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Analytical ultracentrifugation (AUC) can be used to study reversible interactions
between macromolecules over a wide range of interaction strengths and under
physiological conditions. This makes AUC a method of choice to quantitatively assess
stoichiometry and thermodynamics of homo- and hetero-association that are transient
and reversible in biochemical processes. In the modality of sedimentation equilibrium
(SE), a balance between diffusion and sedimentation provides a profile as a function of
radial distance that depends on a specific association model. Herein, a detailed SE
protocol is described to determine the size and monomer-monomer association energy
of a small membrane protein oligomer using an analytical ultracentrifuge. AUC-ES is
label-free, only based on physical principles, and can be used on both water soluble
and membrane proteins. An example is shown of the latter, the small hydrophobic (SH)
protein in the human respiratory syncytial virus (hRSV), a 65-amino acid polypeptide
with a single a-helical transmembrane (TM) domain that forms pentameric ion
channels. NMR-based structural data shows that SH protein has two protonatable His
residues in its transmembrane domain that are oriented facing the lumen of the
channel. SE experiments have been designed to determine how pH affects the
association constant and the oligomeric size of SH protein. While the pentameric form
was preserved in all cases, its association constant was reduced at low pH. These data
are in agreement with a similar pH dependency observed for SH channel activity,
consistent with a lumenal orientation of the two His residues in SH protein. The latter
may experience electrostatic repulsion and reduced oligomer stability at low pH. In
summary, this method is applicable whenever quantitative information on subtle
protein-protein association changes in physiological conditions have to be measured.
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SHORT ABSTRACT:

Sedimentation equilibrium (SE) can be used to study protein-protein interactions in a
physiological environment. This manuscript describes the use of this technique to determine
the effect of pH on the stability of a homo-pentamer formed by the small hydrophobic (SH)
protein encoded by the human syncytial respiratory virus (hRSV).

LONG ABSTRACT:

Analytical ultracentrifugation (AUC) can be used to study reversible interactions between
macromolecules over a wide range of interaction strengths and under physiological conditions.
This makes AUC a method of choice to quantitatively assess stoichiometry and thermodynamics
of homo- and hetero-association that are transient and reversible in biochemical processes. In
the modality of sedimentation equilibrium (SE), a balance between diffusion and sedimentation
provides a profile as a function of radial distance that depends on a specific association model.
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Herein, a detailed SE protocol is described to determine the size and monomer-monomer
association energy of a small membrane protein oligomer using an analytical ultracentrifuge.
AUC-ES is label-free, only based on physical principles, and can be used on both water soluble
and membrane proteins. An example is shown of the latter, the small hydrophobic (SH) protein
in the human respiratory syncytial virus (hRSV), a 65-amino acid polypeptide with a single a-
helical transmembrane (TM) domain that forms pentameric ion channels. NMR-based
structural data shows that SH protein has two protonatable His residues in its transmembrane
domain that are oriented facing the lumen of the channel. SE experiments have been designed
to determine how pH affects association constant and the oligomeric size of SH protein. While
the pentameric form was preserved in all cases, its association constant was reduced at low pH.
These data are in agreement with a similar pH dependency observed for SH channel activity,
consistent with a lumenal orientation of the two His residues in SH protein. The latter may
experience electrostatic repulsion and reduced oligomer stability at low pH. In summary, this
method is applicable whenever quantitative information on subtle protein-protein association
changes in physiological conditions have to be measured.

INTRODUCTION:

Analytical ultracentrifugation'™ is one of the most important methods to study interactions of
macromolecules under physiological conditions, being accessible to both weak and strong
interactions. The method is label-free and uses light absorption or interference, and even
fluorescence optical systems can be used to access concentration ranges over several orders of
magnitudeG.

This method is especially useful since most biochemical processes depend on reversible
interactions. The stoichiometry and strength of these interactions have to be quantitatively
characterized to understand biological processes, and a number of methods exist for this
purpose "8 However, transient interactions are difficult to study %,

The choice of a method to characterize macromolecular interactions depends on its static or
dynamic nature. In the first case, sedimentation velocity (SV) is used, where the rate of radial
transport is measured and complexes are fractionated on the basis of differences in buoyant
mass and shape.

In contrast, dynamic associations that are reversible on the time scale of the experiment cannot
be physically separated. In this case, self- or hetero-interactions leading to non-covalent
interactions are in an equilibrium that depends on the total protein concentration. These
dynamic interactions can be studied by both sedimentation equilibrium (SE) and sedimentation
velocity (SV) *°. However, the first method is simpler to perform and is described here. In SE,
centrifugation is performed at a sufficiently low speed so that an equilibrium is reached
between diffusion and sedimentation. At this point, the equilibrium profile of an optical signal
(UV-VIS) as a function of radial distance, can be analyzed using pre-set thermodynamic models
for associations™'.
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In the present paper, a sedimentation equilibrium study is presented of the self-association of a
viral membrane protein that forms ion channels. Because of its hydrophobicity, the experiment
is run in presence of detergent, and in this case the density of solvent has to be matched to that
of the detergent. However, the protocol described would identical in the case of a water
soluble protein, except that no solvent density matching would be required.

The protein used is encoded in the human respiratory syncytial virus (hRSV), an enveloped
pneumovirus in the paramyxoviridae family that causes lower respiratory tract disease in infants,
elderly and immunocompromised populations worldwide **. Up to 64 million reported cases of
hRSV infection and 160,000 deaths occur each year.

The hRSV genome transcribes 11 proteins, including the three membrane proteins F, G, and
small hydrophobic (SH). SH protein is involved in the pathogenesis of RSV infection. RSV lacking
the SH gene (RSVASH) was viable, caused formation of syncytia and grew as well as the wild-
type (WT) virus 1316 However, RSVASH virus replicated 10-fold less efficiently than the WT in
the upper respiratory tract *>*®. Also, RSVASH virus was attenuated in in vivo mouse and
chimpanzee models 2%/,

The SH protein is a 64 (RSV subgroup A) or 65 (RSV subgroup B) amino acids long type Il integral
membrane protein that accumulates mostly at the membranes of the Golgi compartment 8. SH
protein has a single predicted a-helical transmembrane (TM) domain % which is highly
conserved *®*. The C- and N-terminal extramembrane domains are oriented
lumenally/extracellularly and cytoplasmically, respectively.

Both synthetic TM domain (residues 18-43) and full length SH protein have been shown to form
homopentamers in a variety of detergents. The homopentameric form is responsible for channel
activity in planar lipid bilayers 2223 The correct orientation of the TM monomers in the lipid
bilayer was first determined using site specific infrared dichroism 23, which showed His-22 to be
in a lumenal, close to inter-helical, orientation. The same TM domain orientation was confirmed
by NMR studies that reconstructed the pentameric a-helical bundle of the full-length protein in
dodecylphosphocholine (DPC) micelles 22 In this ‘micelle’ model, a single a- helical TM domain
was flanked N-terminally by an a-helix, and C-terminally by an extended B-hairpin. The two
protonatable residues of SH protein, His-22 and His-51, are located in the TM domain
(lumenally oriented), and at the tip of the extramembrane C-terminal B hairpin (far from the
channel pore), respectively. In a bicellar environment, however, the TM a-helix extends up to
His-51, and both His residues are accessible to the lumen of the channel®*. The channel
structure adopts a funnel-like architecture 22 where the narrower region (Ser-29 to Cys-45) 2
is lined with hydrophobic side chains (lle-32, lle-36, lle-40 and Leu-44), and lle-36 defines the
narrowest point in the channel lumen. His-22 is located at the largest opening of this funnel,
whereas His-51 is at the tip of the smallest opening.

In the present paper, analytical centrifugation in a sedimentation equilibrium mode has been

used to determine if His protonation affects the stability of the SH protein pentamer. In this
case, SH protein was solubilized in C14-betaine detergent, which has been used previously to
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show that SH protein forms pentameric oligomers®%.
PROTOCOL:

This protocol is based on the following resources, which are to be referred for more details and
special considerations>*%%,

1. Density matching of detergent micelles with ’H,0

Note: The density of the buffer solution needs to be matched to the density of the detergent
micelles. Common density-adjusting agents include 2H,0, H,™%0, 2H,®0, glycerol and sucrose®.
H,'®0 has the same density as *H,O and may be a better choice if deuteration of exchangeable
protons in the protein is not desired. In this procedure, the density of 3-(N,N-
dimethylmyristylammonio)-propanesulfonate (C14SB) detergent in 50 mM Tris pH 7.3, 100 mM
NaCl will be matched with 2H,0. As an initial guess the following concentrations of ’H,0 will be
used: 10, 30, and 50% v/v.

1.1. Sample preparation

1.1.1. Prepare the following stock solutions and filter sterilize through a 0.2 um syringe filter:
50 mL 500 mM Tris pH 7.3 and 1 M NaCl (10X buffer solution); 1 mL 250 mM C14SB (50X
detergent solution).

1.1.2. Prepare 200 pl of sample solution by mixing 20 ul 10X buffer solution, 4 pl 50X
detergent solution, 20 pl ’H,0 (99.9%), and 156 pl deionized H,0. Prepare also 200 ul of
reference solution by mixing 20 pl 10X buffer solution, 20 pl ’H,0 (99.9%), and 160 pl deionized
H,0.

1.1.3. Repeat step 1.1.2 for the other ’H,0 concentrations, i.e. 30% and 50%, adjusting the
’H,0 and H,0 amounts appropriately.

1.2. Assembly of 6-channel AUC cells and sample loading into the cells

Note: There are two types of AUC cell depending on the sample loading method. Cells without
external fill has to be loaded prior to sealing the cell, whereas external-fill cells can be loaded
after the cells are sealed. Assembly of an external-fill AUC cell has been described previouslys.
In this protocol, the assembly of a 6-channel AUC cell without external fill is described. The
main difference is that it has screw rings on both sides which need to be tightened separately,
and it doesn’t need housing plugs (Fig. 1). The difference in assembly steps are highlighted
below.

[Place Figure 1 here]

1.2.1. Prepare two window assemblies for each AUC cell with sapphire window instead of
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quartz window (Fig. 2). Place the window gasket into the window holder. Slightly bend the
window liner and place it into the window holder such that the gap is formed opposite to the
window holder keyway. Place the sapphire window inside the window liner, aligning the mark
with the window holder keyway.

Note: The quartz window is compressible and thus will produce more light refraction at high
speed 2830 Therefore for interference measurements above 30000 rpm, such as in this density
matching experiment, sapphire windows are used. A sapphire window is heavier than quartz
window and has an “X” etched onto its side.

[Place Figure 2 here]

1.2.2. Place the cell housing with the part number upside-down. With the keyways aligned
with the housing key, slide into the cell housing firstly a 6-sector centerpiece with beveled side
down, followed by one window assembly with the window facing down (Fig. 1, left).

1.2.3. Lightly coat the screw ring threads and screw ring washer with spinkote. Place a screw
ring washer on top of the window assembly. Install the screw ring into the window housing with
the word “OUT” facing outside. Hand-tighten the screw ring by using the cell aligning tool.

1.2.4. Using the torque wrench, tighten the screw ring to only 60 inch-pounds.

1.2.5. Place the cell with the part number upright and positioned at 12-noon. Load 120 pl
reference into the left rows and 110 pl sample into the right rows. Ensure that each sample and
reference is correctly paired. Note: Exact sample volume is not critical, but the reference needs
to have slightly more volume than the sample (5-10 pul) so that the sample meniscus will be
distinct.

1.2.6. Carefully slide into the cell housing one window assembly with the window facing down
(Fig. 1, right). Take care not to disturb the cell excessively and spill the contents.

1.2.7. Repeat step 1.2.33 and 1.2.44, tightening the second screw ring to 120 inch-pounds.
Invert the cell and re-tighten the first screw ring to 120 inch-pounds.

1.2.8. Load the cells into the rotor, install the rotor into the centrifuge and install the
monochromator according to the manufacturer’s instructions %8 Note: Details on this step can
also be found in this reference °.

1.3. Setting up interference measurement

1.3.1. Start up the user interface software for the AUC instrument and perform laser setup and

radial calibration for each cell at 3000 rpm, according to the manufacturer’s instructions, which
will be briefly summarized in the following step.
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1.3.1.1 After sufficient vacuum has been reached (< 100 microns), run the centrifuge at 3000
rom. Preview the interference pattern in the user interface software and adjust the laser
parameters to obtain the highest contrast.

1.3.2. Create a new set up file (File | New File) specifying “Equilibrium” and “Interference”
measurement. Set up a sedimentation equilibrium method (“Method” button) to run at 45000
rom or the highest speed anticipated for protein samples, whichever is higher, with run
temperature at 20°C and collect 1 scan every 15 minutes. Monitor equilibrium progress by
opening the data files in HeteroAnalysis and selecting “Match” function after at least 12 hours
(approximately overnight, Fig. 3).

Note: a similar function is also available in SEDFIT (Options | Loading Options | Test Approach
to Equilibrium).

[Place Figure 3 here]
1.4. Data analysis
1.4.1. For each set of samples, plot the slope of the radial distribution profile against the *H,0
concentration. Note: The distribution will be a very shallow exponential that approaches

linearity. X-axis intercept corresponds to the matching *H,O concentration.

1.4.2. For more accurate results, perform the experiment in several replicates. Alternatively,
repeat the experiment with a narrower range of °H,0 concentration.

2. Sedimentation equilibrium of SH in C14SB micelles
2.1. Run parameters

2.1.1. Calculate buffer density and viscosity, protein partial specific volume and centrifugation
speed by using SEDNTERP. To calculate buffer density and viscosity, select Compute in “Buffer
Data Select” section and enter the buffer components accordingly, including the D,0
concentration.

2.1.1.1 To calculate protein partial specific volume, select Compute in “V-bar” section and enter
the protein amino acid sequence. Specify the highest expected oligomeric size in “Make an
oligomer from this monomer: N=" field, in this case N = 5. Calculate the speed by entering
values in the RPM field on the main window until o = 1; this is a rule of thumb to ensure a good
exponential shape of the radial distribution profile®'.

Note: The values calculated for this experiment was as follows: p = 1.03839 g/ml, n = 1.0267 cP
7 =0.7569 ml/g, w; = 16000 rpm.

2.1.2. Calculate subsequent speeds to follow w?/w?2_; ~ 1.5 to ensure sufficient difference
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between the distribution profile at one speed and the next>!. Note: this can also be done from
the function "Estimate equilibrium rotor speeds function" in SEDFIT, which takes into account
the solution column (filling volume).

2.2. Sample preparations

2.2.1. Prepare 1 ml reference solution with 5 mM C14SB and 32.3% 2HZO as determined from
density matching experiment (section 1), by mixing 100 ul 10X buffer solution (step 1.1.1), 20 ul
50X detergent solution (step 1.1.1), 323 pl 2H,0 (99.9%) and 527 pl deionized H,0.

2.2.2. Dissolve lyophilized, HPLC-purified SH peptides (expression and purification described
previously*?) in appropriate solvent such as methanol or 50% v/v aqueous acetonitrile. Measure
A280 of the dissolved peptides in a microlitre-scale UV/Vis spectrophotometer and aliquot for
three samples to give Asp 12mm = 0.3, 0.5, and 0.8 (Azs0, 1.0mm = 0.25, 0.417, and 0.67) each when
diluted to 130 pl. Lyophilize the samples overnight and resuspend in 130 ul reference solution
(step 2.2.1) to give the sample solutions.

Note: SH protein can be detected from UV/Vis absorbance at 280 nm because it contains Trp
and Tyr residues. Proteins without aromatic residues can be detected by tagging them with a
suitable chromophore, using a Trp-containing mutant, or by using interference measurements
instead of absorbance.

2.2.3. Follow steps in section 1.2 to assemble a 6-channel AUC cell with quartz windows. Load
the highest concentration sample (Azso, 12mm = 0.8) in the channel nearest to the rotor center
and lowest concentration sample (Azso, 12mm = 0.3) furthest from the rotor center.

2.3. Setting up absorbance measurements

2.3.1. Create a new set up file (File | New File) specifying “Equilibrium” and “Absorbance”
measurement. Specify 280 nm as the detector wavelength.

2.3.2. Perform radial calibration at 3000 rpm by checking “Radial calibration before first scan”
in Scan Options, specifying data collection at low resolution, e.g. with Radial step size = 0.01 cm,
Replicates = 3 (low resolution, fast), and executing a Single Scan. After the scan is completed,
uncheck the option.

2.3.3. Set up a sedimentation equilibrium method (“Method” button) to run at the first speed
calculated in step 2.1.2, at 20°C, and collect 1 scan every 30 minutes. In each cells’ “Detail”,
specify data collection at low resolution as in step 2.3.2. Monitor equilibrium progress by
opening the data files in HeteroAnalysis and selecting “Match” function after at least 18 hours
(approximately overnight, Fig. 4).

Note: attainment of equilibrium may take substantially longer time for the first speed, whereas
subsequent speeds will take less time.
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[Place Figure 4 here]

2.3.4. Once equilibrium has been reached, collect a single scan at high resolution, e.g. with
Radial step size = 0.001 cm, Replicates = 10 (high resolution, slow).

2.3.5. After the scan is completed, repeat step 2.3.3 and 2.3.4 for the next speed.

2.3.6. Optionally, when the time required to reach equilibrium for each speed is known
(calculated or from experience), set up the sedimentation equilibrium method scan to include
all the speeds calculated in step 2.1.2 and to collect 1 scan after the equilibration time for each
speed. In this case, specify high resolution data collection in each cells’ “Detail”.

2.4. Data analysis in SEDFIT and SEDPHAT

Note: For further details and considerations in data analysis reader is referred to the following
website: www.analyticalultracentrifugation.com.

2.4.1. Open high resolution scans in SEDFIT (Data | load sedimentation equilibrium data) and
split the data into 3 channels (these correspond to different concentrations for each sample;
Options | Loading Options |Save 6-channel Raw Data in 3 Subsets).

2.4.2. Re-open data files that belong to the same sample and same concentration but different
speeds in SEDFIT. Adjust the meniscus (vertical red line), cell bottom (vertical blue line) and
fitting limits (vertical green lines), and export the data for use in SEDPHAT (Data | Export Data
to SEDPHAT). Input the parameters calculated in step 2.1.1, as well as rotor type and
centerpiece type as requested. Repeat this step for every sample and concentration.

2.4.3. Open all data from the same sample (all concentrations and speeds) in SEDPHAT and fill
in Experiment Parameters; an example is shown in Fig. 5.

Note: when D,0 is added in the buffer, deuteration of exchangeable protons could significantly
alter the molecular weight of the protein, especially for water-soluble proteins. Membrane
proteins, especially small ones like SH protein, are less affected because membrane-embedded

regions are protected from exchange. To correct this, input the “buffer D mol fraction”.

Note: At this step it is recommended to save the edited dataset separately by selecting menu
Data | Copy All Data And Save As New Config.

2.4.4. Select a Model and fill in Global Parameters for that model. Note: As an example, the
“Monomer-n-Mer Self-Association” model and its parameters are shown in Fig. 6.

[Place Figure 5 here]
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[Place Figure 6 here]

2.4.5. Run a Global Fit by selecting menu Fit | Global Fit and wait until the fit converges. Note
down (or take a screenshot of) the fitting results, especially the global reduced chi-square and
log K, values. Extract other data such as fit data and fitting residuals from menu Copy and
Display | Display Thermodynamic Information.

2.4.6. Return to Global Parameters and check M(1) to fit the monomer molecular weight and
repeat step 2.4.5. Note down the fitted molecular weight and global reduced chi-square.

2.4.7. Repeat step 2.4.4 to 2.4.6 for each model to be tested and compare the fit quality of
each model by comparing the reduced global chi-square value as well as fitting residuals.

Note: Small and random fitting residuals generally indicates a good fit, and the model that fits
best would have the smallest global reduced chi-square. The fitted monomer molecular weight
and its chi-square value should not differ substantially from that of the fixed (theoretical)
molecular weight.

2.4.8. Calculate the confidence interval for the obtained log Ka by value by first selecting
Statistics | Critical chi-square for error surface projections and inputting the desired confidence
interval. Next, go to Statistics | Generate 1-dimensional error surface projection and unselect
log Ka in Global Parameters dialog to obtain the chi-square values for log Ka.

Note: readers are advised to consult the following sources
(http://www.analyticalultracentrifugation.com/ sedphat/statistics.htm) for more details on the
method * as well as illustration of this method **.

REPRESENTATIVE RESULTS:

The radial distribution profile of C14SB detergent micelles in 50 mM Tris, 100 mM NaCl pH 7.3
forms a very shallow exponential that could be fitted to a linear model (Fig. 7A). The slope of
this distribution is inversely correlated to D,O concentration (Fig. 7B). The point where the
slope is zero, i.e. the matching D,0 concentration, was found to be 32.3%.

[Place Figure 7 here]

The same experiment was repeated for different buffers: 50 mM sodium phosphate, 100 mM
NaCl pH 5.5 and 50 mM phosphate-citrate, 100 mM NaCl pH 3 to obtain matching D,0
concentrations of 30.3% and 41.0%, respectively.

Samples of SH wild type (wt) in detergent were exposed to pH 3, 5.5 and 7.3 (total 6 samples),
followed by centrifugation at 15,000, 19,000, 23,000, 28,000, 34,000 and 42,000 rpm. Data
obtained at lower speed could not be reliably fitted, possibly because equilibrium had not been
attained, therefore data obtained from the four higher speeds were used. At pH 7.3, SH WT was
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found to form pentamers (Fig. 8 and Table 1) with apparent log K, = 21.35 (Table 2). The
association constant did not change at pH 5.5, but it was significantly reduced at pH 3. This is
consistent with previous report524, which reported a decrease of conductance at lower pH, with
a pK of 4.5.

[Place Figure 8 here]
[Place Table 1 here]

Figure Legends:

Figure 1. Exploded view of a 6-channel AUC cell without external fill. This figure has been
modified from Beckman Coulter An-50 Ti and An-60 Ti Analytical Rotor, Cells, and
Counterbalance user manual *.

Figure 2. Exploded view of the window assembly. This figure has been modified from

Beckman Coulter An-50 Ti and An-60 Ti Analytical Rotor, Cells, and Counterbalance user manual
35

Figure 3. Result from HeteroAnalysis Match function. The Match function can be used to
monitor equilibrium progress by comparing RMSD between successive scans and the last scan.
This example shows attainment of equilibrium after 8 hours as indicated by RMSD values
asymptotic to X-axis.

Figure 4. Results from HeteroAnalysis Match function. The first and second speeds (top left
and right) appear to have reached equilibrium, but it is better to wait a few more hours to be
sure. In comparison, the third and fourth speeds (bottom left and right) have clearly reached
equilibrium in a shorter time.

Figure 5. An example on how to fill in Experimental Parameters.

Figure 6. An example on how to fill in Global Parameters for Monomer-n-Mer Self-Association
model.

Figure 7. Density matching of C14SB with D,0. (A) Radial distribution profile formed by C14SB
detergent micelles in 50 mM Tris, 100 mM NaCl pH 7.3 with 25, 30, and 35% D,0. The data was
separately fitted to a linear model (black). (B) The slopes were plotted against D20
concentration (black squares) and fitted to a linear model (red line). The matching D20
concentration is indicated (red arrow).

Figure 8. Fitting of SH in C14SB to monomer-pentamer model. Radial distribution profile of SH
in C14SB at pH 7 (open circles) was found to fit best to the monomer-pentamer self-association

model (black solid line). Fitting residual is shown below.

Table 1. Comparison of global reduced chi-square values of different monomer-n-mer models
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Table 2. Comparison of apparent log K, values at different pH.
DISCUSSION:

This paper provides an experimental protocol for sample preparation and analysis of
oligomerization of a small membrane protein in detergent using equilibrium sedimentation. The
protocol described is equally valid —and simpler- for soluble proteins, as the density matching
step is not required. Indeed, the system is constituted by a mixture of detergent and protein. To
conduct sedimentation studies, the detergent must be invisible to the gravitational field so that
it does not contribute to the particle flotation. Thus, the density of the detergent has to be
carefully matched by addition of D,0 to the buffer, with the limitation that if the detergent
used is too dense, e.g., SDS, not even 100 % D,0 can match it. The density matching step is not
required when working with a water soluble protein, since the sample does not have detergent.
In our application, a small viral protein that forms ion channels has been used. Like all
viroporins, SH protein has an a-helical transmembrane domain, and therefore has to be studied
in a detergent that will not disrupt its native oligomeric size.

Prior to these studies, therefore, suitable detergents have to be screened. For example, in
previous SE studies SH protein formed pentameric oligomers in DPC, C8E5 and C14-betaine, and
pentamers were also observed during electrophoresis in the mild detergent PFO?%. All these
detergents are suitable for SE, since their density can be matched by addition of D,0. Samples
should also be tested by sedimentation velocity (SV), which provides the minimum number of
species present36.

Also, unsuitable detergents will produce multiple species in SV, and multiple bands in PFO
electrophoresis, indicative of multiple non-specific association. Useful information from SE is
obtained when the predominant number of species present in the system is not higher than
two; in the case of SH protein, the data was fitted to an equilibrium between monomers and
pentamers.

It is important to note that the model chosen to fit the SE data, should also be as simple as
possible, i.e., a single species of unknown molecular weight should be tried first, followed by
reversible equilibria between monomer and oligomers of increasing size. More complex models
have associated a higher ambiguity. Also, small populations of other smaller or larger oligomers
cannot be detected, and the model will just indicate what are the predominant species present.
In the case of viroporins, this is especially evident because oligomeric size changes depending
on subtle experimental conditions, e.g., detergent used, pH, protein concentration,
centrifugation speed or mutations, eg, in Hepatitis C Virus p7 ¥/, influenza A M2 3 or SH protein
24

The results obtained for WT SH protein clearly show that the association constant of the
pentamer is reduced at pH 3. These results match channel activity measurements obtained with
SH protein in synthetic lipid bilayers, where conductance was markedly reduced at pH 3 (pK ~
4.5), whereas it remained constant between pH 7 and 5°*. Based on these results, it may be
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possible that SH channel activity is somewhat regulated by lower pH when present in native
biological membranes. Although in the Golgi lumen the pH is only one unit below that of the
cytoplasm, intravesicular pH drops along the endocytic pathway from pH 6.0-6.5 in early
endosomes to pH 4.5-5.5 in late endosomes and lysosomes *_In the infected cell, the pK for
conductance changes or pentameric stability may be higher than those obtained in vitro herein
and previously24, therefore pH could indeed play a role in modulating channel activity during
the life cycle of the virus. Mutation of protonatable His residues in the context of the infected
cell is an interesting avenue for future experiments4°.

Finally, the study of SH protein is facilitated by the presence of Trp in its sequence, facilitating
UV absorption measurements. However, knowledge of the structure of the oligomer can enable
introduction of Trp at insensitive locations, e.g., lipid —or solvent- facing parts of the protein in
membrane — or soluble- proteins. Alternatively the protein may be tagged with a Visible-
absorbing or fluorescent label.

In summary, this protocol describes the application of SE to determine oligomeric size and
association constants of a defined viral channel, when experimental parameters are changed. In
this case, pH has been varied to study the effect on stability of His protonation, but many other
hypothesis can be tested, such as effects of mutations on the structural integrity of these
oligomers.
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Chi- Chi-

Model (n{ square | square Fitted
mer) (fixed (fitted MW
MW) MW)

3 15.444 | 1.0492 13477 Da
4 3.8094 | 1.0469 | 9889 Da
5 1.0499 | 1.0497 | 7822 Da
6 2.5994 1.547 | 6504 Da
7 6.1667 | 1.2112 | 5743 Da
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Lower Upper
H Log K
PR Liimit (10)] 8" |limit (10)
3 17.432 | 17.576 | 17.737
5.5 20.064 | 20.419 | 20.839
7.3 20.687 | 21.052 | 21.492



http://www.editorialmanager.com/jove/download.aspx?id=235914&guid=26aaae62-8811-4ea6-9b61-68348efd652e&scheme=1

Excel Spreadsheet- Table of Materials/Equipment
Click here to download Excel Spreadsheet- Table of Materials/Equipment: JoVE_Materials.xls

Name of Material/ Equipment Company
3-(N,N-dimethylmyristylammonio)propanesulfonate Sigma
Deuterium oxide 99.8% Cambridge Isotope
An-50 Ti Rotor, Analytical, 8-Place Beckman Coulter
An-60 Ti Rotor, Analytical, 4-Place Beckman Coulter

Cell housing

12 mm six-channel centerpiece, epon charcoal-filled

Window holder
Window gasket
Window liner
Sapphire window
Quartz window
Screw-ring washer
Screw ring
Spinkote

Torque stand assembly
Counterbalance
Cell alignment tool
SEDNTERP
HeteroAnalysis
SEDFIT
SEDPHAT

Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter
Beckman Coulter


http://www.editorialmanager.com/jove/download.aspx?id=236095&guid=3c49d890-b8dd-4137-8137-4babe84340b7&scheme=1

Catalog Number Comments/Description
T0807
DLM-4-99.8
363782
361964
334784
331376
305037
327021
362329
307177
301730
362328
301922
306812
361318
360219
362340
http://bitcwiki.sr.unh.edu/index.php/Main Page
http://www.biotech.uconn.edu/auf/?i=aufftp

http://www.analyticalultracentrifugation.com/sedfit.htm
http://www.analyticalultracentrifugation.com/sedphat/default.htm



http://bitcwiki.sr.unh.edu/index.php/Main_Page
http://www.biotech.uconn.edu/auf/?i=aufftp
http://www.analyticalultracentrifugation.com/sedfit.htm
http://www.analyticalultracentrifugation.com/sedphat/default.htm
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item 1 (check one box): The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish ) via: E Standard Access _ _ Open Access

Item 2 (check one box):

rr-ar————

Mm.,, The Author is NOT a United States government employee.

__| The Author is a United States government employee and the Materials were prepared in the

course of his or her duties as a United States government employee.

q
E The Author is a United States government employee but the Materials were NOT prepared in the

course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole: “CRC License” means the Creative Commons
Attribution-Non  Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE"
means MyJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments,;
“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or In
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.

6125426

2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JOVE agreeing
to publish the Article, the Author hereby grants to JOVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JOVE and the
Author hereby grant to the public all such rights in the Article

as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4, etentic | | . Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the

Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JOVE website is
provided and notice of JoVE's copyright in the Article is
included. All non-copyright intellectual property rights in and

to the Article, such as patent rights, shall remain with the
Author.

f Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Iitem 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JOVE.

6. Grant of Rights in Video — Open ACCEsS. This Section 6
applies only if the “Open Access” box has been checked in
item 1 above. In consideration of JOVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above In such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video 10 which this Section 6 is applicable, L_o<.m and
the Author hereby grant 10 the public all such rights in the
video as provided in, but subject to all limitations and

requirements set forth in, the CRC License.

U8 | I the Author is a United States
_mo<m33m3 m:..u.ﬁmm and the Article was prepared in the
course of his or her duties as @ United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such

612542.6

ARTICLE AND VIDEO LICENSE AGREEMENT

statute, In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JOVE the
maximum rights permissible within such statute.

, The Author hereby grants
JOVE the right to use the Author’s name, voice, likeness,

picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JOVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JOVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and Its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,

filming, timing of publication, if any, len
' ) th, quality,
and the like. Y, length, quality, content

11. En»BbEEth The Author agrees to indemnify JoVE
M_HM.H, .“ MMnnmmMMoH and mmmm.m:m from and against any and all

’ " penses, including attorney’s fees, arising
out o.ﬁ any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JOVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JOVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s

ARTICLE AND VIDEO LICENSE AGREEMENT

éxpense. All indemnifications provided herein shall include
JOVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
Include such losses or damages incurred by, or in connection

with, acts or omissions of JoVE, its employees, agents or
iIndependent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials, Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and

publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JOVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.
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Please submit a signed and dated copy of this license by one of the *o__oé:.m H.:_,mm. methods:
U Upload a scanned 8_3 of the document as a pfd on the JOVE submission site;

2) Fax the document to +1.866.381,2236;

3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139

For questions, please email submissions@jove.com Of call +1.617.945.9051




Rebuttal Comments
Click here to download Rebuttal Comments: Editor and reviewer reply 6.docx

Editorial comments:

Dear Editor,

Please see reply to the requested changes in blue.

Best regards

Jaume Torres

R T e R T S R S R T S T P

Dear Dr Torres,

Your manuscript JoOVE52404R3 'Sedimentation Equilibrium of a Small Oligomer-forming
Membrane Protein: effect of Histidine Protonation on Pentameric Stability." has been
editorially reviewed and the following comments need to be addressed.

Please use the "track-changes" function in Microsoft Word or change the text color to
identify all of your manuscript edits. When you have revised your submission, please also
upload a list of changes, where you respond to each of the comments individually, in a
separate document at the same time as you submit your revised manuscript.

Editorial comments:

Thank you for the Peer Review revisions that were made to the manuscript. The following
editorial comments need to be addressed in order to finalize your manuscript.

1) All of your previous revisions have been incorporated into the most recent version of the
manuscript, attached to this email. Please use the attached updated manuscript for all future
revisions.

2) The length of your Short Abstract exceeds our 50 word limit. Please revise the Short
Abstract so that it clearly states the goal of the protocol within 50 words. For example, “This
protocol/manuscript describes...” Being a methods journal, the main focus of the JoVE
article should be on the technique/method being presented. As written, the Short Abstract
reads too much like an original research article. Please revise it so that the focus is on the
methods.

Corrected


http://www.editorialmanager.com/jove/download.aspx?id=235915&guid=da38beb0-d794-43c6-971d-11b228c59488&scheme=1

3) Please remove the embedded Tables from the manuscript. All tables should be uploaded to
the Editorial Manager site in the form of Excel files. A description of the table should be
included with the Figure legends.

Corrected

4) Editor removed the embedded figures from the manuscript as figures should be uploaded
only to the JOVE submission site.

The figures were already deleted. One had to just accept the changes.

5) In the Table of Materials, please include the references for the software packages used as
part of the main table. For e.g. “SEDNTERP” should be added to the “Name of
Material/Equipment” column of the Table and the websites should be added to the
“Comments/Description” column.

Corrected

6) Please provide higher resolution figures for Figures 3 and 4.

Provided

7) Figures 1 and 2 have been reproduced from a previous publication. If you are re-using
figures from a previous publication, you must obtain explicit permission to re-use the figure
from the previous publisher (this can be in the form of a letter from an editor or a link to the
editorial policies that allows you to re-publish the figure). Please upload the text of the re-
print permission (may be copied and pasted from an email/website) as a Word document to
the Editorial Manager site in the "Supplemental files (as requested by JOVE)" section. Please
also cite the figure appropriately in the figure legend, i.e. "This figure has been modified
from [citation]."”



Message from Beckman is provided, uploaded as Supplemental file. Reference to the manual
is included (as a website, because it is an online document).

Your revision is due by Nov 12, 2014.

To submit a revision, go to the JoVE submission site and log in as an author.
You will see a menu item called 'Submission Needing Revision'. You will find
your submission record there.

Sincerely,

Sephorah Zaman, Ph.D.

Science Editor

JoVE

1 Alewife Center, Suite 200, Cambridge, MA 02140


http://www.editorialmanager.com/jove
http://www.jove.com/

Supplemental File (as requested by JoVE)
Click here to download Supplemental File (as requested by JoVE): Randy_Pawlovich_reply(Beckman).tif
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Supplemental File (as requested by JoVE)_email from Beckman
Click here to download Supplemental File (as requested by JoVE): Email_exchange_Beckman.pdf


http://www.editorialmanager.com/jove/download.aspx?id=235918&guid=050cf2e3-98f1-42d9-95b4-cd0e633805f7&scheme=1

