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Recent Advances in X-Ray Hydroxyl Radical
Footprinting at the Advanced Light Source Synchrotron

PepTiDE LETTERS
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“Advanced Light Source Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA. "Joint BioEnergy
Institute, Lawrence Berkeley National Laboratory, Berkeley, CA, USA. “Molecular Biology and Integrated Bioimaging
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Abstract: Background: Synchrotron hydroxyl radical footprinting is a relatively new structural
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method used to investigate structural features and conformational changes of nucleic acids and
proteins in the solution state. It was originally developed at the National Synchrotron Light Source

at Brookhaven National Laboratory in the late nineties, and more recently, has been established at
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the Advanced Light Source at Lawrence Berkeley National Laboratory. The instrumentation for this
method is an active area of development, and includes methods to increase dose to the samples

while implementing high-throughput sample delivery methods.
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Conclusion: Improving instrumentation to irradiate biological samples in real time using a sample
droplet generator and inline fluorescence monitoring to rapidly determine dose response curves for
samples will significantly increase the range of biological problems that can be investigated using
synchrotron hydroxyl radical footprinting.

Keywords: Synchrotron, footprinting, hydroxyl radical footprinting, x-ray, beamline, radiolysis, radiolytic labeling, Advanced

Light Source.

1. INTRODUCTION

Radiolytic labeling of proteins is a dose driven process; a
high concentration of hydroxyl radicals (*OH) must be
achieved to overcome recombination and radical scavenging
reactions. Large protein complexes and membrane proteins
often require additives such as cofactors and detergents that
scavenge *OH radicals, deplete dissolved O,, and reduce the
effective dose to the protein. In addition, secondary radiation
damage by peroxide and superoxide species can damage or
unfold protein molecules [1, 2]. The secondary damage is
time dependent and causes specific structural perturbations
as irradiation progresses. Therefore, a short, high-dose expo-
sure is essential for maintaining the structural integrity of
protein systems and is a key factor in obtaining high quality
data. Synchrotron X-ray beamlines can provide the high flux
density necessary for generating a high concentration of hy-
droxyl radicals on a short timescale.

The use of synchrotron X-ray beams to produce hydroxyl
radicals for footprinting experiments is a relatively new de-
velopment in the footprinting field. The application of syn-
chrotron Hydroxyl Radical Footprinting (HRF) to investigate
structural features and conformational changes of nucleic
acids and proteins in the solution state was originally devel-
oped at the NSLS synchrotron in the late nineties [3] and has
now transitioned to the X-ray Footprinting (XFP) beamline
at the NSLS II, as described in the article by J. Bohon in this
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issue. The method has been successfully applied to systems
ranging from single domain proteins to in-vivo ribonucleo-
protein assemblies and has grown substantially in the past
several decades [4-12]. HRF was introduced to the ALS in
2013 [13], and synchrotron X-ray footprinting programs are
now available in the United States at two national synchro-
tron facilities: XFP at the National Synchrotron Light Source
II on the East Coast, and the relatively new footprinting fa-
cility at the Advanced Light Source (ALS) on the West
Coast.

The mass spectrometry instrumentation necessary for
downstream analysis is generally performed at Case Western
Reserve University for the east coast synchrotron, and at the
Joint Bioenergy Institute facility for the west coast synchro-
tron. In addition, the feasibility of synchrotron footprinting
in the United States has been conducted at several other syn-
chrotron light sources [14]. Internationally, the feasibility of
footprinting at the SOLEIL synchrotron facility in France
has recently been demonstrated [15]. This paper describes
advances made at the ALS since the inception of the pro-
gram there, and future plans for the program.

2. FOOTPRINTING AT THE ALS

The ALS synchrotron supports both soft and hard X-ray
programs, depending on the characteristics of the insertion
device or bend magnet capable. Macromolecular crystallog-
raphy at the ALS utilizes X-rays in the hard X-ray regime of
5-15 keV via a Wiggler insertion device [16] and superbend
magnets [17]. Footprinting at the ALS was first demon-
strated on beamline 5.3.1, a bend magnet source [13] utiliz-

© 2019 Bentham Science Publishers
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ing a focusing mirror to focus the white-light beam into a
100 micron spot. The focused beam, combined with a micro-
fluidic flow cell setup enabled exposures in the double-digit
microsecond regime to be sufficient for labeling of protein in
the megadalton size range [13]. Currently, the program re-
sides at beamline 3.2.1, a bend magnet source without a fo-
cusing mirror. Figure 1 shows the ALS bend magnet spec-
trum for a ring current of 500 mA and a ring energy of 1.9
GeV, and the theoretical calculation of photons absorbed by
water-based samples, comparing absorption with and without
a glass capillary. While the entire range of wavelengths will
produce hydroxyl radicals, penetration depth into the sample
varies substantially over the range of X-rays produced.
While the primary mechanism for production of hydroxyl
radicals from water is described elsewhere [1], other factors
that affect the steady-state concentration of hydroxyl radicals
include absorption by air, absorption by the sample container
(typically glass), and buffer contents which may contribute
to scavenging of radicals. The higher the dose and the shorter
the exposure time, the better the signal resolution in the data,
the lower the secondary damage effects, and the larger the
complex that can be studied. Figure 2 compares the dose
response curves and total ion chromatograph mass spectro-
metry results from a focused (5.3.1) vs. an unfocused (3.2.1)
white-light bend magnet source at the ALS. We are now
developing several methodologies at beamline 3.2.1 to in-
crease the dose received by the sample while maintaining
microsecond exposure times. In parallel, we are commission-
ing ALS beamline 3.3.1, which takes light from the same
bend magnet source as 3.2.1, as a dedicated footprinting
beamline.

3. RESULTS

In the current implementation of the footprinting experi-
ment at the ALS, protein samples in liquid form are passed
via syringe pump through a capillary in the path of the X-ray
beam [18]. The speed and capillary volume determine the
exposure time. Minimizing sample volume is imperative for
studies in which multiple samples in gradients of conditions
must be analyzed. However, as the tubing diameter de-
creases, the relative absorption path of capillary material
increases relative to absorption path in the sample, and
relative dose decreases. Thus, as sample volume require-
ments decrease, the dose lost to absorption by the capillary
goes up substantially. For example, polymicro capillaries
suitable for X-ray exposure are available through molex
(www.molex.com) in sizes of inner to outer diameter ratios
of 100/164, 200/360, and 50/150 microns, corresponding to
ratios of sample pathlength to glass pathlength of 1.2, 1.1,
and 0.7 (assuming X-rays pass through one-half of the
capillary wall and then are absorbed by the full sample
pathlength). In Figure 1, the integrated photons under the
absorption curve for the container-less sample vs. the sample
contained behind 80 um of glass is a factor of ten higher. In
addition, because the experiment uses flow rate to control
exposure time, the glass capillary is exposed far longer to the
beam than the sample. In our current configuration, achiev-
ing a 2 ms exposure for a sample volume of 100 pl in a 200
pum inner diameter capillary requires 8 seconds of beam on
glass. Damage to the glass is often visible as blackened areas
where the beam impinges on the glass, indicating sustained
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absorption of the X-rays by the glass, and possible local
heating of the sample from the glass. Theoretical calculations
indicate that a 10-fold increase in the flux density to the
sample is possible by removal of the glass entirely (inte-
grated number of photons under the curves in Figure 1), and
preliminary experiments conducted at beamline 3.2.1 support
these calculations (Figure 3). In these experiments, we com-
pared achievable dose for capillary flow, Acoustic Drop
Ejection (ADE) droplet generation, and falling drops. We
apertured the beam to 2 mm in the vertical, and aligned the
droplet injector manually above the 2 mm aperture. We ran
two controls, first using the standard capillary flow method,
and second using simple free-falling droplets. For all
experiments, we used 10 uM Alexa488 dye in phosphate
buffer and measured the photobleaching of the dye upon X-
ray exposure to evaluate the effective dose on the sample [3].
For this method, hydroxyl radicals produced by exposure to
the X-ray beam permanently alter the dye structure and re-
duce its fluorescence capability. Measuring the loss of fluo-
rescence of the dye is standard in X-ray footprinting experi-
ments to assess the concentration of radicals and determine
dose required for further experiments [3, 19]. Droplets of 3
nl volume and 170 pm diameter were launched vertically
downward via the acoustic ejector directly through the 2 mm
path of the X-ray beam and collected in a tube filled with a
quencher. In our implementation, a 15 MHz ultrasonic tone
burst (50 ps duration) was focused on the sample-air inter-
face of a sample reservoir to produce the droplets. The sam-
ple reservoir (10 pl) was constantly replenished via capillary
feed line attached to a syringe pump so that ejection could
proceed continually. Commercially available implementa-
tions (e.g., via LabCyte) eject from a larger sample reservoir
(e.g., a well plate) without replenishment of the well. The
ADE generated a fly speed of approximately 1 m/s, corre-
sponding to a 1 millisecond exposure, and resulted in a 15 %
decrease in the fluorescence intensity of the dye (Figure 3).
In contrast, a 1 millisecond exposure using a standard 200
pm ID capillary generated a 7% decrease, which indicated a
net 2-fold increase in dose on the sample using ADE. For the
free falling drop we obtained a 20% decrease in a 40
millisecond exposure. These results strongly support the use
of the drop-on-demand ejection method to increase dose and
efficiency of the HRF method.

4. MATERIALS AND METHODS

Another important aspect of the X-ray footprinting ex-
periment is the measure and standardization of dose received
by the sample. In practice, the Alexa488 fluorophore is
added to protein solutions of various concentrations, and
photobleaching is quantitated via a fluorimeter. Once dosage
is measured and the proper exposure range is determined,
samples are run without the dye. While fluorescence inacti-
vation of the Alexa488 dye is one measure of effective dose
to the sample, the color change of the fluorophore is also
observed, and is related to the dose received by the sample.
We have tested a preliminary setup in which an inline cam-
era is used to quantitate color of a falling drop. Preliminary
experiments were conducted using a Canon XS40HS camera
and the ImageJ [20] software to manually analyze color in
500 pum droplets falling through a ~4 mm wide visible light
beam, demonstrating the feasibility of the method (Figure 4).
The change in color due to decreasing concentration of
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Figure 1. Black line: Calculated absorption spectrum assuming a water-based sample in a full range X-ray beam from an ALS bend magnet at
500 mA ring current and 1.9 GeV ring energy, a 150 pm sample thickness, 1 cm of air transmission, and a 125 um beryllium window. Gray
line: same calculation including an 80 um glass window. Calculations performed using data from the Center for X-ray Optics Web applica-

tion (cxro.lbl.gov).
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Figure 2. Dose response curves for a 40 kDa protein at a focused (left) vs unfocused (right) white-light bend magnet beamline source at the
ALS. Top: comparison of exposure times necessary for the same amount of modification. Solid lines (red and black) represent pseudo uni-
molecular fit using full and first 3 data points respectively. Solid blue line represents a fit to y=y0+Aexp(-kt).

Bottom: Total Ion Chromatogram (TIC) achieved for 0 and maximum dose. More damage was observed for the N-terminal portion of the

protein using 50 msec exposure as opposed to 0.6 msecs.
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Figure 3. Left: Effect of X-ray dose on Alexa488 fluorescence quenching between ADE (150 pm droplet diameter, 1 ms exposure), microflu-
idic flow (200 um ID, 1 ms exposure), and simple droplet falling under gravity (drop volume 2.5 microliter, point of acceleration 3.2 mm
before the beam intersection, 40 ms exposure). Experiment was carried out at ALS 3.2.1. Error represents standard deviation from the mean
from 6/7 experimental repeats. ADE ejection showed a 2-fold increase in dose relative to capillary flow, while falling drops showed a 4-fold
increase. Right: Theoretical prediction to show the range of drop velocity that will be most useful for HRF. The dots represent the optimum
range of velocities for a given diameter of the droplet, assuming that the FWHM of the beam is equal to the drop diameter. Note that under
this condition a large drop will have lower dose and will require slower speed to get adequate modification. The ideal range of drop diameter
(FWHM of the focused beam) and drop velocities for HRF are shown within the box.
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Figure 4. High-speed camera images of falling drops with various concentrations of Alexa488 dye (left) and manual colorimetry measure-

ments of the drops (right).

Alex488 dye, equivalent to increasing damage from an X-ray
beam, is clearly visible. In standard Alexa488 dose response
experiments, a factor of 20-40% change in fluorescence is
typically enough to determine dosage requirements. In the
preliminary data, we achieved this level of differentiation,
though the scattered light background was high. Sensitivity
will be gained by equipping the camera with a bandpass fil-
ter to exclude scattered light from the excitation source. An-
other advantage of the drop-on-demand and real time color
monitoring technology is that it will only require 10-20 pl of
sample per dose response point.

5. FUTURE DIRECTIONS

While beamline 5.3.1 is no longer available for footprint-
ing experiments, and beamline 3.2.1 is shared with other user
programs, ALS beamline 3.3.1 is available for development

of a dedicated X-ray footprinting facility. We plan to install
the focusing mirror previously utilized at NSLS beamline
X18A [21], and generously provided to our group for incor-
poration into the 3.3.1 beamline. This mirror has a 31.6 mm
sagittal radius with an overall size of 700 mm long, 100 mm
wide, and 32 mm high. Metrology results performed at the
ALS show a tangential slope RMS of 6.3 prad. Figure 5
shows the calculated spot at the sample in 3.3.1 utilizing this
mirror, and positioned in the optical layout 11.5 meters from
the source. Ray tracing was performed using SHADOW
[22]. Flux density at 5.3.1 with a platinum coated toroidal
focusing mirror suitable for focusing a white-light (1 — 13
keV) X-ray beam produced a flux of ~1x10'® photons/sec in
a 100 x 200 um spot, and the planned mirror installation at
3.3.1 will achieve a similar flux density at the focal point
(Figure 5). This improvement will enable detailed charac-
terization of membrane proteins and larger protein com-
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Figure 5. Calculated spot size at sample at ALS beamline 3.3.1 assuming NSLS X18A mirror at 2:1 geometry. Ideal focus (left) is 125 x 91

um, while focus with estimated slope errors (right) is 500 x 90 pm.

plexes, as described by the article by S. Gupta in this issue.
In parallel, we have introduced a new standard flow liquid
chromatography method with a high degree of chroma-
tographic reproducibility and increased throughput for sam-
ple analysis [23]. Peak identification and area analysis are
carried out in a semi-automated fashion using Mascot, Sky-
line and instrument based software [24]. We are extending
the use of Skyline to fully automate the processing of HRF
data to produce accurate dose response plots per residue
based on m/z (mass to charge ratio), isotopic m/z distribution
of m/z of various charge states, retention time, and MS/MS
sequencing. While commercial automated data processing
programs do now exist, for example ProtMap [25], they are
expensive, typically requiring a yearly license. We plan to
develop and incorporate free-of-charge automated data
analysis as part of a high-throughput HRF facility. Develop-
ing the footprinting methodology at a synchrotron facility
allows the development of a User Program, and facilitates
synergies between various structural methods. Our ultimate
goal is to create a User Program in HRF at the ALS which
enables users to collect high-quality data on complex sys-
tems in a straight-forward and high-throughput manner. In
addition, there is excellent complementarity between HRF
and other synchrotron-based structural methods such as
Small-Angle Scattering (SAXS) and Macromolecular Crys-
tallography (MX). Combining structural methods is now
often necessary to characterize complex protein structures in
order to generate an understanding of challenging biological
questions.

CONCLUSION

HRF has been successfully demonstrated at the ALS
beamline 5.3.1, a bend magnet focused white light beamline.
Efforts are underway to install a focusing mirror on ALS
beamline 3.3.1, a currently unused bend magnet white light
beamline, as part of a current effort to build a dedicated HRF
facility at the ALS. Preliminary drop-on-demand experi-
ments have demonstrated that high flux density combined
with container-less sample presentation to the X-ray beam
enable high-dose HRF experiments, which in turn yield high
quality data with minimal sample requirements. The ultimate
goal of these efforts is to develop a high-throughput User
Program at the ALS, in which HRF data collection is facili-

tated via drop-on-demand instrumentation and data analysis
is facilitated through automation.
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