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in 0% PEG and 22.5 Å for SOD in 40% PEG. . . . . . . . . . . . . . . 32

3.7 Rg measured in SANS (red squares) and SAXS (green diamonds) as a
function of the %PEG. In both SANS and SAXS, the Rg decreased with
increased %PEG. Solid curves are best fit to lines. . . . . . . . . . . . . 33



x

Figure Page

3.8 Core-shell model and its predictions for measured Rg as PEG (in SAXS)
or dPEG (in SANS) is added to the solution. (a) For a protein core (p)
surrounded by a water shell (w), Rg increases for SANS and decreases for
SAXS. (b) For a water core (w) and a protein shell (p), Rg decreases for
SANS and increases for SAXS. In SANS parameters for protonated SOD,
dPEG, and D2O are used. In SAXS, parameters for SOD, PEG, and H2O
are used. In our experiments we observed a decrease in Rg as a function
of PEG% for both SANS and SAXS (Fig. 3.7). . . . . . . . . . . . . . . 35

3.9 Rg of SOD measured in SAXS as a function of the solute concentration in
TEG (blue diamonds), α-MG (green triangles), and TMAO (red squares). 37

3.10 Volumetric strain of SOD, ∆V/V0 versus change in osmotic pressure, ∆Π
measured by SAXS (green diamonds) and SANS (red squares). Both
SAXS and SANS display linear relationships between ∆V/V0 and ∆Π.
A bulk modulus was estimated from slopes of the regression lines (solid
lines). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.1 MD simulation snapshots as visualized in VMD (80). (a) SOD (green) in
water (red). (b) SOD in water and PEG (blue). . . . . . . . . . . . . 47

4.2 For a random PEG, (a) Rg as a function of time. (b) Distribution of
Rg over 9 ns. (c) Displacement as a function of time along x, y and z
directions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.3 Relaxation time for SOD dimer. SOD dimer equilibrated in water (red)
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ABSTRACT

Rajapaksha Mudalige, Ajith Rathnaweera Ph.D., Purdue University, May 2015. The
Effect of Macromolecular Crowding on the Structure of the Protein Complex Super-
oxide Dismutase. Major Professor: Brian A Todd.

Biological environments contain between 7 - 40% macromolecules by volume. This

reduces the available volume for macromolecules and elevates the osmotic pressure

relative to pure water. Consequently, biological macromolecules in their native en-

vironments tend to adopt more compact and dehydrated conformations than those

in vitro. This effect is referred to as macromolecular crowding and constitutes an

important physical difference between native biological environments and the simple

solutions in which biomolecules are usually studied.

We used small angle scattering (SAS) to measure the effects of macromolecular

crowding on the size of a protein complex, superoxide dismutase (SOD). Crowding

was induced using 400 MW polyethylene glycol (PEG), triethylene glycol (TEG),

methyl-α-glucoside (α-MG) and trimethylamine N-oxide (TMAO). Parallel small an-

gle neutron scattering (SANS) and small angle X-ray scattering (SAXS) allowed us

to unambiguously attribute apparent changes in radius of gyration to changes in the

structure of SOD. For a 40% PEG solution, we find that the volume of SOD was

reduced by 9%. SAS coupled with osmotic pressure measurements allowed us to es-

timate a compressibility modulus for SOD. We believe this to be the first time the

osmotic compressibility of a protein complex was measured.

Molecular Dynamics (MD) simulations are widely used to obtain insights on

biomolecular processes. However, it is not clear whether MD is capable of predicting

subtle effects of macromolecular crowding. We used our experimentally observed com-

pressibility of SOD to evaluate the ability of MD to predict macromolecular crowding.



xiv

Effects of macromolecular crowding due to PEG on SOD were modeled using an all

atom MD simulation with the CHARMM forcefield and the crystallographically re-

solved structures of SOD and PEG. Two parallel MD simulations were performed for

SOD in water and SOD in 40% PEG for over 150 ns. Over the period of the simula-

tion the SOD structure in 40% PEG did not change compared to the SOD structure

in water. It therefore appears that under the conditions of our simulations MD could

not describe the experimentally observed effects of macromolecular crowding.

In a separate project, we measured the rate of diffusive transport in excised porcine

corneal stroma using FCS for fluorescent labeled dextran molecules with hydrody-

namic radii ranging from 1.3 to 34 nm. Dextran molecules diffuse more slowly in

cornea as compared to buffer solution. The reduction in diffusion coefficient is mod-

est however (67% smaller), and is uniform over the range of sizes that we measured.

Diffusion coefficients measured parallel vs. perpendicular to the collagen lamellae

were indistinguishable. This indicates that diffusion in the corneal stroma is not

highly anisotropic. Delivery of therapeutic agents to the eye requires efficient trans-

port through cellular and extracellular barriers. Our measurements bring impor-

tant insights into how macromolecular and nanoparticle therapeutics might permeate

through the eyes.
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1. MACROMOLECULAR CROWDING AND ITS

IMPLICATIONS

1.1 Motivation: Effects of Macromolecular Crowding on the Structure of

Protein Complexes

Biological environments contain between 7 - 40% macromolecules by volume (1,

2). This reduces the available volume for macromolecules and elevates the osmotic

pressure relative to pure water. Consequently, biological macromolecules in their

native environments tend to adopt more compact and dehydrated conformations than

those in vitro. This effect is referred to as macromolecular crowding (1, 3) and also

as osmotic stress (4, 5).

Previous studies have examined how macromolecular crowding influences protein

folding (6), conformational equilibrium (3), substrate binding (7), enzyme kinetics

(8, 9) and other important properties (10). There have been relatively few studies

to determine how macromolecular crowding influences the structure of multimeric

protein complexes (11). Many macromolecules function as large oligomeric complexes

(dimers, tetramers etc.), or participate in reactions that form large macromolecular

complexes (12, 13). Therefore, insights into how macromolecular crowding affects

macromolecular complexes are needed in order to understand how macromolecular

complexes function in their native environment.

In this work, we used small angle scattering, (SAS) coupled with osmotic stress

measurements to measure changes in the structure of a protein complex as a func-

tion of macromolecular crowding. In contrast to previous studies that looked at

how macromolecular crowding shifts the equilibrium between distinct conformational

states (14–16), our work examines subtle crowding induced structural changes of a

single stable conformation of a protein complex. In our study, we were able to esti-
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mate a compressibility modulus for the structure of a protein complex by interpreting

the measured structural changes in terms of elastic properties of the structure. To our

knowledge, this is the first measurement of the osmotic compressibility for a protein

complex.

1.2 Nature of Biological Media and Macromolecular Crowding

(a) in vitro (b) in vivo

Fig. 1.1.: An isolated single macromolecular species in a dilute solution (a) com-

pared with dense intracellular environment in Escherichia coli (b). Cross-section of

a small portion of an E. coli is drawn with 1×106 magnification c© David S. Good-

sell 1999 (17). Macromolecules in the dilute solution experience a highly simplified

environment compared to their native environment in the cell.

Biochemical studies of macromolecules are often done in dilute solutions where

the macromolecular concentration is 1-10 g L−1 (1, 6, 7). These dilute environments,

differ dramatically from the interiors of cells, or, extracellular matrices of tissues and

cartilages where the biological macromolecules function. Real biological environments

contain a high density of macromolecular solutes (proteins, nucleic acids, polysaccha-
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rides etc.) dissolved into the medium. Depending upon the medium, total occupation

by macromolecules is 7 - 40% of the total available volume (2). This range of volume

occupation corresponds to a 50 - 400 g L−1 total macromolecular concentration (9).

In Fig. 1.1 a typical in vitro environment is compared with the dense interior of a

bacteria cell.

Above nature of biological media is referred to as being crowded or volume oc-

cupied by macromolecules (9, 18, 19). Term “macromolecular crowding” is coined

to distinguish the situation from concentrated solutions of a single macromolecu-

lar species. Although, when taken together, macromolecules occur at high concen-

trations, in general, a single macromolecule would not occur at a high concentra-

tion (1, 9, 19). However, sometimes, a single macromolecule could dominate the

presence as of hemoglobin in red blood cells ∼350 g L−1 (18).

1.3 Thermodynamics of Crowding and Osmotic Stress

In crowded environments, mutual impenetrability limits the volume available to

any given macromolecule (2, 9, 19). The volume occupied by the center of mass of

a macromolecule is defined as the volume available to the macromolecule, and, the

volume that cannot be occupied by the center of mass is the excluded volume (1, 20).

Volume unavailability depends upon number density, size and shape of individual

macromolecules (1, 9, 20). This phenomenon is known as the “excluded volume

effect”and is unavoidable in crowded biological environments (1).

Volume exclusion reduces available degrees of freedom and thereby decreases en-

tropy. As a result, the free energy of macromolecules increases (19, 21, 22). Therefore,

following Le Chatelier’s principle1, a crowded solution would seek its new equilibrium

by attempting to lower the excluded volume per macromolecular species (19). Low-

ering of excluded volume may be achieved by favoring compact conformations over

1When a chemical system at equilibrium is disturbed, it moves towards a new equilibrium that
counteracts the effects of the perturbation (23).
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extended conformations, combining into multi-subunit oligomers or by forming ag-

gregates.

For a macromolecule that occurs at a low concentration in a solution crowded

by other macromolecules (solutes), volume exclusion gives rise to regions from where

the solutes are excluded and therefore, occupied only by water. Such regions include

pores, cavities, crevices or groves present in macromolecular structures. This, in effect,

is similar to the action of a semipermeable membrane that prevents the passage of

solute across but allows unhindered the movement of water. Concentration of water

is higher in the solute excluded region compared to that in the bulk solution co-

occupied by water and the solute. Therefore, as in osmosis2 water will move from

solute excluded region at the vicinity of macromolecule into the bulk solution down

the concentration gradient. Movement of water induces an osmotic stress on the

macromolecule forcing more compact structures or closely packed arrangements of

subunits and thereby lowering the excluded volume of the macromolecule (4, 5). This

phenomenon is illustrated in Fig. 1.2.

In Fig. 1.2, protein dimer (red) occupies a solution crowded by solute macro-

molecules (yellow). Volume excluded from solutes (blue) includes the interface be-

tween the two protein subunits. Because, the concentration of water is higher in the

solute excluded region, as compared to the bulk (white), water moves (blue arrows)

from the excluded region into the bulk (Fig. 1.2(a)). This is analogous to osmosis be-

tween two compartments separated by a semipermeable membrane. Motion of water

would force protein subunits to come closer. At equilibrium (Fig. 1.2(b)), the pro-

tein has assumed a more compact conformation and the excluded volume has been

lowered.

2Passage of a pure solvent into a solution of the solvent and a solute(s) separated from it by a
semipermeable membrane that restrict solute molecules from passing through is known as osmosis.
Osmotic pressure, Π is the pressure that must be applied on the solution side to prevent the influx
of the solvent (23).
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(a) Transient State

(b) Equilibrium

Fig. 1.2.: Response of a protein dimer to macromolecular crowding. Protein dimer

(red) is in a solution occupied by solute macromolecules (yellow) and water. Volume

excluded from solutes is shaded in blue and bulk water in white. During the transient

state (a), water moves (blue arrows) away from the macromolecule and out of the

interface region as in osmosis. At equilibrium (b), the protein has assumed a more

compact conformation and the excluded volume has been lowered.

It follows from Gibbs-Duhem equation that the change in free energy of a macro-

molecule, ∆GM associated with structural changes due to macromolecular crowding

is given by

d(∆G)M = −∆Vw dΠ (1.1)

where ∆Vw is the difference in solute excluded volume and dΠ is the incremental

contribution to the osmotic pressure, Π due to the added solute (5).
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1.4 Experimental Studies of Macromolecular Crowding Effects

It is possible to mimic the conditions of macromolecular crowding in vitro by

adding a macromolecular solute (crowding agent) to the solution containing a macro-

molecule and the solvent (1). A good crowding agent will be pure, highly water sol-

uble, not self aggregating and ideally, not participating in specific interactions with

the system under investigation. Purity is an essential factor, as otherwise increased

volume fraction of the crowding agent could incrementally contaminate the solution

(1). Some commonly used crowding agents are polyethylene glycol (PEG), dextran,

Ficoll, hemoglobin, or albumin (14).

Experimental methods to study crowding effects depend upon the nature of the

crowding effect under investigation (14, 16, 24–29). Usual laboratory practices such as

gel chromatography, titration, calorimetric assays can still be used in studying kinetics

of macromolecules under crowding (24, 25). Fluorescence correlation spectroscopy

(FCS) methods with fluorescent labeled macromolecules are useful in investigating

the diffusional effects of crowding (26, 27). Two color FCS can be used to measure

correlated diffusion of different macromolecules (30). Heavy atom labeling in nuclear

magnetic resonance (NMR) or Forster resonance energy transfer (FRET) techniques

with fluorescent markers can be used to study specific structural changes induced

by crowding (28). FRET can potentially be used to study protein folding pathways

(27). Circular dichroism is used in observing large scale conformational changes, such

as folding-refolding of macromolecules under crowding (14, 29). On the other hand,

small angle scattering (SAS) methods facilitate a wide range of structural studies

involving biological macromolecules under crowding. Existing literature demonstrate

the usage of SAS on proteins that undergo distinct conformational changes under

macromolecular crowding(11, 16, 31). However, SAS is equally sensitive to subtle

structural changes that can be expected in stable macromolecular complexes due to

macromolecular crowding.
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Osmotic stress approach (Eq. 1.1) provides a simplistic method to obtain ∆GM

associated with structural changes induced by macromolecular crowding. ∆Π due

to an added solute can be measured from reduced vapor pressure of water using a

vapor pressure osmometer (5). ∆VW can be estimated from macromolecular size

measurements obtained in SAS. Depending upon the nature of macromolecule-solute

interactions ∆Vw may have different sources of contribution (32), and therefore must

be carefully distinguished in experiments (4). SAS coupled with osmotic pressure

measurements can also be used to determine elastic properties of a stable protein

complex. Usage of SAS in the studies of macromolecular crowding is further discussed

in Chapter 2.

In this study, we measured the effects of macromolecular crowding on the size

of a protein complex using SAS coupled to osmotic pressures measurements. In

contrast to previous studies that looked at how macromolecular crowding shifts the

equilibrium between distinct conformational states (14–16), our work examined subtle

crowding induced structural changes of a single stable conformation. Our methods

and measurements will be useful in determining structural free energy changes due to

macromolecular crowding. Using our data, we estimated an osmotic compressibility

modulus for the protein complex. To our knowledge, we were the first to measure the

osmotic compressibility of a protein complex.
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2. SMALL ANGLE SCATTERING METHODS IN

STRUCTURAL BIOLOGY

Small angle X-ray scattering (SAXS) and small angle neutron scatting (SANS) are

collectively known as small angle scattering (SAS). SAS is unique in its ability to

obtain information from biological molecules dissolved in solutions (33–35). Physi-

cal mechanisms of elastic X-ray and neutron scattering by matter are fundamentally

different. However, both SANS and SAXS can be described within the same mathe-

matical formalism (35).

Fig. 2.1.: Schematic representation of a SAS experiment (36). Scattered X-

rays/neutrons from a sample positioned in front of the incident beam is collected

on a 2D detector. ~ki and ~ks respectively are incident and scattered wave vectors. ~q is

the scattering, or momentum transfer vector.
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A schematic diagram of a SAS experiment is given in Fig.2.1. The deflection

(scattered beam) of collimated X-rays/neutrons (incident beam) due to the interac-

tion with scatterers (sample) is observed on a 2D detector. The size and the position

of the detector determine the minimum and maximum angles through which the scat-

tering is observed in a SAS experiment. Scattered beam on the detector is radially

distributed as a function of scattering vector ~q = ~ks− ~ki, where ~ki and ~ks respectively

are the incident wave vector and the scattered wave vector. For elastic scattering,

q = (4π/λ)sinθ, where λ is the wavelength of incident radiation and 2θ is the scat-

tering angle with respect to the incident beam (35).

2.1 Scattering of X-rays and Neutrons by Matter

Both X-rays and neutrons have wave properties. Atoms in scatterers act as point

obstacles to these incident plane waves. Spherical secondary wavelets are produced

due to the interaction of X-ray photons or neutrons with atoms (37, 38).

In a crystalline lattice, atoms maintain regularity in space. Then Bragg’s Law

is applied and scattered waves interfere constructively or destructively along specific

directions specified by lattice spacings (35, 39). Interference is accounted by summing

up scattered wave amplitudes in each direction. This phenomenon is usually referred

to as diffraction.

On the other hand in SAS, scatterers occupy dilute solutions where they are ran-

domly distributed and their orientations are uncorrelated. Then all the secondary

wavelets from the atoms within a single scatterer (molecule) are combined to form

a wave. As there are no fixed phase relationships among waves from different scat-

terers, they do not undergo interference. A scattered wave from a single scatterer is

the superposition of all secondary wavelets with all possible periodicities within the

object. Therefore, the amplitude of a wave A(q), scattered into a given direction q
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from a single scatterer containing N atoms, is the sum of individual wavelets weighted

according to their scattering lengths bi,

A(~q) =
N∑

i=1

bi e
i~q·~ri . (2.1)

This is the Fourier transform of bi.

Fundamental difference between neutrons and X-rays is the mechanism by which

the incident radiation interact with matter. X-rays are scattered from the electrostatic

potentials of atomic electrons. Neutrons are scattered from nuclear potentials and

spins. X-ray scattering length of an atom, bx is given by bx = Zr0 where, Z is the

atomic number and r0 = 2.82× 10−13 cm is the Thompson radius. Therefore, X-rays

are more sensitive to larger atoms. Neutron scattering length, bn of an atom takes

the form bn = bp + bs. bs relates to spin interactions between neutrons in the incident

beam and the atomic nucleus. Spin scattering would only yield a flat incoherent

background unless the spins of neutrons in the incident beam and the atomic nuclei

are oriented. bp dictates the interaction between neutrons in the incident beam and

the nuclear potential of the atoms. Unlike for bx, bp does not increase with Z but

is sensitive to the isotopic content within a nucleus. The most significant isotopic

variation occurs between hydrogen (1
1H) and deuterium (2

1D). Scattering length of

1
1H is −3.74 fm and scattering length of 2

1D is 6.67 fm (Table 2.1). This feature

is readily used to improve the accuracy and the range of applicability of SANS as

discussed in Section 2.3. Scattering lengths of some elements abundant in biological

macromolecules are given in Table 2.1.

2.2 SAS Theory for Particles in Dilute Medium

Usually, the dimensions of scatterers involved in SAS experiments are much larger

than the atomic spacing within them. Therefore, it is possible to consider that a
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Table 2.1.: X-ray and neutron scattering lengths of some elements (38)

Atom H D C N O P S

Atomic mass 1 2 12 14 16 13 32

Atomic number 1 1 6 7 8 15 16

bx (fm) 2.82 2.82 16.90 19.70 21.60 32.30 45.10

bn (fm) -3.74 6.67 6.65 9.40 5.80 5.10 2.80

scatterer as a continuous medium characterized by a local density of scattering length

ρ(~r),

ρ(~r) =
1

υ

∫

υ

bi(~r) d
3r (2.2)

where, the averaging is performed over a volume, υ, which is larger compared to inter-

atomic distances. Then, the scattering amplitude from a single particle dispersed in

a uniform medium is given by

A(~q) =

∫

V

∆ρ(~r) ei~q·~r ~dr (2.3)

where ∆ρ(~r) is the the difference in scattering length densities between the volume

element at position ~r within the scatterer and that of the solvent. Integration is

performed over volume, V of the particle.

In a SAS experiment scattering intensity, I(~q) is measured. I(~q) due to a single

particle is given by

I(~q) = A(~q)A∗(~q) =
∣∣∣
∫

V

∆ρ(~r)ei~q·~r ~dr
∣∣∣
2

. (2.4)

I(~q) is proportional to the number of X-ray photons or neutrons scattered per unit

area and unit time in the direction specified by 2θ or q.

In a dilute solution scatterers are randomly orientated. Also, that the scatterers

are far apart, the scattered waves from two scatterers would not interfere. Therefore,
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scattering due to a single scatterer can be averaged over all orientations. The scattered

intensity is then

I(~q) =
〈∣∣∣
∫

V

∆ρ(~r)ei~q·~r ~dr
∣∣∣
2〉

Ω
(2.5)

where, Ω = (θ, φ) indicate all possible orientations of the scatterer.

It is possible to further simplify the description by defining an average scattering

length density, ρp for a scatterer, by

ρp =

∑
i nibi
Vp

(2.6)

where, the sum is made over all the different types of atoms (C, O, H etc.). ni

and bi are the number of atoms and the scattering length for each atom type within

a single scatterer. Here we consider a scatterer to be homogeneous. Therefore, a

simplified expression for the total scattering intensity, I(~q)tot due an ensemble of

identical scatterers is given by

I( ~q )tot = np(ρp − ρ0)2V 2
p

∣∣F ( ~q )
∣∣ (2.7)

where, np and Vp respectively are the number density and the volume of the scatterer.
∣∣F ( ~q )

∣∣ depends upon the geometrical properties of a single scatterer and is known

as single particle structure factor.

2.3 Contrast Mechanisms in SAS

The difference between average scattering length density (SLD) of a scatterer, ρp

and that of the solvent medium, ρ0 is the contrast, ∆ρ of the scatterer (35).

∆ρ = ρp − ρ0 (2.8)

I(q) is proportional to (∆ρ)2 (Eq. 2.7). It is essential to maintain a non zero ∆ρ,

in order to obtain information on the scatterer after subtracting out the scattering

from the solvent medium. In principle, if the mean scattering length density of the

scattering object is same as the solvent, (ρp− ρ0 = 0), then it is not possible to

observe scattering from the scatterer (34). This condition is known as matching

contrast. Practices for manipulation of ∆ρ in SAS are discussed next.
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2.3.1 SAXS

In SAXS, ∆ρ is the mean electron density difference between the particle and the

solvent medium. For scatterers, electron density is determined by their elemental

composition and therefore, a fixed property. As biological macromolecules (protein,

DNA etc.) are constituted from a set of basic molecules (amino acids, nucleic acids

etc.), they tend to have similar average electron densities (34). For example, the

average electron density of proteins is ∼440 e− nm−3 (35). However, it is possible

to change the mean electron density of the solvent by adding solute molecules to the

medium (40, 41). Variation of ∆ρ for biological macromolecules dissolved in differ-

ent aqueous solutions are listed in table 2.2. This method suffer some experimental

difficulties. Addition of ionic content (NaCl, NaI, KCl etc.) may affect the conforma-

tional stability (42, 43) and also the hydration properties (35) of biological scatterers.

Organic solutes such as sucrose or glycerol increase viscosity of the medium (44).

Increased viscosity is conducive to radiation damage. It is possible to manipulate

∆ρ by replacing atoms of the scatterer with atoms of larger electron density (heavy

atom labeling) (45, 46). Heavy atom labeling can be used to examine the internal

structure of biological macromolecules (47). However, due to practical difficulties this

method is not popular in SAXS (35).

Table 2.2.: ∆ρ (e− nm−3)† for proteins in different solvent media (35).

Macromolecule H2O 50%

sucrose

0.1 M

NaCl

1.0 M

NaCl

2.0 M

NaCl

protein 86 20 85 77 68

DNA/RNA 216 150 215 207 198

Lipids -34 -400 -35 -43 -52

†1 e− nm−3 = 2.82× 108 cm−2
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2.3.2 SANS

Similar to SAXS, ρp of biological scatterers have fixed values in SANS. However in

SANS, ∆ρ can be manipulated by replacing hydrogens, H with deuterium, D either

in the solvent medium or in the scatterer. Even if the scatterers were not synthesized

with D atoms (deuteration), when the water, H2O in the solvation medium is replaced

by heavy water, D2O, H atoms bound to N and O atoms will be replaced by D atoms

through the exchange with the solvent (33). This modification does very little or no

change to the conformation of the scattering particle (35). Large difference between

H and D atom scattering lengths (Table. 2.1) causes a major modification to the ρp

through this exchange. Fig. 2.2 indicates how ρp changes for main classes of biological

scatterers as a function of D2O content in the solvent medium. For a protein dissolved

in an aqueous buffer the vanishing contrast is achieved around 40% D2O. ∆ρp for

proteins in 100% H2O or D2O solutions are listed in Table 2.3. Apparent gain in ∆ρ

for deuterted proteins in H2O is marginalized by the high incoherent scattering (noise)

from the protons in H2O (44). Shape and size information of specific components of a

Fig. 2.2.: ρp of typical bio-macromolecules as a function of D2O concentration in the

solvent. Cross point between water and a given macromolecular family corresponds

to the vanishing contrast (33).
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multi-component particle, or, of two interacting scattering particles, can be obtained

using specific deuteration combined with contrast variation (34).

Table 2.3.: Average ∆ρ (×1010 cm−2) of biological macromolecules (44)

macromolecule Protonated

in H2O

Protonated

in D2O

Deuterated

in H2O

Deuterated

in D2O

Protein 2.3 -3.2 7.1 1.6

DNA/RNA 4.5 -1.7 7.0 0.9

Lipids 0.3 -6.1 6.5 0.5

2.4 Interpretation of SAS Data

2D SAS intensity collected at the detector (Fig. 2.1) is radially averaged from

the beam center to produce an 1D intensity profile, I(q) as a function of q. This

conversion process is illustrated in Fig. 2.3. I(q) can be explained with Eq. 2.7. In a

typical SAS experiment the I(q) decreases rapidly from the beam center region as a

function of q. It is customary to use a log − log scale to produce the I(q) vs.q plot.

2.4.1 Zero angle Scattering Intensity and Molecular Weight

Zero angle Scattering Intensity, I(0), or forward scattering intensity, is the radia-

tion scattered through zero scattering angle (34). I(0) is not directly measurable as

it is not possible to distinguish I(0) from the direct beam (Fig. 2.1). However, I(0)

can be measured by extrapolation of the scattering profile (34). For a set of identical

scatterers dissolved in a uniform medium (a monodisperse system), I(0) relates to

the molecular weight, Mw of the scattering object (34, 48)

I(0) =
c∆ρ2v2Mw

NA

(2.9)
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Fig. 2.3.: Radial averaging of SAS data. (a) 2D scattered intensity distribution

accumulated on the SAS detector. (b) 1D intensity profile, I(q) as a function of the

scattering vector, q.

where, c is particle concentration in g cm−3 and v is the partial specific volume (49) of

the scatterer in cm3 g−1. NA is the Avogadro number. Estimation of Mw using I(0) is

useful in monitoring the aggregation of scatterers or degradation of multi component

scatterers during the SAS experiment (48). In order to determine Mw using Eq. 2.9,

I(0) must be in absolute scale (48). Absolute scale values can be established using

calibration standards or scattering due to water (34, 38, 48).

2.4.2 Low q Expansion and Guinier Law

In 1939 Guinier showed that for q → 0, Eq. 2.5 can be expanded to produce

I(q) = I(0)[1− 1

3
R2
gq

2 +O(q4)] ∼= I(0) exp(
−q2R2

g

3
) (2.10)

where Rg is the radius of gyration of the scatterer. This result is known as Guinier

Law (38, 50). Rg is the second moment of local scattering contrast with respect to

the scattering center (33)

Rg =
1

ρpV

∫

V

r2(ρ(r)− ρs) d3r. (2.11)
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Rg is a measure of the mass distribution of the scatterer with respect to its center

of mass. Integration is performed over the particle volume, V. For a monodisperse

system, ln[I(q)] versus q2 plot (Guinier plot) will produce a straight line whose in-

tercept and slope correspond to I(0) and Rg respectively. Linearity of the Guinier

plot can be regarded as a test for the homogeneity of the scatterer (38). A distinct

up-swing or down-swing from the linear behavior can be interpreted as aggregation

of scatterers or inter-particle repulsions respectively (35). Guinier Law is valid only

within small values of q. For globular proteins in making the Guinier plot, the upper

bound for q is chosen such that, qmax Rg < 1.3 (34, 38).

2.4.3 Porod’s Regime

For q � 1/Dmax, where Dmax is the maximum linear dimension of the scatterer,

I(q) falls rapidly as q−4. This result is known as Porod’s Law:

lim
q → ∞

q4I(q) = 2π ∆ρ2 S (2.12)

where S is the surface area of the scatterer (33, 50). Porod’s Law generally holds

for homogeneous scatterers of all shapes (38, 51). Therefore, in subtracting out the

scattering from the background, Porod’s Law can be applied such that at high q, I(q)

would fall as q−4 (35). Within the intermediate values of q, the slope of I(q) versus

q curve will vary depending on the shape of the particle. In this region, I(q) will fall

as q−1 for rod like particles and as q−2 for disc shaped particles (50–52).

2.4.4 Distance Distribution Function, P(r)

The inverse Fourier transform of I(q),

P (r) =
1

2π2

∞∫

0

I(q) qr sin(qr) dr. (2.13)

would produce inter-atomic distance distribution function, P(r) (38, 50). P(r) is also

known as pair distance distribution function (34). P(r) can provide same information
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on the scatterer as I(q), but in a real space representation. Therefore, P(r) can be used

as an alternative method to determine Rg and I(0) (34). However, as the scattering

data is collected within a finite interval of q, P (r) is calculated using indirect Fourier

transform methods incorporating assumptions such as P(r) is zero at r = 0 and at

maximum linear dimension, Dmax (38, 50). Then,

R2
g =

Dmax∫
0

P (r)r2dr

2
Dmax∫

0

P (r)dr

(2.14)

and

I(0) = 4π

Dmax∫

0

P (r)dr (2.15)

Figure 2.4 shows P(r) for different geometric objects having same Dmax.

2.5 SAS Experimental Considerations

Most scattered intensity from an object whose linear dimension is d is confined in

the range of q up to 2π/d (38). Therefore, in order to accommodate scattering from

maximum dimensions of scatterers, SAS data must be obtained for q values up to

q < 2π/Dmax.

In SAXS, radiation induced damage is a common issue in using synchrotron X-ray

sources. Radiation induced damage is depending upon the radiation dose. Therefore,

an appropriate exposure time for a scattering sample must be determined at the begin-

ning of the experiment by observing scattering profiles obtained for several different

X-ray exposure times (34).

2.6 Computation of SAS Profiles using Atomic Models

SAS profiles of biological macromolecules can be calculated with CRYSOL (53)

or CRYSON (54) using a model atomic structure. Atomic models of biological

molecules can be obtained using crystallographic methods or NMR (34). CRYSOL
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Fig. 2.4.: Distance distribution functions for geometric objects having same linear

dimension, Dmax (38).

and CRYSON evaluate the SAS profile for a model atomic structure by positioning

Gaussian spheres at atomic locations specified by the coordinates in the model. Back-

ground scattering is evaluated considering scattering from the volume displaced by

the structure thus created. Spherically averaged scattering profiles are evaluated us-

ing multipole expansions of scattering amplitude (53). These theoretical SAS profiles

can be evaluated against experimental SAS data (34).

2.7 SAS for Macromolecular Crowding

In practice, macromolecular crowding is mimicked by incorporating a water solu-

ble macromolecule (crowding agent) into the solution of the test macromolecule (1).
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Commonly used crowding agents are polyethylene glycol (PEG), dextran, ficoll,

hemoglobin, or albumin (14). Such systems can be treated with SAS similar to the

two phase system where scatterers are suspended in a uniform matrix of background

solution (11, 16, 31). Quantitative effects due to the presence of a crowding agent

can be estimated in terms of its contribution to the mean SLD of the background and

therefore, to ∆ρ (16). In SANS, the presence of common crowding agents, like PEG,

increases the incoherent scattering of neutrons from hydrogen atoms and therefore,

increases the noise in the scattering profile. This background noise can be removed

by using deuterated PEG in D2O.

2.7.1 Effects of Macromolecular Hydration

Some proteins are surrounded by a layer of pure water that differs from bulk

solution (32, 54–56). If solutes are added, the change in the SLD of the bulk solution

would change the relative contrast of the hydration layer and the protein. This would

cause the Rg inferred from Guinier plots to change with solute concentration even

when the protein structure remained unchanged (16, 57). How a hydration layer

would affect Rg measured in SAS experiments as a solute is added to the solution can

be evaluated using core-shell model approach implemented independently by Stanley

et al. (16) and Markovic et al. (58).

Rg of a composite core-shell system, composed of protein (p) and water (w) is

given by

R2
g =

∆ρpVpR
2
g,p + ∆ρwVwR

2
g,w

∆ρpVp + ∆ρwVw
. (2.16)

Vp and Rg,p are the volume and the radius of gyration of the protein respectively. Vw

and Rg,w are the volume and the radius of gyration of the water layer respectively.

∆ρp is the contrast of the protein with respect to bulk solution and is given by the

difference between SLD of protein, ρp and SLD of the bulk solution, ρ0, ∆ρp = ρp−ρ0.

∆ρw is the contrast of the water layer with respect to bulk solution and is given by

the difference in SLD of water, ρw and the bulk ρ0, ∆ρw = ρw − ρ0. ρ0 will change
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as solute is added to solution. We assume ρ0 is the weighted sum of ρw and ρs such

that ρ0 = fvρs + (1− fv)ρw, where fv is the volume fraction of solute.

Using values that are meaningful to the experimental system it is possible to

evaluate the apparent Rg for different concentrations of solute in the environment.

Expansion of Eq. 2.16 about small fv would yield

R2
g = R2

g,0 +
dR2

g

dfV

∣∣∣
fv=0

fv +O(f 2
v ) (2.17)

where R2
g,0 is the Rg for fv = 0 and

dR2
g

dfV

∣∣∣
fv=0

=
ρw − ρs
ρp − ρw

Vw
Vp

(R2
g,w −R2

g,p). (2.18)

It can be readily seen in Eq. 2.18 that the sign of
dR2

g

dfV
would depend upon the sign

of the ratio (ρw−ρs)/(ρp−ρw) that is determined by relative magnitudes of SLD of the

components of the solution. That is, for a given core-shell system Rg can increase or

decrease depending upon the relative magnitudes of SLD. Relative magnitudes of SLD

depend upon the contrast mechanisms used in the SAS experiment. In Chapter 3, we

discuss how the core-shell model approach is used in evaluating the effect of hydration

layer on experimental SAS measurements.
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3. SMALL ANGLE SCATTERING OF SOD UNDER

MACROMOLECULAR CROWDING

The content of this chapter is submitted to Biophysical Journal under the title “Ef-

fects of Macromolecular Crowding on the Structure of a Protein Complex: a Small

Angle Scattering Study of Superoxide Dismutase” under the authorship of Ajith Ra-

japaksha, Christopher B. Stanley and Brian A. Todd. The article is currently being

reviewed by the journal.

3.1 Introduction

Biological environments contain between 7 - 40% macromolecules by volume (1, 2).

This reduces the available aqueous volume and elevates the osmotic pressure relative

to pure water. Consequently, biological macromolecules in their native environments

tend to adopt more compact and dehydrated conformations than those in vitro. This

effect is referred to as macromolecular crowding (1, 3) and also as osmotic stress

(4, 5).

There have been relatively few studies to determine how macromolecular crowd-

ing influences the structure of multimeric protein complexes (11). In this work, we

used small angle scattering, (SAS) to measure changes in the structure of a protein

complex as a function of macromolecular crowding. In contrast to previous studies

that looked at how macromolecular crowding shifts the equilibrium between distinct

conformational states (14–16), our work examines subtle crowding induced structural

changes of a single stable conformation. Crowding tends to compress macromolecular

structures and in this work we measure the compressibility modulus of a protein com-

plex. To our knowledge, this is the first measurement of the osmotic compressibility

for a protein complex.
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A major difficulty in using SAS to measure the effects of macromolecular crowding

on protein structure is that crowding agents contribute to the measured scattering

profile. Additional scattering from the bulk solution can be removed by background

subtraction (34, 59). However, many proteins are surrounded by a “hydration layer”

whose composition differs both from the bulk solution and from the protein (32, 54).

Since the scattering length density (SLD) of the bulk solution changes as crowding

agents are added, the relative contrast of the hydration layer and the protein with

respect to the bulk change. Consequently, changes in the scattering profile as crowding

agents are added to solution can reflect either changes in protein structure, or, changes

in relative scattering contrast (16, 57). In this work, we adapted the technique of

Svergun et al. (54) which exploits the different contrast mechanisms of small-angle

X-ray scattering (SAXS) and small-angle neutron scattering (SANS) to independently

assess the contribution from the hydration layer. This allowed us to unambiguously

interpret our scattering experiments in terms of structural changes of the protein

complex under study.

The protein complex that we chose for our study is the homodimeric complex of

superoxide dismutase (SOD). SOD was selected from a bioinformatic survey of the

hydration of protein-protein interfaces (60). Of the 161 protein complexes surveyed,

SOD was found to have the largest number of crystallographically observed waters

per unit area of interface; that is the dimeric interface of SOD is unusually wet. Since

one of the effects of macromolecular crowding is to dehydrate the water filled cavities

of proteins (5), SOD might be expected to be particularly sensitive to macromolecular

crowding. Indeed, we find that the volume of SOD observed in buffer decreased by 9%

upon adding 40 volume percent of a macromolecular crowding agent. This indicates

that the structure of protein complexes can be quite sensitive to macromolecular

crowding.
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3.2 Experimental Methods

3.2.1 Materials

Lyophilized SOD was purchased from Sigma Aldrich, St. Louis, MO

(Cat.# S5389). Polyethylene glycol (PEG) of average molecular weight 400 Da

was purchased from Sigma Aldrich (Cat.# 202398). 100% deuterated PEG (dPEG)

for SANS experiments was purchased from Polymer Source, Montreal, Canada

(Cat.# P9878A dPEO2OD). An SOD activity assay was purchased from Cell Biolabs,

San Diego, CA (Cat.# STA-340). 100 atom% deuterium oxide (D2O) was purchased

from Fisher Scientific Inc., Pittsburg, PA (Cat.# 184761000). Triethylene glycol

(Cat.# 95126), methyl-α-D-glucopyranoside (Cat.# M9376) and trimethylamine-N-

oxide (Cat.# T0514 ) were purchased from Sigma Aldrich. All materials were used

without further purification.

3.2.2 Material Storage and Preparation

SOD stock solutions were prepared at 20 mg/mL concentration and stored at -

20 oC. Assay solutions and SAXS samples were prepared in Millipore deionized water.

SANS samples were prepared in D2O. All solutions were buffered at pH 7.5 in 0.1 M

potassium phosphate buffer. In the preparation of samples that contained both SOD

and PEG, SOD was added from the initial stock to buffer solutions prepared with

appropriate volume fractions of PEG. The same procedure, as for PEG, was followed

for other solutes. All experiments were performed at laboratory temperature and

atmospheric pressure.

3.2.3 SOD Activity Assay

SOD catalyzes the conversion of super-oxide anions (O−2 ) into molecular oxygen

in biological systems (61, 62). SOD assays typically use an additional enzyme to

generate O−2 and measure the ability of SOD to reduce O−2 in the solution (63). We
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Fig. 3.1.: Optical absorption at 491 nm (OD491) for an SOD activity assay where SOD

reduces O−2 produced by XOD. Red represents the standard behavior of the assay in

absence of SOD (red squares) and in the presence of 10 U/mL SOD (red circles). In a

70% PEG solution containing no SOD, OD491 is decreased (green squares). When the

assay was modified by five fold increase in XOD concentration (black squares), the

assay displayed similar activity to the standard assay conditions (black squares similar

to red squares). In 70% PEG with five fold increased XOD, addition of 10 U/mL

SOD (black circles) reduced the OD491 to a similar level as in the standard assay

(black circles similar to red circles).

used a commercial SOD activity assay where xanthine oxidase (XOD) generates O−2

(Cell Biolabs, San Diego, CA). Chromagen present in the solution combines with O−2

to produce an increase in absorption at 491 nm, (OD491). Colorimetric measurements

were made using Varian UV-Vis spectrometer at room temperature in clear plastic

UV-Vis cuvettes purchased from SpectrEcology, Jasper, GA (Cat.# 759220).

Figure 3.1 shows typical data indicating the evolution of OD491 as a function of

time. Concentrations of SOD are conventionally given in Units/mL where an SOD

unit is defined as the amount of SOD required to decrease the reduction of cytochrome

c by 50% in a xanthine/xanthine-oxidase coupled system, at pH 7.8 and at 25 oC (64).

The important parameter taken from each time course was the initial rate of increase
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in OD491, r. In the absence of SOD, r is maximal (red squares). Upon addition of

SOD (e.g. 10 Units / mL), r is reduced (red circles). The %inhibition is defined as

%inhibition =
rblank − rSOD

rblank
× 100 (3.1)

where rblank is the rate of increase of OD491 measured in the absence of SOD and

rSOD is the rate of increase of OD491 measured at a particular SOD concentration.

We sought to use the SOD activity assay to determine whether SOD retained its

enzymatic activity at high PEG concentration. However, the XOD used to generate

O−2 in the assay could also be sensitive to the presence of PEG. Consequently, we first

measured XOD activity in the presence of 70% PEG with no SOD present (“%PEG”

refers to the % of PEG by volume). XOD showed reduced activity in 70% PEG

(Fig. 3.1, green squares). Increasing the concentration of XOD used in the assay

by a factor of 5 recovered the same activity in 70% PEG (Fig. 3.1, black squares)

as was seen under standard assay conditions (Fig. 3.1, red squares). Consequently,

for all measurements in the presence of 70% PEG, we used 5-fold higher concentra-

tion of XOD than is used in the standard assay (65). Upon addition of SOD (e.g.

10 Units/mL) to a solution with 5-fold higher XOD in 70% PEG, the rate of increase

of OD491 was reduced (Fig. 3.1, black circles) to similar levels as was seen in the

absence of PEG (Fig. 3.1, red circles).

3.2.4 Small Angle Scattering

SANS experiments were performed on the extended q-range SANS (EQ-SANS,

BL-6) beam line at the Spallation Neutron Source located at Oak Ridge National

Laboratory. In 60 Hz operation mode, a 4 m sample to detector distance was used to

obtain the relevant wavevector transfer, q = 4π sin(θ)/λ, where 2θ and λ respectively

are the scattering angle and the wavelength. At 4 m sample to detector distance

2.5-6.1 Å wavelength band was utilized scanning through the q range from 0.01 to

0.40 Å−1.
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SAXS experiments were performed at beamline 12ID-B of Advanced Photon

Sources at Argonne National Laboratory. λ, for X-ray radiation was set as 0.886 Å.

Scattered X-ray intensities were measured using a Pilatus 2M detector (DECTRIS

Ltd). A sample to detector distance of 4 m was set such that the detecting range of

momentum transfer was 0.006-0.5 Å−1.

The solutions prepared for scattering experiments were subjected to ultra-

centrifugation at 20,000 g for 5 minutes before placing in the neutron or X-ray beam.

Ultracentrifuged solutions did not produce any visible sediment. However, ultra-

centrifugation of SANS samples prepared with dPEG appeared to have a very thin

accumulation on the surface of the solution. This may be small amount of impurities

from dPEG synthesis. Solutions for the neutron beam were obtained from the bottom

of the solution avoiding these accumulations. In SANS, the additional scattering from

PEG was minimized using dPEG in D2O. This also reduced incoherent scattering.

In SANS experiments, samples were loaded into 1 mm pathlength circular-shaped

quartz cuvettes (Hellma USA, Plainville, NY). Average neutron exposure time was

1 h. Scattered neutrons were detected with 1×1 m two dimensional position sensitive

detector with 192 × 256 pixels. Data reduction followed standard procedures using

MantidPlot (66) and PRIMUS (59). The measured scattering intensity was corrected

for the detector sensitivity and scattering contribution from the solvent and empty

cells, and then placed on absolute scale using a calibrated standard.

In SAXS experiments, a flow cell made of a cylindrical quartz capillary (1.5 mm

diameter and 10 µm wall-thickness) was used and the exposure time was set to 1-

2 seconds. For every measurement the X-ray beam of size 0.07×0.20 mm2, was

adjusted to pass through the center of the capillary. In order to obtain good signal-

to-noise ratios, sixty images were taken for each sample and buffer. The 2-D scattering

images were converted to 1-D SAXS curves through radial averaging after solid angle

correction and then normalizing with the intensity of the transmitted X-ray beam,

using the software package developed at beamline 12ID-B.
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SOD radius of gyration, Rg was calculated using Guinier plots (ln[I(q)] vs. q2)

in the low q region within the limit qmaxRg < 1.3. Guinier plots were made

with PRIMUS (59). Pair distance distribution functions, P(r) were made using

GNOM (67). In the process of producing P(r), the maximum linear dimension, Dmax

were chosen iteratively, for each background subtracted data set, such that the P(r)

curve approach zero at Dmax in a smooth concave manner (34, 35).

Small angle scattering predictions were obtained using CRYSON (54). The protein

structure 1ISA.pdb (68) was obtained from Protein Data Bank (www.rcsb.org).

3.3 Osmotic Pressure Measurements

Osmotic pressure measurements were made using Wescor Vapro 5520 vapor pres-

sure osmometer. Measured osmolality [Osmol] in the osmometer in mMol/Kg were

converted into osmotic pressure, Π due to added solutes using Π = [Osmol]sRT ,

where [Osmol]s is the osmolaity due to the added solute, R is the gas constant

(8.31451JK−1Mol−1) and T is the temperature in absolute units. [Osmol]s were

determined by [Osmol]s = [Osmol] − [Osmol]0, where [Osmol]0 is the osmolality in

the absence of the solute and [Osmol] is the osmolality in the presence of the added

solute.

3.4 Results

3.4.1 Biochemical Activity of SOD in Crowded Solutions

A commercial SOD activity assay was used to verify that SOD retains its enzy-

matic activity in the presence of a high concentration of PEG. Figure 3.2 compares

SOD activity in standard buffer (green diamonds) and SOD activity in 70% PEG (red

triangles). The concentration of XOD in 70% PEG was increased five fold to compen-

sate for the effects of PEG on XOD, as described in Methods Section. SOD activity
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Fig. 3.2.: The activity of SOD was measured under standard conditions (green di-

amonds) and in the presence of 70% PEG (red triangles). The activity of SOD in

70% PEG was indistinguishable from its activity in buffer.

in 70% PEG is indistinguishable from the activity in standard buffer, indicating that

SOD retains its enzymatic activity at 70% PEG.
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3.4.2 Small Angle Scattering of SOD

0

0
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q
) 

q(1/Å) 

SAXS

SANS

Cryson

10-2 

 10-2 

10-4 

 10-1 

Fig. 3.3.: SAS for SOD obtained by SAXS (green diamonds) and SANS (red triangles)

in the absence of a crowding agent. Yellow curve is the predicted scattering using

Cryson for an SOD crystal structure (54, 68). All three curves are identical, indicating

that the SOD structure is identical under both SANS and SAXS conditions and that

this structure is similar to the crystal structure.

SANS and SAXS were used to measure the size of SOD. In Fig. 3.3, the scattering

intensity versus scattering vector, I(q) vs. q, is plotted for SOD in dilute buffer as

measured by SANS (red triangles) and SAXS (green diamonds) and, for the scattering

predicted by Cryson (54) (yellow curve) for a crystal structure of the SOD dimer

(68). The SANS and SAXS data, as well as the predicted scattering for the crystal

structure, are identical to within the experimental uncertainty. This indicates that

SOD has similar structures under the conditions of the SANS (e.g. D2O) and SAXS

(e.g. H2O) experiments and that this structure closely matches the structure of SOD

measured by X-ray crystallography (68).

PEG was added to solutions to determine how crowding alters the structure of

the SOD dimer. Figure 3.4 shows SAXS data obtained in dilute solution (green

diamonds) and in solution containing 40% PEG (red circles). If PEG had induced
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Fig. 3.4.: SAXS of SOD in buffer (green diamonds) and 40% PEG (red circles). In

40% PEG, scattering from SOD decreased in the low q region.

aggregation of SOD, then we would expect increased scattered intensity at low q. To

the contrary, the scattered intensity at low q decreased in the presence of PEG. The

data in Fig. 3.4 and similar data for different PEG concentrations were transformed

into Guinier plots (50, 69) in order to obtain apparent Rg as a function of PEG

concentration.

Figure 3.5 shows Guinier plots for SAXS data in the absence of PEG (green

diamonds) and in 40% PEG (red circles). R2
g is proportional to the slope of the Guinier

plot (indicated by lines). The slope for SOD in 40% PEG is significantly smaller than

the slope in the absence of PEG (p-value = 4.3×10−9). This indicates that crowding

due to PEG decreases the apparent Rg of SOD. Scattering data were transformed

to obtain pair distance distribution functions, P(r) (38, 50). Figure 3.6 shows P(r)

produced from SAXS data for SOD in dilute buffer (green) and in 40% PEG solution

(red). Rg values were calculated from P(r) to be 23.8 Å for SOD in buffer and

22.5 Å for SOD in 40% PEG. The decrease in the Rg measured from P(r) upon

addition of PEG is consistent with the decrease in the slopes obtained from Guinier

plots (Fig. 3.5).
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Fig. 3.5.: Guinier plots for SAXS of SOD in 0% PEG (green) and 40% PEG (red).

The slope of the Guinier plot is proportional to the R2
g of the scattering object. In

the presence of PEG, the slope of the Guinier plot decreased, indicating a decrease

in the apparent Rg in 40% PEG.
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Fig. 3.6.: Pair distance distribution functions, P(r) for SAXS of SOD in 0% PEG

(green) and 40% PEG (red). Rg calculated from P(r) are 23.8 Å for SOD in 0% PEG

and 22.5 Å for SOD in 40% PEG.
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Fig. 3.7.: Rg measured in SANS (red squares) and SAXS (green diamonds) as a

function of the %PEG. In both SANS and SAXS, the Rg decreased with increased

%PEG. Solid curves are best fit to lines.

SANS and SAXS data were obtained for SOD over a range of PEG concentrations.

Rg were obtained via Guinier plots identically to Fig. 3.5. In Fig. 3.7, Rg measured

in SANS (red squares) and SAXS (green diamonds) are shown as a function of PEG

concentration. Both sets of data show a decrease in Rg with increased PEG concen-

tration. The downward trends in SANS and SAXS data can be fitted to straight lines

with the slopes (−1.33±0.94)×10−2 Å/%PEG and (−1.60±0.32)×10−2 Å/%PEG

respectively.

3.4.3 Effects of Altered Scattering Contrast on Rg

Some proteins are surrounded by a layer of pure water that differs from bulk

solution (32, 54–56). This “hydration layer” may have a SLD that differs from bulk

solution and may therefore contribute scattering, in addition to the scattering from

the protein. This additional scattering could cause the Rg measured in a Guinier
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plot to differ from the Rg of the protein (16, 54, 57). Additionally, if a solute is

added to the solution (as in our PEG experiments), the concomitant change in SLD

of the bulk solution would change the relative contrast of the hydration layer and the

protein. This change in the contrast of the hydration layer could cause the Rg inferred

from the Guinier plot to change as a function of solute concentration even when the

protein structure remains constant (16, 57). It is therefore, important to consider the

potential contribution of a hydration layer to Rg measured in, for instance, Fig. 3.7.

SAXS and SANS rely on different contrast mechanisms (34, 38, 51). Consequently,

parallel SAXS and SANS experiments provide a direct way to assess the contribution

of change in the bulk SLD on measured changes in Rg (54). The SLD for dPEG in

SANS experiments is larger than both the SLD of protein and that of the pure D2O

that would comprise a hydration layer. In contrast, the SLD for PEG in SAXS ex-

periments is intermediate between the SLD of protein and that of pure H2O. Because

of these differences, the change in Rg as PEG is added to solution would be opposite

in direction between SANS and SAXS (Rg increases with added dPEG in SANS but

decreases for added PEG in SAXS, or, vice versa). This predicted behavior is in-

consistent with our experimental results in Fig. 3.7 where the Rg obtained from both

SANS and SAXS decrease with increasing PEG. We, therefore, conclude that changes

in Rg measured from Guinier plots (Fig. 3.7) reflect changes in the Rg of SOD rather

than changes in the contrast of a hydration layer with respect to the bulk solution.

We elaborate on this argument using a specific example of a core-shell model for the

protein and its hydration layer below.

The core-shell model approach, independently implemented by Stanley et al. (16)

and Markovic et al (58) to evaluate the effect of hydration layer on Rg measured in

SAS experiments was presented in Eq.2.16. We evaluated Eq. 2.16 using parameters

appropriate for SOD, PEG (dPEG in SANS and PEG in SAXS) and a presumed

3 Å water layer (D2O in SANS and H2O in SANS) for both SAXS and SANS. The

SLD, used in our calculations, are given in Table 3.1 and the geometrical parameters

are given in Table 3.2 in the row labelled “Model (a)”. Predicted values of Rg are
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shown in Fig. 3.8(a). Rg increases for SANS and decreases for SAXS with increased
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Fig. 3.8.: Core-shell model and its predictions for measured Rg as PEG (in SAXS) or

dPEG (in SANS) is added to the solution. (a) For a protein core (p) surrounded by a

water shell (w), Rg increases for SANS and decreases for SAXS. (b) For a water core

(w) and a protein shell (p), Rg decreases for SANS and increases for SAXS. In SANS

parameters for protonated SOD, dPEG, and D2O are used. In SAXS, parameters for

SOD, PEG, and H2O are used. In our experiments we observed a decrease in Rg as

a function of PEG% for both SANS and SAXS (Fig. 3.7).

PEG concentration. This is inconsistent with the parallel decrease of Rg observed

experimentally (Fig. 3.7).

SOD contains water at its dimer interface (60) and it could be argued that water

occur as a core around which the protein forms a shell. We have also considered this

case (Fig. 9(b); parameters given in Table 3.1 and in Table 3.2 in the row labelled

“Model (b)”). Predicted values of Rg decrease for SANS and increase for SAXS with
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Table 3.1.: Scattering Length Densities for SOD, PEG and water

Neutron (cm−2) Xray (e/nm3)

ρwater 6.38x1010(†) 334.0
ρprotein 3.10x1010 420.0
ρPEG 7.42x1010(‡) 375.0

†SLD of D2O
‡SLD of dPEG

ρ values calculated with NIST SLD calculator (70).

increased %PEG. This is again inconsistent with the parallel decrease in Rg for SANS

and SAXS observed experimentally. Opposite trends for Rg obtained from core-shell

Table 3.2.: Fitting Parameters for SOD-Water Models

Rg,p (Å) Rg,w (Å) Vp (Å3) Vw (Å3)

Model (a) 22.4 22.7 53030 35329

Model (b) 22.4 12.0 53030 2543

model can be readilly explained with Eq. 2.18. The ratio (ρw − ρs)/(ρp − ρw) is

positive for SANS and negative for SAXS. Therefore, changes in Rg due to a water

layer when solutes are added will necessarily be in opposite directions for SANS and

SAXS. However, we observed that Rg decreased in both SANS and SAXS (Fig. 3.7).

Therefore, we conclude that the effects of a water layer on SAS from SOD is negligible.

3.4.4 SAXS Measurements of SOD with Different Solutes

SAXS experiments, identical to above with PEG, were performed for SOD in

triethylene glycol (TEG), methyl-α-D-glucopyranoside (α-MG) and trimethylamine
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Fig. 3.9.: Rg of SOD measured in SAXS as a function of the solute concentration in

TEG (blue diamonds), α-MG (green triangles), and TMAO (red squares).

N-oxide (TMAO). In Fig. 3.9, Rg of SOD obtained from Guinier plots of SAXS data

are plotted as a function of each solute concentration. Similar to what was observed

for SOD in PEG (Fig. 3.7), increased concentration of these solutes mostly led to

decreased Rg of SOD. One instance where the Rg increased with increased solute

concentration appears in Fig. 3.9 for the largest TMAO concentration (red squares).

Unlike the data for PEG, we do not have SANS data for the solutes shown in

Fig. 3.9. This was due to the much longer acquisition time required to obtain SANS

data. Consequently, for these solutes, we cannot unambiguously rule out the con-

tribution of a hydration layer and changes in SLD to the observed change in Rg.

However, the changes in Rg seen in Fig. 3.9 are similar in magnitude to what was

seen in Fig. 3.7 for PEG in both SANS and SAXS. Of particular interest is the data

for TEG (blue diamonds) that showed a rapid initial decrease in Rg and plateau at

Rg ∼ 22 Å. Changes in Rg due to a hydration layer never produce a plateau (elabo-

rated in Appendix). Hence, it appears likely that the TEG data represents changes

in the Rg of SOD rather than an artifact due to a hydration layer. Assuming this



38

to be the case, the plateau observed for TEG would indicate that after a decrease in

radius of gyration of ∼ 1 Å, the SOD dimer strongly resists further deformation.

3.5 Discussion

Macromolecular crowding can alter the structure and function of biological macro-

molecules (1, 3, 14). Previous studies have examined how macromolecular crowding

influences protein folding (6), conformational equilibrium (3), substrate binding (7),

enzyme kinetics (8, 9) and other important properties (10). We have extended these

studies by measuring the influence of macromolecular crowding on the size of a mul-

timeric protein complex.

The use of SAS to measure the size of a protein complex faced a number of

challenges including, the potential for protein aggregation and artifacts due to a

“hydration layer” surrounding the complex. SAS is very sensitive to aggregation

and, by carefully selecting the solution conditions, none was observed. Similar to

Svergun et al., we exploited different scattering contrast mechanisms in SAXS and

SANS to assess the contribution from any adsorbed water layer (54). We found that

this contribution was negligible and that changes in the radii of gyration observed in

Guinier plots could be attributed to changes in the structure of the protein complex.

Previous SAXS studies have observed decreased Rg in the presence of macromolec-

ular crowding and attributed the change to a hydration layer (16, 57). Therefore, it

appears that some proteins have significant structured water at their surfaces and

others, like SOD, do not. Combined SANS and SAXS experiments of the type done

here are useful to unambiguously determine the contribution of the hydration layer.

We chose as a model protein complex, the dimer of SOD (61). This dimer has a

number of attractive features including availability, easily assessed enzymatic function

(71), and a known crystallographic structure (68). SOD is also unusual in that, in a

2005 survey of dimers in the protein data bank, SOD was found to have the largest

number of crystallographically observed waters per unit area of the dimer interface;
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that is, the dimeric interface of SOD is unusually wet (60). Since one of the effects of

macromolecular crowding is to dehydrate the water containing cavities of molecules

and macromolecular assemblies (4), SOD may be expected to be particularly sensitive

to macromolecular crowding.

We found that at 40% PEG, Rg of SOD decreased by 3% (Fig. 3.7). It was

possible to observe a similar change in the SOD structure through a similar range of

concentrations for other solutes as well (Fig. 3.9). Within the concentration range of

our experiments, no solute could reduce the Rg of SOD beyond 4%.

In order to consider the deformability of SOD implied by these measurements, we

plot the volumetric strain, ∆V/V0 versus change in osmotic pressure due to PEG, ∆Π

(Fig. 3.10). ∆V/V0 is calculated from the measured Rg, ∆V /V0 = (R3
g − R3

g0)/R3
g0,

where Rg,0 is the Rg of SOD in the absence of PEG. Osmotic pressure was measured as

described in the Methods Section. Empirically, ∆Π is linearly proportional to ∆V/V0

with a proportionality constant that is the apparent bulk modulus (lines in Fig. 3.10).

Deformations in the SOD structure may be heterogeneous with some regions of the

complex remaining rigid while others are highly deformable. The apparent bulk

modulus gives an average measure of the change in volume caused by a given level of

macromolecular crowding.

Estimated bulk moduli are 0.10±0.02 GPa from SAXS and 0.13±0.1 GPa from

SANS. For comparison, the bulk modulus of rubber is approximately 1 GPa (72).

These values suggest that the SOD dimer is highly compressible for volumetric strains

of up to 9%. In TEG, the change in Rg was seen to plateau at 22 Å (blue diamonds in

Fig. 3.9). This suggests that the resistance to deformation may dramatically increase

for volumetric strains greater than ∼ 9%.

If a protein is associated with a tightly bound water layer that has a contrast with

respect to the bulk solution, then the scattering profile would correspond to a larger

particle in SAXS and a smaller particle in SANS (54). This is because, while in SAXS

both the protein and the water layer has a positive contrast with respect to the bulk, in

SANS protein and the water layer have opposite (negative and positive respectively)
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Fig. 3.10.: Volumetric strain of SOD, ∆V/V0 versus change in osmotic pressure, ∆Π

measured by SAXS (green diamonds) and SANS (red squares). Both SAXS and

SANS display linear relationships between ∆V/V0 and ∆Π. A bulk modulus was

estimated from slopes of the regression lines (solid lines).

contrasts with respect to the bulk (54). However, our experimental results consistently

disagree with this behavior. We observed Rg measured in SANS to be higher than the

Rg measured in SAXS (Fig. 3.7). This is indicative of an absence of a distinct water

layer bound to SOD. In the absence of a water layer the scattering is determined by

the relative difference in scattering length density of protein and water (54). In SAXS

this difference is smaller (∼30%) than in SANS (∼50%). Therefore, in the absence

of a distinct water layer bound to SOD, Rg measured in SANS should be higher than

that is measured in SAXS as we observed in our SAS experiments.

3.6 Conclusions

We used SAS to measure the deformability of a protein complex, SOD, under

macromolecular crowding. Parallel SANS and SAXS allowed us to unambiguously

attribute apparent changes in Rg to changes in the structure of SOD. For a 40% PEG
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solution, we find that the volume of SOD was reduced by 9%. Considering the osmotic

pressure due to PEG, this deformation corresponds to a highly compressible structure

with a bulk modulus ∼0.1 GPa. SAXS done in the presence of TEG suggests that for

further deformation—beyond a 9% decrease in volume—the resistance to deformation

may increase dramatically.
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4. MACROMOLECULAR CROWDING ON SOD in silico

4.1 Motivation

Molecular Dynamics (MD) simulations are widely applied to understand the na-

ture of macromolecules in the atomic scale. Availability of large amounts biological

structural information and the presence of rapidly increasing computational power

have made MD simulation methods an attractive approach to obtain insights on bi-

molecular processes, where actual experiments are difficult or impossible (73–75).

An extensive amount of published work is available for MD simulations studies

on biomolecules in aqueous solutions. However, so far, macromolecular crowding

effects on biomolecules has not been the subject of many MD simulation studies.

In few existing published work, simulations were performed incorporating various

coarse grained approximations on the structures of test macromolecule and crowding

agents (76). Coarse grained structural approximations or implicit solvent methods

reduces the degrees of freedoms from the model system and therefore, may not give

rise to subtle structural changes induced by macromolecular crowding. To the best

of our knowledge, an all atom MD simulation that explicitly model macromolecu-

lar crowding effects on biomolecules does not exist within the published scientific

studies. We implemented an all atom MD simulation based on CHARMM forcefield

parameters (77) using the crystallographically resolved atomic structure of SOD (68)

and PEG to be evaluated against the experimental results obtained with SANS and

SAXS.
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4.2 Introduction to MD Simulations

In an MD simulation, the time evolution of the atoms in a biological system are

evaluated by numerically solving Newton’s equation of motion,

mi
d2~ri
dt2

= −~5Utot({~ri}); i = 1, 2, 3...N (4.1)

where mi and ~ri respectively are the mass and the position vector of atom i. Utot is the

total potential energy of the system as a function of all atomic positions (73). An MD

simulation can be initiated with atomic positions {ri}, experimentally obtained with

crystallography methods and NMR. During simulation {ri} are allowed to evolve in

time under the action of Utot (Eq. 4.1). Bulk properties of the system (temperature,

pressure etc.) are evaluated applying classical statistical mechanics on these particle

trajectory information.

Functional form of Utot is given by

Utotal = Ubond + Uangle + Udihedral + UvdW + Ucoulomb. (4.2)

Terms, Ubond, Uangle and Udihedral respectively account for stretching, bending and

torsional degrees of freedom available for atoms through covalent bonds.

Ubond =
∑

bonds i

kbondi (ri − r0,i)
2 (4.3)

Uangle =
∑

angles i

kanglei (θi − θ0,i)
2 (4.4)

Udihedral =
∑

dihedrals i




kdiheadi [1 + cos(niφi − γi)], ni 6= 0

kimpropi (θi − θ0), ni = 0

(4.5)

The terms Uvdw and Ucoulomb respectively given by Lennard Jones potential and

Coulomb potential account for non bonded interaction of atoms.

UvdW =
∑

i

∑

j(j 6=i)
4εij

[
(
σij
rij

)12 − (
σij
rij

)6
]

(4.6)

UCoulomb =
∑

i

∑

j(j 6=i)

qiqj
4πε0rij

(4.7)
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For every particle in the system the set of parameters {kbondi , ri,0, k
angle
i , ...}, must

be provided during simulation. These parameters are known as MD forcefield (FF)

parameters. Accurate modeling of the FF parameters is crucial to the accuracy of

the MD simulation (73, 78). Forcefield parameters are determined by fitting quan-

tum mechanical calculations with existing experimental data (73, 77, 78). In the

development of FF parameters, approximations of varying degree are incorporated

in order to reduce simulation cost and to increase the adaptability of FF parameters

into different computational platforms (77).

4.3 MD simulations in NAMD

NAMD is an MD simulation tool designed to gain advantage from parallel com-

puting to overcome the computational complexity of large molecular systems (79).

NAMD can be used together with its sister molecular visualization and modeling soft-

ware, VMD (80) to model, perform and analyze the outcomes of MD simulations (73).

NAMD require a protein structure file (PSF) that contain structural information

of the atoms in the system. During the simulation, topology information is matched

with appropriate FF parameters.

In addition to the MD potential described in Section 4.2, it is also possible with

NAMD to selectively apply external forces on components of the system (73). Exter-

nal forces are useful to guide the system towards a desired configuration, to model

the effects of a complex system without all components being present or to perturb

a system from its equilibration.

4.4 Methods

4.4.1 Model Atomic Structures and MD Forcefields

An all atom MD simulation to model macromolecular crowding on SOD, due to

the crowding agent 400 MW PEG, was implemented using atomic models of SOD and
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PEG. Protein data bank file (PDB) that contain crystallographically resolved atomic

coordinates of SOD dimer (68) was obtained from protein data bank (entry code

1ISA). PDB file for PEG was obtained from Uppsala University-Hetero-Compound

Information Center (81). Completion of the structures with the addition of hydrogen

atoms and the subsequent building of the PSF file were done in VMD (80). PSF file

was build using the topology information of CHARMM36 (82, 83) and CHARMM-

ether forcefields (84, 85). For the interaction of heteroatomic pairs, the effective values

of van der Waals energy parameters are calculated from those for the homoatomic

pairs using the Lorentz-Berthelot mixing rules (86). Forcefield parameters for the

active site of SOD was calculated by Dr. Ulf Ryde1. Water was modeled into TIP3P

architecture (87).

4.4.2 Modeling

Simulation environment was modeled as a cubic box of side 102 Å centering the

SOD dimer. Extra volume of the box facilitated SOD dimer (Rg ∼ 23Å) to interact

with solvent while being confined to the simulation volume for an extended period of

time. Pre-equilibrated water was used in all solvating operations. System for equili-

bration of SOD in water was prepared by solvating SOD dimer in water. Sodium ions

were added to neutralize the system. Equilibration of SOD dimer in 40% PEG was

modeled in two stages. First, 728 PEG molecules were solvated in water and equili-

brated for 10 ns allowing PEG-water system to become a random mixture. Second,

pre-equilibrated SOD dimer for 10 ns was added to this system by the removal of

overlapping PEG and water. Modeling and data analysts were automated with TCL

scripting. Details of each simulation environment are listed in Table 4.1. Visualization

of each simulation environment is given in Fig. 4.1.

1Dr. Ulf Ryde, Department of Theoretical Chemistry, Lund University, Sweden.
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Table 4.1.: Simulation system information

SOD in water SOD in 40% PEG

total atoms 107293 102982

SOD atoms 5858/dimer 5858/dimer

PEG atoms 0 66/PEG

# of SOD 1 1

# of PEG 0 603

# of ions 8 (Sodium) 8 (Sodium)

# of water 33809 19106

4.4.3 MD Simulation

Simulations were performed in NAMD (73) with CHARMM36 (82, 83) and

CHARMM-ether (84, 85) forcefield parameters. Two parallel MD simulations were

performed for equilibration of SOD dimer in water and in 40% PEG at constant

temperature and atmospheric pressure (NPT). Identical run parameters were used

in both simulations. Simulations were carried out at 310 K temperature and 1 atm

pressure. Periodic boundary conditions were applied. One fs time-step size was used

to evaluate Newton’s equation of motion for atoms (Eq.(4.1). Cut off was set at

12 Å for van der Waals interactions. NAMD uses particle mesh Ewald method with

periodic boundary conditions to calculate electrostatic interactions (73). Langevin

dynamics and Langevin piston were used in maintaining constant temperature and

constant pressure (73). At the beginning each system was energy minimized for 5000

time-steps at 0 K and gradually heated to 310 K over a period of 10000 time-steps.

Equilibration simulations were performed for over 150 ns. A system snapshot was

output at every ps (1000 time-step) interval for subsequent data analysis. For each

simulation, data analysis was done on the system information obtained after 10 ns

from the start up.
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(a) SOD in water

(b) SOD in 40% PEG and water

Fig. 4.1.: MD simulation snapshots as visualized in VMD (80). (a) SOD (green) in

water (red). (b) SOD in water and PEG (blue).

Simulations were run on four nodes (4×16 processors) of Purdue Conte research

computing cluster. Conte consists of HP compute nodes with two 8-core Intel Xeon-

E5 processors (16 cores per node) and 64 GB of memory. Each node is also equipped

with two 60-core Xeon Phi coprocessors. Typically, a 0.5 ns long simulation was

possible in 3 hours.
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4.5 Results

4.5.1 Randomization of PEG in Water
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Fig. 4.2.: For a random PEG, (a) Rg as a function of time. (b) Distribution of Rg

over 9 ns. (c) Displacement as a function of time along x, y and z directions.
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PEG randomization was the first stage of SOD in 40% PEG simulation. For a

random PEG, Rg as a function of time (Fig. 4.2(a)), distribution of Rg over a period

of 9 ns (Fig.4.2(b)) and displacement along x, y and z direction as a function of

time (Fig.4.2(c)) are shown in Fig. 4.2. Original PEG-water system was made with

PEG having a single conformation of Rg 5.8 Å assorted into a crystal like arrangement

with a unit-cell {16 14 5.7}Å. During randomization a PEG structure has displaced

sufficiently to exchange positions with other PEG structures, while also undergoing

conformational changes as a random coil. During this period a PEG molecule would

undergo possible conformational changes with a greater tendency to be found as a

structure of Rg ∼ 6.5Å. These results demonstrate that PEG structures are random-

ized and mixed with water in the system.
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4.5.2 Relaxation Time of SOD Dimer
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Fig. 4.3.: Relaxation time for SOD dimer. SOD dimer equilibrated in water (red)

stabilizes with an Rg ∼22.3 Å. The dimer perturbed from the equilibrium by slowly

pulling the subunits apart (green), rapidly relaxes towards the old structure within

a time scale of ∼2 ns. This indicates that a perturbed SOD structure can relax to

equilibrium within few ns.

In order to estimate a relaxation time for SOD dimer, equilibrated dimer was

perturbed by slowly pulling the dimers apart, along an axis joining the center of mass

of the two sub units, through ∼ 5 Å from the equilibrium separation. When the

perturbed structure was equilibrated in water, it relaxed towards the old structure

within a time scale of ∼2 ns (Fig. 4.3). This result indicates that SOD structure can

relax to equilibrium within a period of few ns.
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Fig. 4.4.: Rg of SOD dimer as a function of simulation time in water (green) and in

40% PEG containing solution (red). Over the period of the simulation SOD structure

in 40% PEG did not change compared to the SOD structure equilibrated in water.

4.5.3 Effects of PEG on SOD structure

Figure 4.4 shows Rg of SOD dimer as a function of simulation time. Equilibration

of SOD dimer in neutralized water is shown in green. Equilibration of SOD dimer

in a 40% PEG containing solution is shown in red. Transient changes at start up

signify that the system equilibrates according to MD forcefield. Once stabilized, both

simulations displayed similar behaviors as a function of time. Similar time averaged

values forRg were resulted for both simulations. It is possible for objects with different

shapes to have sameRg. In order to account for this possibility several other structural

measurements, were made as a function of time over the period of the simulation. Such

measurements included number of waters within the dimer interface, the distances

between the catalytic center of each subunit and atomic distances between several

pairs of distinct atoms within the structure. Results of these measurements are given

in Table 4.2. Also, the structures output from simulations were superimposed and

observed for distinct differences (Fig. 4.5). Root mean square distance, (RMSD) for

the superposition of SOD equilibrated in PEG and water on SOD equilibrated in
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water (2.00 Å) was comparable to the RMSD value for the superposition of SOD

equilibrated in water at 20 ns and at the end of 150 ns (1.88 Å). Therefore, over the

period of simulation it was not possible to distinguish changes to SOD dimer due to

the presence of PEG in the environment.

Fig. 4.5.: SOD structure equilibrated in water (red) was superimposed onto the SOD

structure equilibrated in water and PEG (blue). For each structure, backbone of the

subunit A is shown in the secondary structure (α-helix, β-sheet) representation and

subunit B are shown in a network representation where each node is a single atom.

The similarity (difference) within the two structures were comparable to the similarity

(difference) observed in the superposition of the SOD structures equilibrated in water

at two stages in the simulation.
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Table 4.2.: SOD structural measurements obtained over the period of simulation.

SOD in water SOD in 40% PEG

Measurement value std. dev value std. dev

system Rg 22.29 Å 0.09 Å 22.29 Å 0.09 Å

# of interfacial water 62 5 58 5

catalytic center separation 18.21 Å 0.19 Å 18.17 Å 0.19 Å

width of the interface 6.05 Å 0.19 Å 6.06 Å 0.19 Å

4.5.4 Measured Rg values of SOD under different methods

Table 4.3 shows Rg of SOD obtained under different methods. SANS and SAXS

are the experimentally observed values. Rg measured in VMD (1ISA, SOD1 and

SOD2) were obtained using the 3D atomic models of SOD. 1ISA is the 3D structure

obtained from protein data bank (68) with no H atoms or Fe catalytic center. SOD

is the completed 1ISA structure with H atoms and the catalytic center. SOD2 is the

SOD1 structure equilibrated in a in a water box under CHARMM MD force field

parameters (SOD2). Rg obtained with the atomic models are ∼0.8 Å smaller than

the experimentally measured values.

4.6 Discussion

We used all atom MD simulations to observe the effects of crowding on SOD due

to PEG. Results of MD simulations can be compared with the experimental results

of SANS and SAXS (Chapter 3). Both SANS and SAXS experiments indicated a de-

crease in the Rg of SOD for increased presence of PEG in the environment. However,

over the period of simulation we did not observe changes to the SOD structure in

PEG compared to the SOD structure equilibrated in water.
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Table 4.3.: Rg values of SOD in dilute Buffer

SANS 23.0 ± 0.3 Å

SAXS 22.8 ± 0.1 Å

1ISA in VMD 21.96 Å

SOD1(†) in VMD 22.10 Å

SOD2(‡) in VMD 22.29 (std. dev 0.09) Å

*1ISA is the crystal structure from Protein Data Bank

†SOD1 is the 1ISA structure completed with hydrogens and cataltic center

‡SOD2 is the SOD1 structure at the end of 20 ns MD equilibration in water

It is possible that the period of 150 ns was not sufficient for SOD to undergo

structural changes due to the presence of PEG and therefore, the simulation should

continue for extended periods of time. A realistic time scale through which SOD dimer

would undergo changes due to PEG is not known. Perturbed SOD dimer regained

its equilibrium state in water within a period of ∼ 2 ns (Fig. 4.3). Therefore, it

is arguable that 2 ns is sufficient for SOD dimer to transit into an equilibrium in

the presence of PEG. However, it is also possible that equilibrium time scales are

much larger for structural changes in SOD due to PEG. It is possible that the SOD

dimer is stuck in a stable equilibrium and FF parameters do not sufficiently express

the interactions of SOD with PEG. Under such circumstances a different sampling

technique may be required to steer the SOD structure towards another conformational

equilibrium that is likely to be achieved under crowding due to PEG. This could be

achieved by applying a set of forces on the SOD structure over a short period of time

during the simulation.

Rg of SOD measured from the 3D atomic structures are ∼0.8 Å less than the

experimentally observed Rg (Table 4.3). 1ISA and SOD1 use the crystal structure

as it is obtained from the Protein Data Bank (68). 1ISA does not contain H atoms
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and the Fe catalytic center at each SOD subunit. SOD1 is complete with H atoms

and the catalytic center. The measured Rg for these two structures differ only by

0.03 Å and that is insignificant relative to experimental uncertainties. As a result of

crystallization these two structures may be compact beyond the biological range (34).

That may be why the Rg for 1ISA and SOD1 are smaller than the experimentally

measured Rg (SANS and SAXS). Within the scope of this assumption it is possible to

justify Rg measurements for 1ISA and SOD being smaller than the SANS and SAXS

measurements.

During the MD equilibration, the 3D structure was expanded from SOD1 to SOD2.

The purpose of the MD equilibration is to allow the 3D structure to relax under MD

potential function. Simulation results indicate that SOD2 structure is stable around

the measured Rg value (Fig. 4.4). But yet, the measured Rg for SOD2 is ∼0.5 Å

smaller than the experimental Rg. Again, this may be because the CHARMM force-

field parameters strongly preserve the structural stability of SOD, causing the re-

sultant structure to be more compact than the actual SOD structure that occur in

biological environments. As different forcefields use different constraints and approx-

imations it will be useful to test the equilibration of SOD under different forcefields.

Forcefield parameters are developed following a semi-empirical approach in order

to reproduce experimentally verified thermodynamic and structural data (73, 75, 77,

78). Typically, these empirical FF parameters are developed for systems that include

one type of biomolecule in solvent (78). Therefore, the existing FF parameters may

not be sufficient to account for interactions in heterogeneous systems.

Our experiments discussed in Chapter 3 for SOD in PEG provide a much needed

experimental test for developing FF parameters for a heterogeneous system. Future

FF developing for heterogeneous systems could rely on these kind of experimental re-

sults in order to model subtle structural changes due interactions between components

in heterogeneous systems.
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5. SIZE-DEPENDENT DIFFUSION OF DEXTRAN IN

EXCISED PORCINE CORNEAL STROMA

The content of this chapter is submitted to the journal “Cornea” under the title

“Size-dependent diffusion of dextran in excised porcine corneal stroma” under the

authorship of Ajith Rajapaksha, Michael Fink and Brian A. Todd. The article is

currently being reviewed by the journal.

5.1 Motivation

Delivery of therapeutic agents to the eye requires efficient transport through cellu-

lar and extracellular barriers. We evaluated the rate of diffusive transport in excised

porcine corneal stroma using FCS for fluorescent labeled dextran molecules with hy-

drodynamic radii ranging from 1.3 to 34 nm. The preferential sensitivity of FCS to

diffusion along two dimensions was used to differentially probe diffusion along the di-

rections parallel to and perpendicular to the collagen lamellae of the corneal stroma.

In order to develop an understanding of how size affects diffusion in cornea, diffusion

coefficients in cornea were compared to diffusion coefficients measured in a simple

buffer solution.

5.2 Introduction

The most common and least invasive means for delivering drugs to the eye is to

apply the drug topically and rely on its diffusion through the anterior layers of the

eye. The tight cellular junctions of the corneal epithelium are often described as

providing the greatest barrier to permeation, whereas, the corneal stroma is a thick

but highly permeable layer (88–91). This view is supported by diffusion measurements
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of molecules in the size range of 0.5-5 nm using permeation chambers and optical

coherence tomography (92–99).

Many new and proposed therapeutics exploit sophisticated nanoparticle for-

mulations (90, 100, 101) or biologics, such as, therapeutic proteins and nucleic

acids (102, 103). Nanoparticles and macromolecules can be orders of magnitude

larger than traditional small molecule drugs. Hence, it is important to determine

whether the high permeability of the corneal stroma observed for small molecules

will hold for nanoparticles and large macromolecules. A fiber matrix model for the

corneal stroma based on structural considerations predicts that diffusion coefficients

are strongly attenuated for molecular sizes greater than approximately 4 nm (104–

106). However, there are yet no systematic experimental studies of size-dependent

diffusion in the corneal stroma for molecular sizes above 5 nm.

Fluorescence correlation spectroscopy (FCS) measures diffusion coefficients by de-

termining the average time required for fluorescent molecules to diffuse through a

microscopic confocal illumination volume. FCS has been used extensively to charac-

terize diffusion inside cells (107), in extracellular matrices (108), in mucus (109), and

through bacterial biofilms (110, 111). The confocal volume that probes diffusion in

FCS is anisotropic, making FCS sensitive primarily to diffusion along the two direc-

tions perpendicular to the microscope optical axis. This can be used to characterize

anisotropic diffusion by simply reorienting a sample with respect to the optical axis

of the microscope (112).

We used FCS to measure tracer diffusion in porcine corneal stroma in the direc-

tions parallel to the collagen lamellae and in the direction perpendicular to the colla-

gen lamellae. We find that excised corneal stroma is highly permeable and isotropic

for particles in the size range 1.3 to 34 nm. The dependence of the diffusion coeffi-

cient on the size of the diffusing species can be accounted for quantitatively using the

simple Stokes-Einstein relationship that is used to describe diffusion through simple

liquids. These results suggest that the diffusional landscape of the corneal stroma is

more porous than previously thought. Consequently, we expect that the rapid per-
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meation observed for small hydrophilic drugs through the corneal stroma can also be

expected for hydrophilic nanoparticles and macromolecular therapeutics (104–106).

5.3 Materials and Methods

5.3.1 Porcine Cornea and Sample Orientation

Porcine eyes were obtained from an abattoir as a byproduct of slaughter (Spear

Products, Inc., Coopersburg Pennsylvania). Porcine cornea and human cornea are not

identical. Porcine cornea were chosen because the extant permeability data on porcine

eyes closely match human eyes (113). Cornea samples were obtained by excising a

0.5×0.5 cm patch from the center of the cornea. The epithelium layer was left intact.

Excised cornea were incubated in Nunc Lab-Tek Chambered #1 Coverglass containing

pH 7.4 phosphate buffered saline (hereafter referred to as buffer) augmented with 5

nM of the fluorophore of interest at 4 0C.

All measurements were made with the microscope objective directly in contact

with the microscope coverglass. This maximizes the depth within the cornea at which

diffusion is measured. In this configuration, the submicron sized confocal volume is

focused to a depth past the epithelium and well into the corneal stroma. Consequently,

our measurements reflect the properties of the corneal stroma only and are not affected

by the presence of the epithelium.

Before adding the cornea to the chamber, we measured the intensity of fluorescence

emission from the buffer/fluorophore solution. Upon adding cornea to the sample

chamber we observed the fluorescence intensity dropped by a factor of ∼20, essentially

reaching the background noise level. This guaranteed that the confocal observation

was focused into the cornea and not in, for instance, into a solution filled gap between

the cornea and the coverglass. For 2000 kD (the slowest diffusing molecule measured),

the fluorescent intensity increased for a period of approximately 20 hours, finally

stabilizing to a constant value. This indicates that the fluorophore reached its steady-

state concentration within the corneal stroma for 2000 kD dextran solution within 20
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hours. All other dextrans were smaller than 2000 kD and reached steady-state more

rapidly. Diffusion coefficients were measured after a 20 hour incubation period and

were monitored for time-dependent changes in diffusion coefficients. Each dextran

was measured in cornea obtained from between 3 to 5 different eyes.
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Fig. 5.1.: Experimental Schematic and Sample Geometry. (a) Fluorescence corre-

lation spectroscopy (FCS) measures diffusion coefficients from the time-dependent

fluctuations in fluorescence intensity measured using a confocal microscope. Fluctu-

ations in fluorescence intensity are caused by fluorescent molecules diffusing through

the illumination volume (shown in green) and emitting fluorescence (shown in or-

ange) for a period of time that is characteristic of the molecules diffusion coefficient.

The focal volume has an elliptical shape and measurements are primarily sensitive

to diffusion along the two shorter dimensions of the ellipse, i.e. perpendicular to the

microscope optical axis (indicated by black arrow). We used this to measure diffusion

coefficients in the corneal stroma in two different orientations. (b) In the para orien-

tation, the microscope axis is aligned with the anterior/posterior axis of the eye and

the measurement is primarily sensitive to diffusion parallel to the collagen lamella in

the corneal stroma. (c) In the trans orientation, the microscope axis is aligned with

the superior/inferior axis of the eye and one of the two directions perpendicular to

the microscope axis runs transverse to the collagen lamellae in the corneal stroma.
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Measurements were made in two orientations relative to the optical axis, as shown

in Fig 5.1. FCS is primarily sensitive to diffusion along the two dimensions in the plane

of the specimen, perpendicular to the optical axis. This allowed us to characterize

diffusion parallel to the collagen lamella and diffusion perpendicular to the collagen

lamella simply by reorienting the sample (112). In the para orientation (Fig. 5.1(a))

the microscope optical axis is aligned with the anterior/posterior axis of the eye. In

this orientation, the measurement is primarily sensitive to diffusion parallel to the

collagen lamella of the corneal stroma. In the trans orientation (Fig. 5.1(c)), the

microscope optical axis is aligned with the superior/inferior axis of the eye. Here,

one of the two directions perpendicular to the microscope axis runs transverse to the

collagen lamellae in the corneal stroma.

5.3.2 Fluorescently-labeled Dextran

Fluorescently-labeled dextran were obtained in molecular weights ranging from

3 kD to 2000 kD. The following tetramethylrhodamine-labeled dextrans were ob-

tained from Invitrogen Life Technologies (Carlsbad, CA): 3kD dextran (#: D3307),

10kD dextran (#: D1816) , 40kD dextran (#: D1942) and 2000kD Dextran (#:

D7139). Rhodamine-labeled 500kD Dextran (#: DX500-RB-1) was purchased from

Nanocs Inc. (Boston, MA). Tetramethylrhodamine-isothiocyanate dextran of molec-

ular weight 155kD (#: T1287) was purchased from Sigma-Aldrich (St. Louis, MO).

All dextrans were used without further purification.

5.3.3 Fluorescence Correlation Spectroscopy (FCS)

FCS was performed with an ISS Alba (Champaign, IL) using a 532 nm Coherent

Compass 115M-5 laser (Santa Clara, CA) and a Olympus DPlan 100X, 1.25 NA oil

immersion objective. The confocal pinhole was implemented using the 50 µm aperture

on the Micron Photon Devices PDM Series avalanche photodiodes (San Jose, CA).

The dimensions of the focal volume were calibrated by measuring the diffusion of
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Alexa532 (Invitrogen, Product#: A20001) at 2.5, 5, and 10 nM concentrations and

fitting a single species correlation function to find the major and minor dimensions of

the elliptical focal volume. The value of the Alexa532 diffusion coefficient used for the

calibration was 398 µm2s−1 (114, 115). Typical calibrated focal volume dimensions

were 0.3 µm in the direction perpendicular to the optical axis and 9 µm in the direction

along the optical axis. We expect that this observation volume is sufficiently small

that it will characterize specifically the stroma of the cornea but sufficiently large

that it will sample over many collagen lamellae.

For each fluorophore, we measured the FCS signal with decreasing laser excita-

tions until we observed that the measured diffusion coefficient did not depend on the

excitation intensity. This guaranteed the absence of photobleaching artifacts. Emit-

ted fluorescence was split using a 50:50 beam splitter and recorded on two separate

avalanche photodiodes. These were cross-correlated to avoid the detector after-pulsing

artifact that arises when auto-correlating the fluorescence fluctuations from a single

detector. Cross-correlation functions for dextran could not be fit to single species

model because of poly-dispersity in the dextran molecules. In order to determine the

diffusion coefficient of dextrans, we determined the value of the time lag, τ50 where

the normalized cross-correlation time dropped by 1/2 of its value at zero time lag.

The diffusion coefficient was then given by comparison to the Alexa532 calibration

standard,

DDextran = DAlexia532
τ50,Alexia532

τ50,Dextran

(5.1)

5.3.4 Modeling Diffusion

The size-dependence for diffusion of macromolecules in homogeneous liquids (e.g.

water or buffer) can be described by the Stokes-Einstein Eq. (116).

D =
kbT

6πηR
(5.2)

where D is the diffusion coefficient, kb is Boltzmanns constant, T is temperature, η

is viscosity, and R is the hydrodynamic radius of the diffusing species. For water or
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buffer at 25 0C, η ∼0.91x10-3 Pa s and kbT∼4.1x10-21 J. In order to determine the

R for our dextran molecules, we measured diffusion coefficients in buffer by FCS and

used Eq /refeq:StokesEinstien to calculate R. Our measured values of R were within

20% of those previously measured for similar molecular weights (117–124).

In order to characterize the size-dependence for diffusion in cornea we plot the

measured diffusion coefficients for dextrans in cornea versus the dextran hydrody-

namics radii determined in buffer. Because of the large range of diffusion coefficients

and hydrodynamic radii, we plot both axis on a logarithmic scale. For the simple

relationship predicted by Eq. 5.2 this gives,

logD = log

(
kbT

6πη

)
− logR (5.3)

From this equation it can be seen that the hallmark for diffusion obeying the Stokes-

Einstein Eq. is that a plot of logD vs. logR has a slope of −1. In many biological

samples where large molecules are hindered by nanoscopic obstacles (e.g. the cy-

toskeleton for diffusion inside cells), the dependence of D on size is stronger than

predicted by the Stokes-Einstein Eq (125). On a plot of logD vs. logR this stronger

dependence would be manifest by a slope decreasing more steeply than -1.

5.3.5 Statistical Analysis

In order to calculate statistical uncertainty, we pooled all measurements for a

single cornea and single dextran molecular weight into one mean value. We consider

that this mean contributes one independent measurement. All error bars represent

standard errors of the mean where the number of measurements is the number of

different cornea. P-values were calculated using independent two group t-tests. All

statistical tests were performed using t.test in the R statistical computing environment

Version 3.0.3.
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Fig. 5.2.: Fluorescence correlation spectroscopy (FCS) data for Alexa532 in buffer

(green), rhodamine-labeled 2000 kD dextran in buffer (black), and 2000 kD dextran in

corneal stroma (red). Diffusion coefficients are measured by determining the duration

over which fluorescence emission from the confocal volume are correlated in time; the

slower the diffusion, the greater the time over which a fluorescence signal will be

correlated. 2000 kD dextran is a large molecule and diffuses in buffer more slowly

than the smaller Alexa532 (black is shifted to right relative to green). When 2000

kD dextran is measured in cornea, the normalized correlation function shifts to the

right relative to 2000 kD dextran in buffer solution (red shifted to the right relative

to black). This indicates that diffusion in cornea is slower than in buffer.

5.4 Results

Figure 5.2 shows the raw FCS data for an Alexa532 calibration standard measured

in buffer (green line), a 2000 kD rhodamine-labeled dextran in buffer (black line),

and for a 2000 kD rhodamine-labeled dextran in cornea in the para orientation (red

line). The important parameter obtained from each curve is τ50, the value of the

time lag at which the normalized correlations drop below 1/2. Roughly speaking,

this number represents the average residence time that a diffusing particle spends in

the focal volume. Rapid diffusion corresponds to small τ50, whereas, slow diffusion
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corresponds to largeτ50. For Alexa532 (green curve), the τ50 of approximately 10−4 s

is indicated in Fig 5.2.

2000 kD dextran is a much larger molecule than Alexa532 and, consequently

diffuses much more slowly. This is reflected in the fact that the curve for 2000 kD

dextran in buffer is shifted to the right relative to Alexa532 (black curve is shifted to

the right relative to green curve). The cross-correlation function measured for 2000

kD dextran in cornea shifts yet further to the right, as compared to 2000 kD dextran

in buffer (red curve is shifted to the right relative to black curve). This indicates that

the diffusion coefficient for 2000 kD dextran is smaller in cornea, as compared to the

diffusion coefficient in buffer. Diffusion coefficients for all dextrans were calculated

from τ50 values using data analogous to that shown in Fig5.2, along with Eq. 5.1.
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Fig. 5.3.: Diffusion coefficients in corneal stroma as a function of time, post-

incubation. Symbols indicate mean values and error bars are standard errors of the

mean for dextrans of molecular weight: 3 kD (black), 10 kD (green), 40 kD (yellow),

155 kD (blue), 500 kDa (orange), 2000 kD (purple).

We sought to determine whether the diffusion coefficients changed over the in-

cubation period by comparing diffusion coefficients measured at 1, 2, and 3 days

post-incubation (Fig. 5.3). Between day 1 and 3, the average change in diffusion
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coefficient was -12% with a standard deviation of 30%. The p-value was 0.19 against

the null hypothesis that the diffusion coefficients did not change. Consequently, we

conclude that changes in the diffusion coefficient over the 3 day measurement period

were not significant. For all subsequent analysis, measurements were combined over

the entire observation period. Mean values and standard errors of the mean for the

combined data are given in Table 5.1.

Table 5.1.: Mean diffusion coefficients for dextran measured in buffer, corneal stroma

in the para orientation, and corneal stroma in the trans orientation. “±” indicates

the standard error of the mean with the number of different cornea ranging from 3

to 5.

MW (kDa) Rh (nm) Dbuffer (µm2 s−1) Dstroma,para (µm2 s−1) Dstroma,trans (µm2 s−1)

5 1.31±0.04 187±5 123±12 -
10 1.63±0.03 151±3 98±4 -
40 3.0±0.1 83±3 42±6 60±9
155 5.6±0.6 46±5 27±3 28±8
500 14±1 18±2 12±2 8±2
2000 34±1 7.2±0.2 4±0.6 4±1

Figure 5.4 compares diffusion coefficients measured for all dextrans in buffer

(black) as compared to diffusion coefficients measured for dextrans in corneal stroma

in the para orientation (red). Error bars represent the standard error of the mean. All

diffusion coefficients measured in cornea were significantly less than those measured

in buffer; p-values range from 3×10−6 to 3×1010−6 against the null hypothesis that

the means in cornea are the same as those in buffer. When plotted, as in Fig. 5.4,

on a log scale, the relationship between diffusion coefficients and hydrodynamic radii

in cornea can be obtained by simply shifting downward each diffusion coefficient by

∼67%, relative to its value in buffer. That the slope of logD vs. logR remains -1 in

cornea indicates that the relationship between diffusion coefficient and hydrodynam-
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ics radius in cornea can be described by the Stokes-Einstein equatio (Eq. 5.3). The

67% decrease in diffusion coefficients in going from buffer to cornea can be accounted

for by a viscosity for corneal stroma that is 1.5 times as large as the viscosity of the

buffer (red line in Fig. 5.4 with Eq. 3 and viscosity 1.5 times that in water).
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Fig. 5.4.: Size-dependent diffusion of dextran in buffer solution (black) and in cornea

in the para orientation (red). Symbols indicate mean values and error bars are stan-

dard errors of the mean. All average diffusion coefficients measured in cornea are

significantly smaller than those measured in buffer (p ¡ 3×10−2). The decrease in dif-

fusion coefficient in moving from buffer to cornea can be accounted for by an increase

in the viscosity of cornea by 1.5 times that of buffer (Eq. 3, red line).

Figure 5.5 compares diffusion coefficients measured in the para orientation with

the same measurements made in the trans orientation (see Fig. 5.1 for definition of

these two orientations). There are no systematic differences between the two sets

of measurements; p-values range from 0.12 to 0.92 against the null hypothesis that

the mean in the para orientation is the same as the mean in the trans orientation.

This indicates that, despite considerable anisotropy in the collagen lamellae of cornea,

diffusion is not highly anisotropic.
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Fig. 5.5.: Size-dependent diffusion of dextran in para orientation (red) vs. trans

orientation (green). Symbols indicate mean values and error bars are standard errors

of the mean. We do not detect any significant differences between diffusion in the two

orientations (p ¿ 0.12), indicating that diffusion in the corneal stroma is isotropic.

5.5 Discussion

Size is an important factor in the penetration of therapeutics through biological

tissues. Size-dependent diffusion, inside cells (107), in extracellular matrices (108),

in mucus (109), and through bacterial biofilms (110, 111) have been characterized

experimentally and a wide range of behaviors have been observed. For instance,

many intracellular environments exhibit a sieving property where small molecules

diffuse freely but transport of objects larger than 10-30 nm is severely restricted (125).

Other biological materials, such as mucus, are highly porous even for particles as large

as 100 nm (126). A fiber matrix model for the corneal stroma predicts that diffusion in

cornea will be strongly attenuated for objects larger than approximately 4 nm (104–

106). Ours is the first study to systematically study the size dependence of diffusion

in corneal stroma for objects with hydrodynamic radii greater than 5 nm.

We measured size-dependent diffusion in excised porcine corneal stroma for dex-

tran polymers with hydrodynamic radii between 1.3 and 34 nm. We expected larger
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polymers to experience a hindrance from the collagen fibrils that would depend on

cornea orientation. In contrast to our expectations, we found that all dextrans, re-

gardless of size, exhibited diffusion coefficients that were around 67% as large as their

values in buffer. No size-dependence beyond what is predicted by the Stokes-Einstein

relationship (Eq. 5.2) was observed. This indicates that, at least up to a particle

radius of 34 nm, the collagen meshwork of excised porcine corneal stroma does not

ensnare diffusing particles. Measurements of diffusion along the directions parallel

and perpendicular to the collagen lamella were indistinguishable, indicating that dif-

fusion in excised cornea is not highly anisotropic. Taken together, our results suggest

that excised cornea is permeable for objects up to 34 nm in hydrodynamic radii and

that the size-dependence for diffusion through excised porcine cornea can be described

simply by the Stokes-Einstein Eq. with a viscosity approximately 1.5 times that of

buffer (red line in Fig. 5.4).

A major limitation of our study is that, similar to most previous studies on corneal

stroma diffusion (i.e. 4 of the 5 studies reviewed in Ref. (95)), our experiments utilized

excised cornea. Under these conditions, the ultrastructure of the stroma involving a

precise arrangement of collagen fibrils as well as their lamellae could be lost. Stroma

can swell substantially when exposed to water and this could cause the lamellar

collagen structure to be more expanded in excised cornea, as compared to cornea in

vivo. This may account for the absence of strong size dependence in our experimental

data. Because our measurements reflect excised cornea stroma, the absolute dextran

diffusion coefficients observed in our studies should be applied to in vivo models only

with caution. Our findings can be directly applied to cornea used for transplantation

which are excised and stored for up to 10 days (127).

Our results can be compared to the extent data on diffusion within the stroma,

the majority of which reflect excised cornea (95). These previous measurements show

that diffusion coefficients for small hydrophilic molecules in cornea tend to be 50% as

large as their values in water or buffer (95). Given that boundary effects in permeation

chamber studies tend to lead to under-estimation of diffusion coefficients (128), we
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consider these measurements to be similar to our findings that diffusion coefficients

in cornea are 67% as large as those in buffer. It was predicted that the high per-

meabilities observed for small molecules would not extend to molecules larger than

approximately 4 nm (104–106). However, this is the first systematic experimental

studies of size-dependent diffusion in the corneal stroma for molecular sizes above

5 nm. Contrary to expectations, we find that the corneal stroma is permeable for

objects up to sizes of at least 34 nm.

An additional limitation of our study was that we characterized diffusion purely

within the corneal stroma. Permeation into the eye requires, additionally, permeation

through the corneal epithelium and through additional anterior layers of the eye. Our

work demonstrates that FCS, which probes a microscopic region of space, could be a

useful technique for independently characterizing the various compartments of the eye.

This, in turn, can be used to parameterize and validate sophisticated pharmokinetic

models for drug delivery to the eye.

5.6 Conclusions

Dextran molecules diffuse more slowly in cornea as compared to buffer solution.

The reduction in diffusion coefficient is modest however (67% smaller), and is uniform

over the range of sizes that we measured. This indicates that, for dextrans in the 1.3 to

34 nm range, the diffusion landscape of corneal stroma can be represented as a simple

liquid with a viscosity approximately 1.5 times that of water. Diffusion coefficients

measured parallel vs. perpendicular to the collagen lamellae were indistinguishable.

This indicates that diffusion in the corneal stroma is not highly anisotropic.
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6. SUMMARY AND FUTURE WORK

We used SAS to observe the effects of macromolecular crowding on the size of a

protein complex. Previous studies using either SAXS or SANS could not differentiate

changes in protein structure from an artifact due to a hydration layer surrounding

some proteins. In this work, we exploited the different contrast mechanisms of SAXS

and SANS to unambiguously measure the subtle effects of macromolecular crowding.

This work establishes parallel SAXS and SANS experiments as the method of choice

in measuring subtle structural changes induced by macromolecular crowding.

Using SANS and SAXS coupled with osmotic stress measurements we were able

to estimate a compressibility modulus for SOD. Estimated bulk moduli of SOD

(0.10±0.02 GPa from SAXS and 0.13±0.1 GPa from SANS) indicate a highly com-

pressible structure for SOD. To the best of our knowledge, we were the first to estimate

a compressibility modulus for a protein complex. In this work we studied only a sin-

gle protein complex. In order to generalize our findings, future work would need to

measure the compressibility of other protein complexes.

SAXS done in the presence of TEG suggested that for deformation beyond a 9%

decrease in volume, the resistance to deformation may increase dramatically. We

propose this phenomenon to be verified using parallel SANS measurements as were

performed for PEG.

An all atom MD simulation was implemented in NAMD to observe the effects of

crowding on SOD due to PEG. In the simulation, SOD structures were equilibrated

in water and in 40% PEG. Results of MD simulations were compared with the experi-

mental results obtained by SANS and SAXS for SOD in PEG. Both SANS and SAXS

experiments indicated a decrease in the Rg of SOD for increased concentration of PEG

in the environment. In contrast, over the period of the simulation SOD structure equi-

librated in 40% PEG did not change compared to the SOD structure equilibrated in
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water. Therefore, the simulation did not correctly model the experimentally observed

behavior for SOD in PEG. Future work could use accelerated sampling techniques to

determine whether the simulations are merely kinetically trapped. If such simulations

continued to fail to show the experimentally observed compressibility, then we expect

our experimental results to be useful in further developing improved MD forcefields.

In a separate project, we measured the rate of diffusive transport in excised porcine

corneal stroma using FCS for fluorescent labeled dextran molecules with hydrody-

namic radii ranging from 1.3 to 34 nm. Dextran molecules diffuse more slowly in

cornea as compared to buffer solution. The reduction in diffusion coefficient is ∼ 67%

and is uniform over the range of sizes that we measured. Delivery of therapeutic agents

to the eye requires efficient transport through cellular and extracellular barriers. Our

measurements bring important insights into how macromolecular and nanoparticle

therapeutics might permeate through the eyes.
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A. SAS DATA PROCESSING STEPS

SAS data are collected on a 2-D detector. As the scatterers are randomly oriented

in SAS, the detector image is radially symmetric around the direct beam center.

In SAS for macromolecules, scattering from the buffer solution in the absence of

macromolecule is collected in addition to the scattering from the solution containing

the macromolecule (Fig. A.1). Scattering from the macromolecule is isolated by

subtracting out the background scattering from the scattering from macromolecule

and the background (129, 130). Figure A.1 shows the SANS data recorded on the

director at Beam-line 6, Spallation Neutron Source of Oak Ridge National Laboratory,

for D2O buffer (a) and for protein SOD in the D2O buffer (b).

(a) D2O Buffer Background (b) SOD in D2O Buffer

Fig. A.1.: SANS detector images at Beam-line 6, Spallation Neutron Source, Oak

Ridge National Laboratory.
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Due to the low neutron flux, SANS detector images must be collected over ex-

tended periods (0.5-2 hrs) to obtain statistically improved data. On the other hand,

in flux rich Synchrotron SAXS beam lines, multiple detector images can be collected

by exposing the sample to the X-ray beam over short periods (30 s-2 min). Each

data set, collected on the detector were subject to flat field correction, empty cell

correction, detector sensitivity correction and radially averaged as a function of the

scattered wave vector. The above steps were performed at SANS and SAXS beam-

lines using software and calibration standards. Figure A.2 shows the radial averaged

data for SANS detector images shown in Fig. A.1.
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Fig. A.2.: Radially averaged SANS detector data.

Subsequently, in the background subtraction scattering from the main scattering

particle is isolated from the scattering contributed from constituents in the back-

ground solution. Figure A.3 indicates the SANS profile of SOD as a function of

q.
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Fig. A.3.: SANS I(q) of SOD.
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