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Acid in Femtograms per Pixel
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Abstract

By using imaging spectrophotometry with paired images in the 200- to 280-nm wavelength range,
we have directly mapped intracellular nucleic acid and protein distributions across a population of
Chinese hamster ovary (CHO-K1) cells. A broadband 100x objective with a numerical aperture of
1.2NA (glycerin immersion) and a novel laser-induced-plasma point source generated high-
contrast images with short (~100 ms) exposures and a lateral resolution nearing 200 nm that easily
resolves internal organelles. In a population of 420 CHO-K1 cells and 477 nuclei, we found a G1
whole-cell nucleic acid peak at 26.6 pg, a nuclear-isolated total nucleic acid peak at 11.4 pg, and,
as inferred by RNase treatment, a G1 total DNA mass of 7.4 pg. At the G1 peak we found a
whole-cell protein mass of 95.6 pg, and a nuclear-isolated protein mass of 39.3 pg. An algorithm
for protein quantification that senses peptide-bond (220-nm) absorbance was found to have a
higher signal-to-noise ratio and to provide more reliable nucleic acid and protein determinations
when compared to more classical 280-nm/260-nm algorithms when used for intracellular mass
mapping. Using simultaneous imaging with common nuclear stains (Hoechst 33342, Syto-14, and
Sytox Orange), we have compared staining patterns to deep-UV images of condensed chromatin
and have confirmed bias of these common nuclear stains related to nuclear packaging. The
approach allows absolute mass measurements with no special sample preparation or staining. It
can be used in conjunction with normal fluorescence microscopy and with relatively modest
modification of the microscope.
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INTRODUCTION

Because of their size domain, intrinsic fragility, and heterogeneity it is surprisingly difficult
to make absolute measurements on biological cells. Most of the characterization of cell
heterogeneity is inferred indirectly through fluorescence with an unknown accuracy and
only on accessible parameters. The values of mass during cell cycle, mass related to
metabolism, content of intracellular compartments, distribution of nucleic acids, and even of
genome size are often not well established. Deep-UV transmission imaging should be able
to obtain fine intracellular structure tied directly to the fundamental optical properties of
molecular composition (1). Self-calibrated images are generated via the native contrast
encoded in spectral absorption. In principle, these methods should be universal and free of
the unstable calibration. Biological imaging in this wavelength regime has antecedents
dating from the 1950's (1 — 6), but becomes transformed by modern sources and detectors.
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Although measurements using stains and extrinsic markers are the current standard, the
absolute quantitative ability of fluorescence is only conveyed through rigorous external
calibration to standards. Fluorescence-based methods for quantification of DNA and RNA
are subject to sensitive chemical protocols (7 — 12). The choice and quality of dye is
important. Attendant issues are access (membrane penetration and transport into histone-
bound DNA), total binding site occupancy, stoichiometry, uniformity/stability of the light
source, and photo-bleaching; all of which affect binding efficacy, excitation efficiency, and
quantum yield of fluorescence (13 — 17). Buffer choice can also strongly influence the
amplitude of the signal (18 — 19). Other approaches for intracellular quantification of nucleic
acids include extractions for measurement from bulk heterogeneous samples. DNA and
RNA can be measured from bulk solution with phosphate or nitrogen content or using UV
spectroscopy (20 — 22). RNA can be measured using competitive or real-time RT-PCR
methods (23). The situation for absolute determination of protein is nearly the same. Most
standard methods use total extraction from a macroscopic sample, followed by reaction with
a stain such as Coomassie Blue, to copper ions (Lowry reaction), or marking with dyes such
as SYPRO (24). Extraction-based determination averages over the population, thereby
making assumptions on the usually un-known distribution of heterogeneity, and is blind to
the detailed phenotype. A great deal is gained by making measurements in specific
phenotypes.

Apart from the assumption of averaged composition at the molecular level, UV absorption
microscopy makes no such assumptions, does not rely on external standards, and provides
cell-resolved cytometry measurements immune to errors from sample heterogeneity and
unstable chemistry. For the most part, the underlying assumptions are identical to those
applied in “gold standard” methods for quantifying protein and nucleic acids in bulk solution
(3, 25).

In the work described below, we generated high-resolution mass maps of intracellular
protein and nucleic acid content in fixed CHO-K1 cells by applying mathematical operations
to transmitted-light images at wavelengths from 200-280 nm. Mass maps were generated for
several-hundred cells. Whole-cell and nuclear-isolated mass were measured. We also
compared nucleic acid mass to the DNA-specific label Hoechst 33342 and to the general
nucleic acid stains Syto-14 and Sytox Orange, and studied the correlation of these markers
to the total protein and nucleic acid across the distribution of cells. The mass maps resolved
the sub-compartments of the cell, including the nucleus, nucleoli, and endoplasmic
reticulum. It was therefore possible to correlate intracellular mass data at the detail of some
of these sub-compartments. We were able to show stain-neutral images of the nucleic acid
distribution, and to place absolute numbers on these distributions in femtograms of nucleic
acid and protein to the precision of a single pixel.

MATERIAL AND METHODS

UV microscope

The UV microscope is a Zeiss Axioskop modified to accept a fiber optic light guide. The
light source is a CW laser-induced plasma in high-pressure Xe gas (EQ-99, Energetiq Inc.,
Woburn MA, details below). A shutter (Uniblitz, Rochester, NY) and a motorized filter
wheel (#FW102, ThorLabs, Newton, NJ) were installed before the solarization-resistant
fiber (450 um core, 0.22 NA, #QP450-1-XSR, Ocean Optics, Dunedin, FL).

Five UV bandpass filters were used, 280, 265, 232, 220, and 200, all with 10-nm bandpass

(Omega Optical, Brattleboro, VT). The fiber output was directed onto a collimator, passed

through a second filter wheel and was focused onto the specimen by a UV-Kond condenser
(Carl Zeiss AG, Oberkochen, Germany) adjustable between 0.4 and 0.8 NA. Transmitted
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light was captured in a straight-through configuration by either a 0.4 NA, Ultrafluar 32x
(Carl Zeiss AG) or a 1.25 NA, Ultrafluar 100x (Carl Zeiss AG) glycerin-immersion
objective. A post-specimen filter was placed between the objective and the EMCCD camera
(PhotonMax 512, Princeton Instruments, Trenton, NJ). The camera was UV-sensitive, with a
constant 35% quantum efficiency from 200 to 350 nm, rising to over 95% between 475 and
700 nm. Images were acquired with WinView (Princeton Instruments).

Fluorescence imaging was also conducted in this trans-illumination configuration. Filters
(Chroma Technology Corp., Rockingham, VT) were used for Hoechst (ex: 350; em: 450),
Syto-14 (ex: 480; em: 510LP), and Sytox Orange (ex: 525; 600).

The imaging resolution was limited by the image magnification at the CCD camera (80-nm
pixel at 100x and 278-nm pixel at 32x) combined with the <120-nm diffraction limit of the
100x% (1.2-NA) objective. From Ronchi-ruling and bead tests (data not shown) we estimate
the effective resolution to be ~200-nm. It should be possible to improve image resolution
somewhat by increasing the optical magnification at the CCD.

Laser-induced plasma deep-UV source

A prototype deep-UV light source based on laser-induced plasma point source (EQ-99,
Energetiq Inc., Woburn MA) was coupled using a two-paraboloid mirror imaging system to
a solarization-resistant, fused-silica fiber (above). This source produces a broad continuum
from 170-750 nm with a near constant radiance of 10 mW/mm?2/nm/sr and a source size of
100x100%200 pum. The fiber-coupled output at 250-nm wavelength is approximately 2.5
decades higher than for a 50W deuterium lamp.

Cell Culture and sample preparation

CHO-K1 cells were grown in 25-ml flasks in complete HyClone Dulbecco's Modified
Eagles Medium (#SH30285, Fisher Scientific, Pittsburgh, PA), with 10% fetal bovine serum
(#SH30070.02H], Fisher Scientific), 2 mM Glutamax (#35050-079, Invitrogen, San Diego,
CA), and 100 I.U. penicillin/100 pg/ml streptomycin (#30-002-Cl, Cellgro, Herndon, VA) at
37°C in 5% CO,, and were passed three times a week. For imaging experiments, cells were
transferred to a fused-silica coverslip during passage and incubated overnight in complete
medium. Cells were then washed with filtered (0.22 um, #430758, Corning, Corning, NY)
PBS and stained live with either Syto-14 (#S7576, Invitrogen) or Sytox Orange (#511368,
Invitrogen), fixed with 3.7% formaldehyde, and then stained with 1:1000 dilution of
Hoechst 33342 (#S3570, Invitrogen). Coverslips were then washed with filtered PBS.

Determination of optical density, mass quantitation, cell segmentation and analysis

UV images were collected at all five UV bands for a given cell field, along with trans-
illuminated fluorescence images for the same field. Background fields were obtained in cell-
free region. Z-axis focus was registered with a MAC2000 motor (Ludl, Hawthorne, NY). All
images were stored and processed off-line with MatLab (The Mathworks, Natick, MA)
programs designed for batch processing of files.

Mass maps were generated as follows. Absorption and transmission based on each pixel
(100x%: 80 x 80 nm, 32x: 278 x 278 nm). Beer's law is given by

—clc
lspecimen:lblank field 10 e 1)

where transmission (I) through a specimen is given by the amount of UV light passing
through a blank field that is attenuated by a specimen’s attributes: (¢ decadic molar
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extinction coefficient, L cm™1 mol™1), ¢ (concentration, mol L™1), and 1 (path length, cm™1).
The relationship between optical density and concentration is given by solving equation 1 to
give

el C=10g (Iblank field — Iblank leak) — 10g (Ispecimen - lspecimen 1euk) s 2)

The leak term is a correction factor added to account for the imperfect block of visible light
by the UV filters used in the study. Visible light accounted for, at most, 20% of the total
light transmitted in a blank field. To generate an optical density (OD) image, a probe image
and a leak image were captured for every field and later processed to calculate content maps.

To a good approximation, at wavelengths between 220 and 280 nm, the total absorption at a
given UV band is the linear sum of the absorption of protein and nucleic acid components
with negligible contribution from other cell components such as salts, fatty acids, esters and
anhydrides (26). Thus,

wavelength n_ wavelength n wavelength n
OD = (gnuc. acid € ) [ chuc. acia+ (8prolein © ) l Cprotein - 3)

This formula gives the OD at each pixel. We treated the concentration (c) and path length (I)
product as a single unknown factor. With two unknown factors (one each for protein and
nucleic acid concentrations), a system of equations was established using OD2gg nm and
OD2g0 nm, as previously described (1). This approach using two wavelengths (260 nm and
280 nm), produces two equations and two unknowns that is solved for the classical “gold-
standard” determination of protein and nucleic acid in solution. We developed an alternative
algorithm, which we term “220/260-nm”, that uses the Egn. 3 couplet with the 220-nm and
260-nm image pair. At 260 and 280 nm, the protein-related absorption is strongly dominated
by the aromatic residues tryptophan, tyrosine, and phenylalanine. At the 220 nm (and 200
nm), all amino acids contribute through absorption in the peptide bond. Furthermore, the
relative contribution from nucleic acid is much-reduced, typically the to a few percent of the
protein absorption at 220 nm.

Molar extinction coefficients for protein and nucleic acid for 260 and 280 nm were the same
as in a previous study (1). For the 220-nm absorption coefficient, we used the recent method
provided by Kuipers and Gruppen (27) combined with scaling from the classical
measurements of Rosenheck and Doty (29) for random-coil averaged protein. The Kuipers
and Gruppen model presents whole protein absorption, at 214 nm, as the summation of the
absorption of individual amino acids and peptide bonds. An “average” protein was
composed from the frequency of amino acid distribution in mammalian cells (30) over an
“average” protein of length 443 residues (calculated using a mean protein molecular weight
of 53 kDa and a mean peptide mass of 120 Da.) The protein epsilon (g) value at 220 nm
(432500 M1 cm™1) was derived as a 50% reduction (29) from the ¢ value at 214-nm (27,
31). See Table 1 for g-values used. However we accept the conclusion of Kuipers and
Gruppen (27) and have calibrated for hyperchomic effects at 220 nm using an empirical
method (see Results.)

For conversion of concentration maps to mass maps, an area factor was used, as determined
by the pixel resolution of the system with either the 32x (77284 nm2) or the 100x (6400
nm?) objective. The pixel resolutions were determined by use of a fused silica Ronchi ruling
(Edmund Optics, Barrington, NJ) and beads (0.5, 1.1, and 15 um diameter, Polysciences,
Inc., Warrington, PA). Optical aberration and correction factors were also determined using
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beads and then applied to all images. Images were resized (using “imresize' function in
MatLab) and then aligned with predetermined offsets before processing.

Analysis of images was performed in MatLab. For whole-cell content, cells were first
outlined manually. Each region of interest (ROI) was then used to read out pixel values;
mean mass per pixel, total mass, and cell size could all be determined in this way.
Histograms and distribution fits were calculated in MatLab (function: “polyfit"). Two-
dimensional plots of distributions and linear regression were performed in MatLab. For
determination of nuclear-isolated mass, a custom-written automated image segmentation
algorithm was used (morphological watershed), based on a mask generated by Hoechst
33342 fluorescence using a disk-shaped structuring element (radius = 3). Objects smaller or
larger than 1 standard deviation of mean nucleus size were excluded from analysis.
Remaining objects were converted into ROIs, allowing for automated determination of
nuclear content and Hoechst fluorescence.

We began by first developing the image algorithms for extracting high-resolution mass maps
from the deep-UV images. We tested the speculation that the better isolation of the nucleic
acid and protein absorptions with the 220/260-nm image pair, combined with the stronger
absolute protein absorption at the shorter wavelength, would lead to a more reliable
measurement when compared to the classical 260/280-nm method. We then did a series of
population-level comparisons on CHO-K1 and cross-correlated mass measurements for
nucleic acid and protein. After this we describe measurements at progressively higher
resolution and compare the UV mass maps to imaging with common nuclear stains.

Comparison of UV-derived cell images

The primary data generated by mass mapping in the deep UV is illustrated in Figures 1 and
2. The OD values range between 0 and 1, within the nearly linear portion of Beer's Law. The
pixel values are integrations in the Z direction calibrated in absolute units of femtogram (fg)
per X,Y pixel and derived by the specific algorithms discussed more below. Condensed
DNA is clearly visible as high density for 235, 260, and 280 nm UV bands (Fig. 1A-C), but
appears in reverse contrast for the 220- and 200-nm images (Fig. 1D—E) where the nucleic
acids are nearly transparent. The 220-nm and 200-nm images represent largely protein (27 —
28, 33) and, with appropriate normalization, these shortest wavelength images closely
approximate the protein mass map (Fig. D, E, and G). A large amount of fine structure is
visible under 100x magnification, particularly in the nucleic acid map (Fig. 2B), some of
which is not apparent with either the RNA selective nucleic acid stain Syto-14 (Fig. 2A) or
the widely-used DNA stain Hoechst 33342 (see below). A few salient observations are:

(1 the total nucleic acid content in the cytoplasm is nearly as high as it is in the
nucleus (e.g., Fig. 2B),

(if)  there is a region of low protein density surrounding the nucleolus (Fig. 1D, 1G
and Fig. 2C).

(iii)  there is a large protein concentration present within the nucleolus, and, in
particular, the nucleolus and a region near the nuclear membrane are also seen as
dense UV-absorbent structures (UV-opaque at 200 and 220 nm. Fig. 1),

(iv)  Syto-14 staining (e.g., Fig. 2A) shows dense punctuate structures in the
perinuclear region, indicating localized, elevated RNA. However these same
areas correspond to regions with low (or background) total nucleic acid in the
UV mass map.
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Histogram population-level comparisons of whole-cell mass

To compare UV mass mapping to flow cytometry, and to assess different methods of data
reduction, we collected several hundred images in all five UV bands then reduced them
using the various mass algorithms to produce histogram distributions of whole-cell mass.
We derived nucleic acid and protein maps using the 260/280 nm and 220/260-nm
algorithms (See Methods). We took a series of full-field images using the 32x objective,
segmented these fields into cells (n = 420 cells, manual segmentation) and measured the
mass values within each whole-cell perimeter. The distributions of total masses are
presented in Fig. 3A-D. The histograms were fitted with first-degree polynomial functions
(black lines).

While the qualitative features of the histograms are quite similar to cytometry data for both
algorithms (20 — 21, 34), some problems in terms of statistical broadening and absolute
calibration appear for the classical 260/280-nm data reduction. For the nucleic acid by this
classical algorithm, there is a well-shaped histogram (Fig. 3A) but the G1 peak is at 14.0 pg
(w=17.4 pg, 0= 6.9 pg, CV = 0.40) for total nucleic acid (DNA and RNA). As confirmed
with the RNase treatments (data below), the entire nucleic acid histogram is shifted to
unphysiologically low values. This problem is more extreme for protein distribution, which
is broadened to the point that the 260/280-nm algorithm calculates negative protein mass for
nearly 23% (93) of the cells (Fig. 3B). Neither of these artifacts occurs with the 220/260-nm
algorithm. For nucleic acid (Fig. 3C) the G1 peak lies at 26.6 pg (u = 33.3 pg, o= 13.3 pg,
CV = 0.40), with a G2 shoulder at nearly twice the G1 mass (Fig. 3C, arrow). While the
optical properties of intracellular protein at 220-nm remain under-characterized, our two
algorithms agree quite well without correction on the location of the protein peak value (i.e.
most probably G1 mass). The 260/280-nm algorithm gives a peak of 91.7 pg (Fig. 3B; u =
72.4 pg, o = 108.1 pg, CV = 1.49). Using the 220/260-nm couplet and the most
straightforward method of estimating e-220 (27, 29), and before accounting for a
hypochromic shift, the 220/260-nm algorithm places the G1 protein peak at 76.2 pg (Fig.
3D, gray line), within 17% of the classical 260/280-nm data reduction.

To add the hypochromic correction, we accepted the recent analysis of Kuipers and Gruppen
(27) and determined &-220 empirically from ensemble averaged 280-nm protein absorption.
We calculated g-220 by iterating the 220-nm/260-nm equation couplet using the data
extracted from the 25-75 percentile of the 260-nm/280-nm protein histogram. By matching
the means of these reduced data sets, we optimized for an £-220 value of 346000 M1 cm™1,
We adopt this value for the effective extinction coefficient of intracellular protein in CHO
cells.

Using this value, we then recalibrated the protein distribution (Fig. 3D, black line), and
place the best value for the G1 peak at 95.6 pg (n = 420 cells, n = 116.2 pg, ¢ = 53.3 pg, CV
= 0.46). It is important to point out that the nucleic acid histograms are insensitive; by
correcting the protein histogram with a hypochromic shift the nucleic acid histograms move
by less than 1% (Fig. 3C, gray dashed line).

We next investigated the source of the error for the 260/280 nm for total nucleic acid at low
OD values. To explore this failure, we examined the noise sensitivity of each of our
algorithms at the OD values typical of the experiment (Fig. 3E). The zero-mass boundary
lines were calculated by determining the mass values using different combinations of OD
values, ranging from 0 to 1.0 and regressing across points with zero and near-zero values.
The OD combinations falling below the zero-mass protein line will generate negative values
and, in our sample, 92 cells (circled points) fall in this region. In contrast, the same OD
values generate all positive nucleic acid masses with the 260/280-nm algorithm, with the
cells distributed far from the nucleic acid zero line. A ratio of the standard deviation to the
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average distance from the zero-mass line is a measure of the signal-to-noise ratio of each
algorithm. This analysis explains the greater distortion of protein histogram in comparison to
nucleic acid by the classical 260/280-nm algorithm in our application. Based on this analysis
we chose the 220/260-nm algorithm as more reliable, particularly for single-cell (un-
averaged) measurements, and adopted it for the absolute calibration of the results discussed
below.

Although images at 200 nm were also taken, due to absorption in the optical system the
exposure times needed were 10-30 times greater than the 220-nm wavelength. These images
also exhibited significant out-of-band leakage through the 200-nm bandpass filter (exhibited
by apparent OD values in a limited dynamic range between 0.005 and 0.1, peak at 0.05);
they were, therefore, deemed unreliable for absolute quantification of protein without optics
improvements.

Cell-by-cell correlation of whole-cell nucleic acid to whole-cell protein

Next we tested whether UV-based mass measurements reproduce correlated increases in
nucleic acid and protein depending on cell cycle, as has been inferred from previous flow
cytometry measurements using stains (35). With the 220/260-nm algorithm we reproduced a
clear linear monotonic relationship (R = 0.79, slope=3.18) suggesting that protein mass
tends to be approximately three times that of the nucleic acid (Fig. 3G). In contrast, the
systematic relationship between nucleic acid and protein is nearly hidden by the high noise
of the 260/280-nm algorithm; we observed a very weak relationship (R = 0.15) using the
classical data reduction (Fig. 3H).

Mass in the nuclear compartment: Nuclear protein and nuclear nucleic acid content

We then analyzed the mass in the nuclear compartment by using Hoechst-stained cells and
automated segmentation. A mask was generated from the Hoechst image using standard fill
and dilate operations and this was used to define the nuclear area. Total nucleic acid, protein
and integrated Hoechst brightness were then measured for each nucleus (n = 477 nuclei,
Figure 4A-D).

We used the 220/260-nm algorithm (g-220 protein: 346000 M~1 cm™1) for the analysis
exclusively. The G1 peak for CHO-K1 (Fig. 4A) falls at 11.38 pg nucleic acid (RNA plus
DNA in the nucleus, u=16.5 pg, 6 = 9.2 pg, CV = 0.55). For total protein in the nuclear
compartment, the G1 peak (Fig. 4B) lies at 39.3 pg (u =51.3 pg, 6 = 28.3 pg, CV = 0.55).

We then looked for systematic differences within the nucleus between UV-derived mass and
the nuclear stain. The Hoechst fluorescence in our microscope exhibited a classical
histogram (Fig. 4C) (15, 35 — 36). Plotting this fluorescence versus UV-derived nucleic acid
mass for each nucleus revealed a linear relationship with high correlation (R = 0.87) (Fig.
4D). This linear relationship persisted despite significant known differences in the two
measurements. Packaging is known to strongly affect Hoechst staining; a factor of 88%
increase in staining brightness has been observed under some conditions for Hoechst 33342
(and greater increases for many other nuclear stains) when nuclear proteins are extracted
with HCI (15). In particular, there is negligible staining of the nucleolus and RNA by
Hoechst (13 — 17, 35 — 36), while the nucleolus is strongly represented in the UV-derived
nucleic acid mass map. However, despite these differences, the nearly linear relationship of
total nucleic acid to Hoechst staining is confirmed to a reasonable accuracy in our
experiments.

Despite much effort over a period of several decades, quantifying genome size remains an
area of active interest (7, 19, 31 — 38). The UV mass mapping method has the ability to
separate nucleic acid and protein contribution, although it cannot, by itself, distinguish
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between RNA and DNA. We therefore attempted to isolate the DNA component. We treated
a population of CHO-K1 cells with DNase-free RNase (25 pug / ml) after fixation with 4%
formaldehyde and permeabilization with methanol (Fig. 4E). In these treated nuclei, we
observed a (presumptive) DNA-only, G1 peak mass of 7.35 pg (n = 403 nuclei, p = 10.0 pg,
o = 4.8 pg, CV = 0.48). Furthermore, as expected, the RNase treatment affected nucleic
acids only; the protein histogram is unchanged with a G1 peak value at 42.0 pg (u = 53.6 pg,
o = 28.5 pg, CV = 0.53), matching the untreated cells (Fig. 4B).

As a cross check, we also took data by the 260/280-nm method for the same RNase-treated
cells. We found consistently low values (most probable DNA mass =3.8 pg, n=5.5pg, 6 =
3.8 pg, CV =0.69), that is, a G1 peak even below the known mass of the hamster genome.
The protein determination repeated the whole-cell results, with a large variance (u = 25.2 pg,
o =184.6 pg, CV = 7.3). This corroborates our earlier analysis and confirms our preference
for using the 220/260-nm algorithm to avoid noise related to low optical densities for
260/280-nm.

After the RNase treatment the total nucleic acids may include oligonucleotides as well as
genomic DNA, however the haploid number from our measurement for CHO-K1 after
RNase, i.e., half the total remaining nucleic acids is 3.67 pg. This should be compared to
three existing literature C-values by Feulgen densitometry namely; 3.10 pg (39), 3.20 pg
(40) and, 3.9 pg (41). Our approach handles the main issues of genome size measurement. It
provides considerable population averaging, handles the issue of cell cycle effectively,
isolates DNA content, and uses an established computation for determining nucleic acid.
Some further testing by enzymatic methods would be needed to confirm the absolute
calibration, especially given the known hyperchromic shift in UV absorption by nucleic
acids upon denaturing.

Of the 420 cells in the full data set, we isolated 28 cells with circular morphology and either
dense Hoechst labeling or with apposed Hoechst clusters indicating immediately post-
mitotic pairs. We sorted these according to the phase of mitosis and measured the level of
Hoechst fluorescence, protein mass, and nucleic acid mass (Fig. 4F). Hoechst image and
nucleic acid mass maps are presented with the same coloring scheme to facilitate
comparison. Much of the fine structure is duplicated between the nucleic acid mass map
(second panel) and the Hoechst image. The total nucleic acid mass from the 28 mitotic cells
averages 38.4 pg (o = 12.2 pg, CV = 0.32), which is 44% larger than the mass at the G1
peak for the full distribution of cell cycle (420 cells). The mean protein mass (whole cell) in
these 28 cells is 102.6 pg (c = 46.4, CV = 0.45), only 7% higher than that of the
corresponding G1 peak for the full 420-cell distribution (Fig. 3B). Both protein and nucleic
acid mass in these near-mitotic cells also have smaller CV, and hence less variability in
whole cell mass compared to non-mitotic cells (see Figure 3 text).

Population analysis according to image information

The potential of UV-derived image information for population analysis is illustrated in
Figure 5. A single field of cells at 32x magnification is shown by nucleic-acid mass map and
Hoechst channel (Fig. 5 A and B). The table (Fig. 5C) lists nucleic acid mass (whole-cell,
nucleus, and nucleolus), protein mass (whole-cell, nucleus, and nucleolus) and integrated
Hoechst fluorescence values for the same field. Many of the mass readings in the table
cross-correlate with expectations from the cell images at identifiable stages of cell cycle.
The first data column in the table also lists the apparent cell “size” (i.e., two-dimensional
image area) as it would be observed in a conventional microscope image. This can be
compared to the actual mass of the cell (dry mass, i.e., summed columns 2 and 3).
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We examined this more directly by examining how strongly 2-dimensional size correlated
with cell mass across the full population (Fig. 5D-E). While there is a strong relationship (R
= 0.82), the dispersion between “size” and actual protein mass increases for larger cells.
There can be more than a 2x difference between apparent size and mass even near the
median. Averaged over the field of Figure 5 (all stages of cell cycle), the nucleic acid
density (fg/um?) is increased by 20% in the nucleolus relative to the averaged whole
nucleus; the protein density (fg/um?) is increased by 11% in the nucleolus relative to the
whole nucleus. The size to mass relationship is weaker for cells near mitosis (Fig. 5E. See
line of cells with pixel size below 2500 but with nucleic acid spanning 25 — 50 pg). Much as
for image cytometry with a fluorescent stains (13, 42), it is clear that image information
from mass distributions in the sub-compartments of the cell may be useful in distinguishing
finer metabolic states and stages of replication.

Spatial correlation of nuclear stains with UV-derived mass measurements

The UV mass mapping technique allows the imaging of intracellular structure without bias
and to a resolution of approximately 200 nm (see Methods/Discussion). The UV-derived
whole-cell total protein and whole-cell total nucleic acid measurements were tested for
correlation with the integrated SO and Hoechst fluorescence (Fig. 6, n=260 cells).

Hoechst 33342 fluorescence exhibited the strongest linear correlation to whole cell nucleic
acid mass (Fig. 6A, R = 0.69). Not surprisingly, this relationship is weaker than when
nuclear-isolated nucleic acid is compared to Hoechst (Fig. 4D, R = 0.87). SO and Hoechst
staining are not strongly correlated (R = 0.33) to each other when summed over the whole
cell (Fig. 6C). This is consistent with SO showing differential staining efficiency to different
nucleic acids.

To explore the detailed overlay of nucleic acid stains and the nucleic acid mass map, we
identified a series of mitotic cells (Fig. 6D). We then compared the nucleic acid maps to a
Hoechst image, a SO image, and image of an evenly weighted linear summation of
(normalized) Hoechst and SO (n = 10 cells, all maps normalized to maximum). Neither
Hoechst nor SO alone resulted in an image that was entirely similar to the nucleic acid map.
The insets contain scatterplots of the pixel intensity between the image pairs (scaled from
purple to red to indicate number of coincident pixels, Fig. 6D). The SO inset shows that low
fluorescence values co-vary with mass, but at higher mass values the distribution flattens.
The opposite is true for the Hoechst scatterplot, which shows agreement for high
fluorescence and map values. The summed image (Hoechst + SO, Fig. 6E) creates a better
(approaching linear) representation of the total nucleic acid (Fig. 6D and 6F). However the
detailed line plots suggest that no linear combination of these two nuclear stains (Fig. 6G)
will actually represent the total nucleic acid (Fig. 6H). That is, it is not possible to recover
the full nucleic acid map with an arbitrary normalized summation of the Hoechst and SO
images. The nucleic acid maps capture detail that is not revealed by either stain. Further
examples can be seen in Fig. 2.

DISCUSSION

We have compared population-level UV mass mapping to analogous cytometry data and
found good qualitative agreement in the shape of histogram distributions. However the UV-
derived measurement provides an absolute calibration to mass. The distributions exhibited a
primary G1 peak at a total nucleic acid (DNA and RNA) value of ~26.6 pg for CHO-K1
whole cells, with a little less than half of this mass (11.4 pg) in the nucleus. To isolate the
DNA component we measured RNase treated cells, and determined a G1 DNA mass of 7.4
pg. These results are consistent with the published numbers for the genomic DNA and the
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RNA/DNA ratio measured in similar CHO cells using flow cytometry and Feulgen
densitometry (16, 21 — 23, 31, 42 — 43).

In the whole-cell measurements the total nucleic acid by UV did not correlate well with the
integrated brightness of the generic nucleic acid dye (SO). We saw a tighter correlation
between total nucleic acid and Hoechst staining, particularly for nuclear-isolated nucleic
acid. This is consistent with analysis of signal in a flow cytometer, which shows a wider
distribution of signal intensities with a general nucleic acid stain, than with a DNA specific
stain like Hoechst (11). However a closer examination also shows some marked differences
between the UV-derived mass and Hoechst, particularly in staining of the nucleolus and
other fine structure. Since these different images of chromatin can be obtained
simultaneously, they should be useful to gain a better understanding of nucleic acid
structures.

In the high-resolution images, it is interesting to see the large component of protein even in
condensed chromatin. Figure 1 shows a mitotic cell with condensed DNA that is strongly
visible as high density in the nucleic acid map. This region of condensed nucleic acid
structure shows up only with low contrast (~11% OD change) in the 220/200nm images or
in the protein maps, which reflects the fact that the total protein in condensed chromosomes
during mitosis can be nearly as high as the average value in the cytoplasm. Similarly the
nucleic acid maps for the mitotic cells in Fig. 4F look quite different from the Hoechst
images of the same cells.

After some experimentation we identified an algorithm consisting of 220/260-nm to be
superior for calculating nucleic acid and protein mass at single-cell optical density. With a
novel noise analysis method (Fig. 3E-F) and empirically, we found that the classical method
of measuring protein in solution (260/280-nm algorithm) is noisy. Furthermore the nucleic-
acid contribution to extinction is small at 220-nm, so that there is only a few-percent
difference between the UV transmission image and the protein mass maps at this
wavelength. This makes the nucleic acid mass maps insensitive to the fine-tuning of the
protein calibration (e.g., hypochromic shift) discussed below.

While there is a lower noise component in the 220-nm-derived protein mass map, there is a
potential need to make a correction for the hypochromic effect on proteins in physiological
conditions (16, 44 — 50). At both 280-nm and 220-nm wavelengths there is some sensitivity
of the effective value of € depending on folding pattern and pH (especially related to solvent
access to tryptophan residues and via pH sensitivity of the protonation of carboxyl groups).
These shifts can be up to ten times larger at the 220-nm wavelength. Furthermore the
literature values for £-220 nm, even without corrections, are somewhat unsettled. Kuipers
and Gruppen (27) have recently revisited the field for solution measurements and have made
the case for quantitation of protein, with appropriate controls, at the shorter wavelengths
(220-230nm). When averaging protein content across large cell samples, we found
agreement between the 220/260-nm and 260/280-nm algorithms (within 17%) without
applying a hypochromic shift specific to intracellular protein in CHO-K1. However we have
accepted the conclusions of Kuipers and Gruppen (27) that absolute protein determinations
should reference the 280-nm protein absorption and, based on our highly averaged results,
determined a value for protein in CHO-K1 of £-220 = 346000 M1 cm™1. It would be
valuable to verify this number with other techniques that retain the folding structure and pH
of intracellular mammalian protein.

In principle, the protein determinations by 220-nm absorption provide new information
through their generic spectral signature. At 220 nm both peptides and amino acid residues
contribute to protein absorption, with peptide absorption accounting for nearly the same
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fractional absorption as the aromatic contribution. This makes the 220/260-nm algorithm
less sensitive to the trytophan/tyrosine/phenylalanine percentage concentration, but more
sensitive to solvent exposure, pH and a-helical content (32, 29). The subtraction of protein
mass maps generated by the two algorithms (or maps at additional wavelengths) could be
used to see differences in aromatic content, pH, or a-helical content in the internal
compartments of the cell. In a previous publication (1) we also collected native protein
fluorescence images and estimated fluorescence quantum yield as a potential indication of
aromatic content of intracellular protein. Therefore comparison of any of these images of
intracellular protein may be capable of generating more specific information on intracellular
protein distribution. This may be particularly useful in the study of protein aggregation
diseases such as Huntington's, Alzheimer's and Parkinson's diseases.

While our primary interest in this study has been absolute measurements in fixed cells, a
natural question is whether the technology can be applied to live cells. Deep-UV is well
known to be more photoactive than visible light, particularly in the wavelength range of
pyrimidine absorption - where the most frequent mutagenic photoproduct is cis-syn
cyclobutane pyrimidine dimers (51). However the common DNA stains that are now used in
live-cell imaging, (e.g., Hoechst 33342), have a well-documented cytotoxicity (52 — 53), as
well as staining biases and uneven distribution from efflux pumping (13 — 17). Our previous
study (1), published time-lapse movies of mammalian cells showing normal motile
responses and mitosis while cells were undergoing multiple exposures in our UV apparatus
even at the most actinic 260-nm and 280-nm wavelengths. Pyrimidine absorption at 220-nm
is reduced by a decade from its peak at 260 nm.

The speed and resolution that can be achieved in deep-UV mass mapping is notable. It is
possible to generate population-level data with a few exposures of tens of milliseconds
duration. In our system a further optimization of resolution to near 110 nm should be
possible even before super-resolution techniques are considered. Some of the most
important target applications may be; (i) direct generation of biological standards including
gemome size, (ii) multiparameteric analysis of cell-cycle and metabolic subpopulations at
the level of the internal compartments of the cell and, (iii) high-resolution studies of
chromatin. It would be interesting to expand comparative imaging between the deep-UV
mass maps and nucleic acid stains, and to include more specific DNA reporters.
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Max Values:
NA: 140 fg/ pm2
Protein: 2.6 pg/ umz

Figure 1. UV absorption images and mass maps

UV images at (A) 280 nm, (B) 260 nm, (C) 235 nm, (D) 220 nm, and (E) 200 nm. Pixel
values are expressed as optical density (OD) values, calculated as the logarithm of the ratio
of the background and cell images. Images of the calculated nucleic acid (F) and protein
mass (G), based on 260-nm and 280-nm UV images. The mass maps (F,G) are normalized
to a maximum of 1.1x10714 and 2.0x10~12 pg per 0.077-um? pixel (140 fg and 2.6 pg per
square micrometer peak nucleic acid and protein density, respectively). NA: nucleic acid.
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5 uM Sytosié4

Figure 2. High-resolution, images of CHO-K1 cells using a 100x, 1.2 NA objective
(A) 5 uM Syto-14 stain, (B) nucleic acid mass map deduced from the 260-nm and 280-nm
images, (C) OD220 nm image, which closely approximates the protein mass map (see text).
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LA

Figure 3. Distribution and comparison of whole-cell nucleic acid and protein mass calculated by
deep-UV algorithms

Histograms (n = 420 cells, bins: 50) of nucleic acid (A) and protein mass (B) calculated
using 260/280-nm and nucleic acid (C) and protein (D) by 220/260-nm algorithms. The
same manually defined radius of interest (ROI) was used, for each cell, for all histograms.
Black lines are the fitted distributions for the histogram (single-degree polynomial with
“polyfit' function in MatLab.) Gray lines (C and D) denote the distribution of protein mass
calculated using an £-220 value derived using the work of Kuipers and Gruppen (28) and
Rosenheck and Doty (29), without hypochromic correction (see text). Black lines (C and D)
show distribution calculated using an €-220 value corrected for the hypochromic shift (see
text). (E) Two-dimensional scatter plot showing the distribution of OD280 and OD260
across all cells. The lower line (black) denotes the OD combinations that produce zero
protein mass; OD combinations below this line result in non-physiological, “negative”
protein mass (circles). Note the proximity of OD values for the 260/280-nm algorithm to the
zero-mass line for protein by the 260/280-nm algorithm, as is consistent with the negative
and near-zero values observed in Fig. 3B. The upper line (E, gray) denotes the OD
combinations that would yield negative nucleic acid mass. (F) A similar scatter plot and
noise analysis for the 220/260-nm algorithm. Note that OD values in Fig. 3E fall within a
range halfway between the two zero-mass lines. Therefore the 220/260-nm calculation is
optimal for maximizing signal-to-noise ratio for both nucleic acid and protein mass. (G) The
220/260-nm calculation shows nucleic acid and protein as correlated (R=0.79, cells = 420).
(H) However, whole-cell protein mass calculated by 260/280-nm shows little correlation to
the nucleic acid mass (R = 0.149). The different result is attributed to the higher noise of the
260/280-nm algorithm, which hides the real relationship (see text). Regression fit was
implemented using least squares method in MatLab.
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Figure 4. The nuclear compartment during cell cycle - distribution and comparison of total

nucleic acid, protein, and Hoechst 33342 si

gnal

Values in the nuclear compartment: (A) Nucleic-acid and (B) protein mass by 220/260-nm

are shown for 477 nuclei (automated watershed segmentation based on Hoechst 33342
fluorescence). (C) Integrated Hoechst signal derived across the same CHO-K1 cell

population. The panel (D) shows the correlation (R = 0.87) of Hoechst fluorescence and
nucleic acid mass (regression calculated in MatLab) across all nuclei. (E) Distribution of
nucleic acid mass in nuclei following DNA isolation by treatment with RNase (see text). All

histograms were binned to 100 bins and fitted to single-degree polynomial (black line,

“polyfit' function in MatLab). (F) Images of 4 different cells in various stages of mitosis,
identified by Hoechst fluorescence (top row). Pseudo-colored mass maps of the same cells
are shown below. Each mass map is scaled to its own maximum. Whole-cell nucleic acid
and protein masses are shown for the ROI (white) indicated in the image.
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Figure 5. Mass distributions in the whole cell, nucleus and the nucleolus

(A) nucleic-acid mass map and (B) Hoechst channel for a representative field of CHO-K1
cells imaged at 32x magnification. (C) A table listing nucleic acid mass, protein mass and
fluorescence values. Keys 1-18 correspond to labels on the images. Mass values are
reported for the whole cell (all compartments), nucleus (with nucleolus), and nucleolus, as
determined from the Hoechst image. (D) and (E) show scatter plots that relate cell size (2-
dimensional projection) to total protein and total nucleic acid content. Although mass
generally increases as a function of size, there can be more than a 2x difference in protein
mass for cells of a given size.
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Figure 6. Microstructural comparisons reveal differences between mass map and nuclear stains
(A) Moderate correlation (R=0.69, n = 260 cells) is seen to the integrated Hoechst signal,
(B) weaker correlation (R=0.46) to Sytox Orange (SytoxOr) and (C) (as expected) poor
correlation (R=0.33) between Hoechst and Sytox Orange channels were observed. (D)
Global correlation of mass map to stains. The same cell is imaged at 100x magnification
with Sytox Orange (i, 1 pM) and Hoechst 33342 (ii, 16.2 uM). Panel (iii) shows UV-derived
nucleic-acid mass and panel (iv) as an equally-weighted linear sum of the normalized images
from Hoechst and Sytox Orange. The summed image in (iv) shows higher global correlation
to the nucleic acid mass map (also see Fig. 9). Arrows denote the comparisons and the
associated Pearson's correlation score ("normxcorr2' function in MatLab) that are made
between the panels within (D). Insets show a frequency distribution of pixel values for the
nucleic acid and the fluorescence images. SytoxOr staining was performed on formaldehyde
fixed cells without permeabilization or addition of RNase. A summed Hoechst+SytoxOr
image (E) and nucleic acid mass map (F) of a mitotic cell. Line plots of the same pixels
taken from the fluorescence images (G; blue: Hoechst, magenta: SytoxOr) and from the
nucleic acid mass map and the equally weighted, summed fluorescence image (H; gray:
summed image, black: nucleic acid). Line plots taken from the yellow line in A and B. It
appears that the two nuclear stains cannot be summed in any combination so as to reproduce
the contours of the nucleic acid mass map.
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Table 1

Molar extinction coefficients by UV wavelength

Wavelength (nm)  nucleic acid (M=t cm™)  protein (M=t cm™)

280 3500" 54129"

260 7000" 36057"

220 4000"" 432500 3460007
200 10500%" 768000™"

#Taken from (1), values for hybridized averaged nucleic acid.
#*
Taken from (32)
*
calculated using formula from (27)
*

*
Table 1 provides the calculated value of the molar extinction coefficient for average protein in a random coil conformation.

The molar extinction coefficient at 220-nm was calibrated empirically; see Figure 3.
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