-CGPP = 0  -0.01
-2.18 -2.18

(Zn(ms1) = Zewy)/L, and L is the length of the peptide
bond L, = [N(n+ 1) — C(n)|. Finally, we computed
every component of the second-order hyperpolarizability
tensor f3;j; normalized by the number Npg of PBs fipg =
p/Npg for every protein [Eqs. (A10)—(A16)].

9. Computation of protein hyperpolarizability
tensor per peptide bond

We computed the protein second-order nonlinear hyper-
polarizability tensor,

ﬁ XXX ﬁ xyy ﬁ Xz2 ﬂ xyz ﬁxxz ﬁ XXy
ﬁ PB — 'B yxXx ﬁ yyy 'B yzz ﬂ yyz 'B yxz 'B yxy > (A9)
ﬁzxx ﬂzyy ﬂzzz ﬂzyz ﬂzxz :Bzxy

normalized by the number Npg of PBs by using Eq. (A8)
from the PDB atomic reconstruction of collagen [56],
myosin tail [57], microtubules [58], and actin [59]. The
tensor components that are expected to be different from
zero in the case of hypothesis of cylindrical symmetry
are represented in bold. All the components of fpp are
normalized to the hyperpolarizability 3., of one PB and
multiplied by a factor of 100.

As an example of processing speed, the calculations

of SMI in Eq. (A13) for a microtubule with 33 131 PBs
(Table V) took 0.02 sec on a laptop PC equipped with Intel
Core 17-10610U processor and 16 GB of RAM.
-0.57 039 -17.68 0.46
004 -17.87 039 -0.64 |, (A10)
-2496 0.04 -0.57 0.39
0.39 0.07 -11.50 0.08
-0.15 -12.89 0.07 02 |, (A11)
-5.63 0.11 0.39  0.07
-0.61 -098 -1.53 0.66
-191 -3.03 -098 2.69 |, (A12)
-5.67 -191 -0.61 -0.98
0 -0.01 -2.25
0 -226 -0.01 0.03 (A13)
-5.62 0 0 —0.01
0 -0.01 -2.18
0.01 -218 -0.01 0.02 (A14)
-591 0.01 0 -0.01
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—001 002 0 =001 -235 0
MI-wxol— | 0 —0.01 0.01 —236 —0.01 0.02 |,
~236 236 —-6.03 001 0 —001
(A15)
027 024 0.8 022 0.16 0.02
pin= 1002 —0.15 —0.12 020 0.22 0.24
0.16 020 —0.63 —0.12 0.18 0.22
(A16)

10. Modeling pSHG from a protein

Once the second-order hyperpolarizability of every
protein is calculated from the 3D distribution of PBs, we
proceed to model the pSHG response. We assumed a plane
wave with the incident electric field E(w) = (E,.E,.E,)
that propagates along the x direction and it is linearly
polarized in the yz plane with a direction of angle ¢ with
respect to the axis of the protein along z [Fig. 2(b)],
while we estimate the error introduced by the approxima-
tion of plane wave at the focal point in Supplemental
Material B [47]. Therefore, we can express the components
of the electric field as follows:

E. =0, E, = Esing, E.=Ecos¢p. (Al7)
We calculated the second-order induced dipole p = ﬁPBE E
as a function of the angle ¢ both for the general case,

Px(®) = Py E*sin* + B E*cos’p + fy E* sin 29,

py(@) = By E*sin’g + p,. E*cos’p + f,, E* sin 2¢,

p.(@) = Py E*sin’ + f_ E*cos’p + f, . E* sin 2¢,
(A18)

and for the hypothesis of cylindrical symmetry for which
only few components of ) are different from zero,

p(@) =0,
p;}d([p) = ﬂyyzEz sin 2¢,
] .
pgy (50) - ﬂznyQSlnz(p + ﬂzzzEzCOSz(p' (A19)

Note that we consider here the induced dipole and the
hyperpolarizability rather then the induced polarization and
the susceptibility since we make no hypothesis about the
organization at the macromolecular or tissue level. We then
model the SHG intensity as a function of the angle ¢ both
for the general case,

() < {[p«(@)]* + [py(@))* + [p-(0)*}.  (A20)

and for the hypothesis of cylindrical symmetry,

19 () o< { [P ()2 + [p3" (@) + [P (@)}
2

x (Byy)?[sin?2¢ + (sin’ +ycosp)?], (A21)

where y = /I (o) /1% (¢ + 90°), @y is the angle of the
fiber axis, I¥'(¢y) is the SHG intensity parallel to the fiber
axis, and IV'(g, + 90°) is the SHG intensity perpendicular
to the fiber axis. In the case of cylindrical symmetry, the
anisotropy factor is equivalent to f,../f. .., where .. and
P.. are the independent values of the hyperpolarizability
tensor.

We note that for both I(¢) and I°¥'(¢) we consider the
total amount of SHG radiated, neglecting the effect of
experimental detection geometry (numerical aperture of the
objective and backward or forward collections).

Five quantitative parameters are considered from the
modeling of the pSHG of a protein:

(i) the average SHG intensity per peptide bond over all
the incident polarization angles ¢, that we associate
to the SHG generation efficiency,

Ipg = (I(9)) (A22)
(i1) the effective protein hyperpolarizability per peptide
bond,

eff __ I
PB — PB

(A23)

(iii) the usual anisotropy factor y calculated as the ratio of
the SHG intensities parallel and perpendicular to the
fiber axis (¢g), which reflects the anisotropy of the
nonlinear response of the protein,

I((Po)

I(pg +90°) (A24)

]/:

(iv) the ratio of the two independent hyperpolarizability
tensor components f,.. and f,,.,

ﬁZZZ

25
ﬁZXX (A )

(v) the deviation from cylindrical symmetry (DCS),
which reflects how good the cylindrical hypothesis
is on the distribution of SHG dipoles within the
protein of interest,

oo (@) =1 (g)|
max[[(¢)]

DCS = (A26)

011038-18



MODELLING AND PREDICTING SECOND-HARMONIC ...

PHYS. REV. X 14, 011038 (2024)

TABLE VI. Comparison of computed y [Table I and Fig. 3(h)] and fitted y.

Protein DCS 7 =\ T b - R
Collagen 0.07 1.40 1.41 1.397 + 0.001 0.99
Myosin tail 0.800 0.44 0.49 0.438 + 0.006 0.99
Tubulin dimer (GTP-tubulin) 4.33 1.48 3.70 372+ 04 0.91
Microtubule GTP-tubulin) 0.01 2.49 2.49 2.489 £+ 0.001 1
Actin 3.78 1.93 -3.9 3.57+£04 0.92

11. Evaluation of anisotropy factor y from modeled
pSHG profiles in different proteins

To further estimate the validity of the cylindrical sym-
metry, we fitted the modeled pSHG profiles with Eq. (A21)
and for cylindrical symmetry and we obtained the values in
Table VI. Proteins with cylindrical symmetry and low DCS
show a good agreement between f_,./f3. . and the y fitted
with cylindrical symmetry equation. Low DCS proteins fit
present high R? values, while for high DCS proteins the
goodness of the fit is lower.

12. Estimation of protein angular distribution
and effective hyperpolarizability per peptide bonds
with a simplified model

A simplified model, currently used in most of the
literature [10,21,25,37,38], assumes cylindrical symmetry
within the protein and the same polar angles y for all the
SHG emitters. With this assumption it is possible to write
the following expression,

— ﬁZZZ — 2
Pox tan’y

(A27)

and express the polar angle y of the SHG emitters as a
function of the anisotropy factor v,

2
Wy = arctan 4 | —.
14

We derived the polar angles y for the different proteins
from the y4 values computed with our model (Table I) and
we obtained the values in Table VII. By comparing the
polar angle y and the average angle of the PB distribution
6. we observed that they have the same value only in the

(A28)

case of collagen where the 3D distribution of the PBs is
very narrow. For proteins such as myosin and tubulin the
difference between y and 0. is larger and increases with
the width of the angular dispersion of the peptide bonds
distribution.

With the assumptions of the above described simplified
model (SM) we can calculate the effective hyperpolariz-
ability of a protein as follows:

f,SM
ﬂ;rdtein = <Icyl((p)>

= ﬂzxx\/<sin22(p + (sin?g + ycos?g)?),  (A29)

where the brackets denote the average on the angles ¢.
We obtain

oA IEN]

(sin2¢ + (sin® @ + y cos? @)?) = =+

and

1 .
Poxx = Scosy sin? wp, ., (A31)

with B, the first hyperpolarizability of the PB.

By expressing y as a function of y [Eq. (A28)] we can

eff SM
protein

function of the anisotropy factor y and S, as follows:

1 2 2
ff, SM .
Bororein = 5cos (arctan \/;> s1n2<arctan \/;>
7 vy 3
X §+Z+§y2 IBZ’Z/Z"

write the effective protein hyperpolarizability f as a

(A32)

TABLE VII. Comparison of polar angle distribution and effective protein hyperpolarizability with the simplified
model.

Protein v w = arctan % 0. SD(6...) cff.SM o
Collagen 1.41 50° 52° 9° 0.24 0.25
Myosin tail 0.49 63.4° 72° 12° 0.18 0.130
Microtubule (GTP-tubulin) 2.49 41.9° 83° 37° 0.27 0.044
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TABLE VIII. Estimation of absolute values of the effective hyperpolarizability of proteins of known length.
Protein Length (nm)  Npp oft Soein (1070 esu) 2 (10770 esu)  Reference
Collagen type I 290 3030 0.25 507 188 [43]
[(Pro-Pro-Gly) o]5 8.6 87 0.25 14.6 14.9 [43]
GTP-tubulin dimer 10 851  0.056 32 190 [17]

Using the y values computed with our model (Table I)
we estimated the effective protein hyperpolarizability per

peptide bond fo5 5™ with the simplified model,
fpeifsM
;fgSM —_ protein , <A33)
Poy

obtaining the values in Table VII.
We note that for collagen there is an excellent agreement

between fanSM calculated with the simplified model and
the S calculated with our model because the angular
distribution of the PBs in this protein is very narrow
[Fig. 2(d)] and the calculated y is a good approximation
of the average polar angle 9ZZ/ (Tables I and VII). As the
angular distribution of the harmonophores in the protein
becomes broader in myosin and microtubules [Fig. 2(f) and

Tables I and VII], the estimation of the effective protein
susceptibility per PB with a simplified model genSM differs
from the one provided by our molecular model that takes
into account the actual distribution of the PBs inside the
proteins. Therefore, the use of a simplified model in which
the unique polar angle y is estimated, as often made in
current literature, is valid for collagen, but it is incorrect for
the other proteins with larger PB angular distribution
because it does not have any physical meaning.

13. Estimation of absolute values of the effective
hyperpolarizability of proteins of known length

We estimated the absolute values of the effective hyper-
polarizability for three different proteins of known length
(Table VIII) as follows:

ff __ peff
Srotein - ﬂic)BNPBﬁz’z’z’ , (A34)

where Npg is the total number of PBs in the protein, S8 is
the effective protein susceptibility per PB estimated for
different proteins (Table I), and B, = 0.67 x 107" esu is
the mean first hyperpolarizability of a PB estimated
in Ref. [43].

We cannot directly compare the £, iy
HRS

protein in hyper-Rayleigh scattering experiments [17,43],
because of different 3D orientational averaging coefficients.
Still, our model predicts the right order of magnitude
for [(Pro-Pro-Gly),]5 (RS = 14.9 x 10730 esu) [43]), as
expected because this value is the one used to calculate /..

cff  with the measured

in Ref. [43]. The effective susceptibility of Collagen type I
might be overestimated (RS = 188 x 1073 esu) [43])
possibly because our model does not take into account the
retardation of the exciting field and the harmonic field over the
length of the protein of 290 nm [42]. On the other hand, our
GTP-tubulin dimer effective hyperpolarizability appears to
be underestimated compared to experimental measurements
(BIRS = 190 x 10730 esu) [17] because in our model we are
neglecting the aromatic amino acid contribution and a
possible aggregation of dimers in solution.
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