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ABSTRACT A sensitive confocal Raman microspectrometer was employed to record spectra of nuclei and cytoplasmic regions of
single living human granulocytes. Conditions were used that ensured cell viability and reproducibility of the spectra.

Identical spectra were obtained from the nuclei of neutrophilic, eosinophilic, and basophilic granulocytes, which yield information
about DNA and protein secondary structure and DNA-protein ratio. The cytoplasmic Raman spectra of the three cell types are very
different. This was found to be mainly due to the abundant presence of peroxidases in the cytoplasmic granules of neutrophilic
granulocytes (myeloperoxidase) and eosinophilic granulocytes (eosinophil peroxidase). Strong signal contributions of the active
site heme group(s) of these enzymes were found.

This paper illustrates the potentials and limitations for Raman spectroscopic analysis of cellular constituents and processes.

INTRODUCTION

Raman spectroscopy (RS) has proven to be a powerful
method for the characterization of biological molecules
(see references 1-3 for reviews). The spectra, which are
of a vibrational nature, convey information about the
structure and chemical (micro)environment of the mole-
cules and molecular subgroups that are present in a
sample. The main disadvantage of RS is the inherently
low intensity of the signal obtained. In situ studies of
biological molecules at a single cell level have therefore
been limited to the case of the highly condensed DNA in
salmon sperm cells (4) and to molecules that can be
resonantly excited (5-7). The novel sensitive confocal
Raman microspectrometer (CRM) developed in our
laboratory greatly extends the applicability of RS in this
respect. It enables the investigation of single cells and
chromosomes with a spatial resolution of 0.45 X 0.45 x
1.3 pm’ (8, 9).

There are some noticeable differences between work-
ing with living cells and working with model systems
concerning the way experiments can be carried out and
the interpretation of the results. First of all cell viability
is a matter of concern which poses limitations on the
laser light intensity, the laser wavelength, and the
measurement times that can be employed (62). In line
with this the choices of these parameters must be such
that reproducible spectra can be obtained. In experi-
ments with isolated compounds, potential photochemi-
cal, or photothermal effects can often be precluded by

Address correspondence to Dr. G. J. Puppels, Biophysical
Technology Group, Faculty of Applied Physics, University of Twente,
P.O. Box 217, 7500 AE Enschede, the Netherlands.

employing a flow system instead of a static sample
container. Apart from these experimental factors the
intrinsic reproducibility of cell spectra will be lower than
of isolated compounds because of the simple fact that
molecules are not homogeneously distributed through-
out the cell. Furthermore the molecular composition of
cells or subcellular structures is not precisely known,
unlike that of isolated compounds or model systems.
The first step in the interpretation of cell spectra is
therefore to identify the molecules contributing Raman
signal. After that comparisons can be made with spectra
of isolated compounds or model systems to learn more
about the molecules in their natural environment.

The CRM is presently being used for a RS character-
ization of white blood cells, as a prelude to studies
concerning their functioning in the human immune
system. This paper describes a Raman microspectro-
scopic investigation of human neutrophilic, eosinophilic,
and basophilic granulocytes and was carried out along
the lines described above. These cells, especially eosino-
philic and neutrophilic granulocytes, are from a practi-
cal viewpoint very suitable for a compositional and
conformational study of chromatin in situ. The position
of the nucleus (in the unstained cells) can in general
easily be determined because of the dense granulation
of the cytoplasm (see, e.g., reference 10). It was further-
more of importance in view of our long term goals to
learn whether some of the cytoplasmic compounds of
the granulocytes, known to play key roles in defense
mechanisms could be traced by means of RS.

Neutrophilic granulocytes are very motile cells that
respond to chemotactic stimuli. Their main functions
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are phagocytosis, killing, and digestion of bacteria and
other micro organisms. Mature neutrophils have a
segmented nucleus. They possess 50-200 cytoplasmic
granules of ~0.2 pm in diameter (11) which contain a
wide variety of oxidative metabolites and digestive
enzymes. Two types of granules are distinguished; azuro-
philic (or primary) and specific (or secondary) granules.
A prominent enzyme of the azurophilic granules is
myeloperoxidase (MPO), a heme protein (14). MPO has
been reported to make up 5% of a neutrophilic granulo-
cyte’s dry weight (12). It catalyzes the oxidation of halide
ions to hypohalite, which is cytotoxic to bacteria (13).
After phagocytosis these granules fuse with the phago-
some upon which degradation of the ingested object
commences. Mature neutrophilic granulocytes are defi-
cient in protein synthesis as is evident from the fact that
they possess only a few ribosomes and a small endoplas-
matic reticulum (14).

Eosinophilic granulocytes are cytotoxic to parasites
and play a negative modulatory role in immuno inflam-
mation. Their exact function is not yet understood
(13, 15). The nucleus of an eosinophilic granulocyte
usually consists of two rounded segments. In the cyto-
plasm approximately 200 granules are found, with an
average diameter of 0.9-1.3 pm (14). These granules
contain a crystalloid core, consisting of a single protein,
called the Major Basic Protein. The core is surrounded
by a less electron-dense granule matrix, in which high
concentrations of eosinophil peroxidase (EPQO) are
found. EPO, like MPO, is a heme protein (15, 16).

Basophilic granulocytes possess granules up to 1.2 pm
in diameter (17) which contain large amounts of heparin
and histamine (14). Basophilic granulocytes play an
important role in hypersensitivity responses (18).

MATERIALS AND METHODS
Sample preparations

Peripheral blood of healthy individuals was obtained by venipuncture.
Neutrophilic and eosinophilic granulocytes were isolated as a mixed
cell fraction by means of a density gradient method (19).

Basophilic granulocytes were isolated (from the total white blood
cell fraction) by means of fluorescence activated cell sorting, after
labeling with a human IgE antiserum conjugated to fluorescein
(20, 21) (Kent Laboratories Inc., Redmont, WA). The 488 nm line of
an Argon-ion-laser was used for fluorescence excitation. 80% pure
basophilic granulocyte samples were obtained in this way. During
labeling, sorting, further preparation, and RS measurements, the cells
were kept at a temperature <4°C. The sheet fluid of the flow sorter
was also cooled to 4°C. As evidenced by cytospin preparations stained
with Wright’s stain (22) no degranulation occurred under these
conditions. After isolation a drop of cell suspension (neutrophilic
granulocytes and eosinophilic granulocytes or basophilic granulocytes)
was placed on a poly-L-lysine (P-6516; Sigma Chemical Co., St. Louis,
MO) coated fused silica substrate, and left to stand for 10 min in a
100% humid environment at room temperature (neutrophilic granulo-

cyte and eosinophilic granulocyte) or at 4°C (basophilic granulocyte).
This allowed the cells to attach to the surface of the substrate, which
was then placed in a petri dish filled with Hank’s Buffered Salt
Solution (prepared according to Gibco HBSS nr. 041-04025, phenol-
red omitted; Gibco BRL Life Technologies, Brezda, The Nether-
lands). Raman spectra were measured of the cells on the substrate in
the petri dish (to which HBSS-ice cubes were added in the case of
basophilic granulocytes). Measurements were carried out within a
period of 1-2 h after cell attachment.

Cells of the mixed neutrophilic and eosinophilic granulocyte sample
were identified with the CRM in normal light microscopic mode.
Eosinophilic granulocytes were distinguished from neutrophilic granu-
locytes on the basis of their coarser granulation and more prominent
nucleus. The classification of the unstained cells was checked and
confirmed by staining the cells with Wright’s stain, after the RS
measurements, and relocalizing them on the substrate.

The 20% impurity in the flow sorted basophilic granulocyte samples
consisted of cells belonging to all other white blood cell fractions (i.e.,
lymphocytes, monocytes, neutrophilic, and eosinophilic granulocytes).
Therefore after Raman measurements the cells of these samples were
stained and identified as in the case of neutrophilic and eosinophilic
granulocytes, to avoid confusion of basophilic granulocyte spectra with
spectra of other cells.

A sample of native (oxidized) MPO of 230 uM 17/, isolated from
human neutrophilic granulocytes, was a gift of Dr. R. Wever of the
University of Amsterdam. It was prepared according to the method
described in reference 61. A value of 0.67 was measured for the
absorbance ratio 4 /4,4

Calf Thymus (CT) DNA (type I, D-1501; Sigma Chemical Co.) was
used without further purification and was dissolved in Phosphate
Buffered Saline at a concentration of 18 mg/ml (+5%). The concentra-
tion was determined by measuring the extinction at 260 nm, using an
extinction value of 20 (mg/ml)™" - cm™' (59).

A concentrated CT-Histone II-AS (H-7755, lyophilized; Sigma
Chemical Co.) solution in PBS was prepared. The final concentration
of dissolved protein was 47 mg/ml (+4%), as determined by the
Lowry-Method (25). Solutions of human albumine (A-8763; Sigma
Chemical Co.) and of bovine albumine (A-7906; Sigma Chemical Co.)
were prepared at concentrations of 80 mg/ml (+4%) and 205 mg/ml
(*£4%), respectively.

Raman and absorption spectroscopy

All Raman spectroscopic measurements were carried out with the
confocal Raman microspectrometer (CRM), described in detail in
reference 9. A high numerical aperture microscope objective (63X
Zeiss Plan Neofluar water immersion, NA 1.2; Zeiss Nederland B.V.,
Weesp, The Netherlands) was used for focusing of the laser light in
the cells and for collection of the scattered light. The spatial resolution
of the CRM is 0.45-0.45- 1.3 pm® (1.3 um along optical axis) (9).
Laser light of 660 nm from a Spectra-Physics Analytical (San Jose, CA)
375 B DCM-operated dye laser, was used for excitation. At this
wavelength no sample degradation was found to occur in lymphocytes
and chromosomes (62). A Wright Instruments Ltd. liquid nitrogen
cooled CCD-camera was used for signal detection. Positioning of the
cells in the laser focus occurred with the CRM in normal light
microscopic mode, using the in-base illumination system of the
microscope frame (Nikon Optiphot; Nippon Kogaku K K., Tokyo).

Raman spectra of MPO were also measured with the CRM with the
sample in a circulating flow system. It was pumped at a velocity of ~1
cm/s through a square capillary glass tube with an inner diameter of
500 wm and walls of 100 pm. A 63x Zeiss Plan Neofluar water
immersion microscope objective with cover glass correction was used
to focus the laser light in the tube and to collect the scattered light.
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RS measurements of the DNA and protein solutions were carried
out with the samples held in a small plastic container covered by a
microscope cover glass. The same objective as used for the MPO
measurements was employed. A Raman spectrum of stock solution of
the fluorescein-conjugated human IgE antiserum was recorded with
the sample in a capillary tube as used for the MPO sample using the
same microscope objective.

For all spectra shown, water signal contributions have been sub-
tracted. Wave number calibrations were made on the basis of an
indene spectrum recorded at the same setting of the spectrometer as
used in the cell measurements. Positions of well-resolved bands are
accurate within +2 cm™'. The spectra were corrected for the wavenum-
ber-dependent signal detection efficiency of the set up and for
pixel-to-pixel variations in detector sensitivity (9).

Absorption spectra were recorded on a Beckmann DU-8 spectropho-
tometer.

Cell viabllity

The acridine orange-ethidium bromide method (24) was used to test
cell viability, after the measurements.

Determination of DNA-protein ratio

The nuclear Raman spectra that were obtained, contained no discern-
able signal contributions from other compounds than DNA and
protein (see Results). For a determination of the DNA-protein ratio of
the chromatin in the granulocyte nuclei we have used the intensities of
the 1,094 cm™' B-DNA backbone line and the 1,449 cm™ protein line
as internal markers of DNA and protein concentrations, respectively.
The intensity of 1,094 cm™' DNA line is virtually insensitive to
DNA-protein interactions in nucleosomes and chromatin (26-28) and
in DNA-polylysine and DNA-polyarginine complexes (29, 30). The
intensity of 1,449 cm™ protein line is insensitive to protein secondary
structure and depends only on the number of protein CH, and CH,
groups (2, 40). Assuming that both lines are invariant to intracellular
factors (pH, ionic composition) that cannot be controlled in these
experiments, the use of these lines as concentration markers seems
reasonable. For calibration of these marker lines spectra were mea-
sured of a CT-DNA solution (in PBS) and a CT-histone II-AS solution
(PBS) of known concentrations (wt/vol). These calibration spectra
were subtracted from the granulocyte nucleus spectrum of Fig. 1,
scaling in such a way that in the resulting difference spectrum no
intensity was found in the 1,094 and 1,449 cm™ lines. The nuclear
DNA-protein ratio (wt/wt) was then calculated from the scaling
factors applied to the calibration spectra. The estimation of the error
in the DNA-protein ratio thus determined was based on the error in
the measured concentration of the calibration samples (DNA and
protein) and on the uncertainty in the determination of the scaling
factors (£5%). The use of human albumine or bovine albumine
solutions for protein concentration calibration yielded only slightly
different results for the nuclear DNA-protein ratio (in the order of
5%), well within the experimental margin of error.

RESULTS

Raman spectra were obtained from nuclei and cytoplas-
mic regions of intact human neutrophilic, eosinophilic,
and basophilic granulocytes. The fact that the basophilic
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FIGURE1 Raman spectrum of the nucleus of intact neutrophilic

granulocytes. Spectrum averaged over; measurements on different
cells. Laser power: 6 mW (660 nm); measuring time: 150 s per
measurement.

granulocytes were fluorescently labeled did not interfere
with the recording of Raman spectra, because the
fluorescein molecules were not excited by the 660 nm
laser light (see also Fig. 6).

Fig. 1 shows a neutrophilic granulocyte nuclear spec-
trum, Figs. 3, 5, and 6 show cytoplasmic spectra. Signifi-
cance and validity of any (quantitative) interpretation of
these spectra depend of course on the reproducibility of
the results, both with respect to cell-to-cell and intracel-
lular variations as with respect to possible laser irradia-
tion induced effects. These matters will therefore be
discussed first.

Cell viability

It was already shown that lymphocytes survive a 300-s
660-nm laser irradiation at powers up to 20 mW using
the same optical configuration as used here (62). In the
present investigation a laser power of only 6 mW and
measuring times of 30-150 s were used. Viability tests
performed on irradiated and unirradiated (control) cells
showed no increase in the number of dead cells as a
result of the laser irradiation.

Cell viability was typically ~90%, 2 h after attaching
the cells to the substrate. The Raman spectra presented
here therefore provide information about molecular
composition and conformation in living cells.
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Reproducibility of spectra

Nuclear region

Spectra obtained from the nuclei of different neutro-
philic (neutrophilic granulocyte) and eosinophilic granu-
locytes (eosinophilic granulocyte) were very reproduc-
ible. Fig. 1 shows a neutrophilic granulocyte nuclear
spectrum. Slight differences (£10%) in the intensity
ratio I,,:1,,5 (representative of DNA-protein ratio see
below) were found. Only the unassigned band at 1,048
cm™' showed a wide variation in intensity, being com-
pletely absent occasionally. All nuclear measurements
were recorded with 150 s measuring time. Repeated
measurements in the same nucleus did not show any
changes that would point to the sample integrity being
affected by the laser light. Nevertheless the measuring
time was limited to 150 s because the cells, even though
attached to the poly-L-lysine coated substrates, were
able to change in shape (especially neutrophilic granulo-
cytes). Longer measuring times therefore often resulted
in spectra containing signal contributions of the cyto-
plasm too.

Microscope images can be misleading when trying to
determine the location of the nucleus in unstained cells.
The nuclear and cytoplasmic spectra of neutrophilic
granulocytes and basophilic granulocytes both contain a
number of strong lines (DNA signal contributions in the
nucleus and peroxidase signal contribution in the cyto-
plasm) specific for those regions of the cells. This
provided an intrinsic check for the region inside a cell
from where the spectrum was obtained. This was not so
clear for measurements on basophilic granulocytes.
However, when focusing in the suspected nuclear re-
gion, in most cases spectra identical to the nuclear
spectra of neutrophilic granulocytes and basophilic gran-
ulocytes were obtained. These have therefore been
interpreted as basophilic granulocyte nuclear spectra.

Cytoplasmic region

Peroxidase lines in the neutrophilic and eosinophilic
granulocyte cytoplasmic spectra were found to slowly
decrease in intensity when consecutive recordings were
made at the same position in a cell. This is most likely
due to photochemical processes (63, 64) caused by the
absorption of laser light (see Fig. 4). Using a measuring
time of 30 s and a laser power of 6 mW no or only very
little changes were observed between the first two
spectra recorded at the same position. The measuring
time for the neutrophilic and eosinophilic granulocyte
cytoplasmic spectra shown in this work was therefore
limited to 30 s. The spectra thus obtained were very
reproducible. No qualitative differences were observed
between spectra obtained from different cells or dif-

ferent cytoplasmic regions within a cell. In eosinophilic
granulocyte spectra large variations in the absolute
intensity of the Raman lines were found. These are most
likely due to variations in the number of granules
present in the cytoplasmic regions where spectra were
recorded. In unstained eosinophilic granulocytes the
granules can be visualized very well. In occasionally seen
small cytoplasmic regions lacking granules or containing
only a few granules, spectra could be obtained with
(almost) no signal contributions of EPO (see Fig. 5).

In basophilic granulocytes no influence of prolonged
laser irradiation was observed.

Raman line assignments and
interpretation

Spectra obtained from the nucleus and cytoplasmic
region of the cells will be discussed separately.

Nuclear spectra. Fig. 1 shows a neutrophilic granulo-
cyte nuclear spectrum averaged over five measurements.
As mentioned above only small variations in line intensi-
ties were found in separate measurements. Neutro-
philic, eosinophilic, and basophilic granulocyte nuclear
spectra were found to be indistinguishable. The origin of
the 1,048 cm™ line is not clear at this moment (see
below). All other lines in the nuclear spectra could be
assigned to DNA and protein vibrations (Table 1).
Possible RNA (31) and lipid (32, 56, 57) signal contribu-
tions are not discernable. The assignments were based
on reported RS studies of DNA, nucleosomes, and
chromatin (26-28, 33, and references therein).Upon
comparison with the spectra in these studies, it appears
that in the nuclear spectrum the line-intensity of many
DNA-base vibrations relative to the line-intensity of the
backbone phosphate vibration at 1,094 cm™ is signifi-
cantly lower. This is accounted for by the fact that in this
work a laser excitation wavelength of 660 nm was used
while in the work referred to 514.5 nm laser light was
used. In reference 34 it was shown that the relative
intensity of base vibrations depends on laser excitation
wavelength. This phenomenon was ascribed to prereso-
nance effects. The low intensities of the base-vibration
lines, among which the 1,487 cm™' line of guanine, are
therefore not the result of DNA-protein interactions
(35) in the nucleus. We have so far been unable to assign
the 1,048 cm™ line. It is not present in the cytoplasmic
spectra. It is also absent from spectra of DNA, nucleo-
somes, chromatin, metaphase chromosomes, and poly-
tene chromosomes (8, 26-28, 33, 36, 37). This line
showed the largest relative variation in intensity of all
nuclear Raman lines (occasionally being absent alto-
gether) which may indicate that it does not originate
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TABLE 1 Raman line assignments granulocyte nuclei

Line
position Assignments (26-28, 33, 60)
em™
623 phe
644 tyr
669 T,G
681 G ring-breathing
729 A ring-breathing
750 T ring-breathing
783 ] C ring-breathing, T
792 ~787  DNA'BK:0-P-O symm. str.
833 DNAC:RP, tyr
853 tyr
898 DNA:BK p:C-C
936 p:a-helix skeletal
1004 phe modes
1032 phe
1048 unassigned
1056 DNA:CO str.
1094 DNA:BK:0-P-O~ symm. p:C-Nstr.
str.
1126
1145 DNA:RP
1175 tyr, phe
1209 phe, tyr
1215 T,C
1232 C
3;(5) 1 p:Amide II1
1305 A
1339 A p:CH def.
1375 T,A G
1400 Co,”
1422 AG
1449 p:CH-defs.
1487 G, A
1511 A
1578 G A
1606 phe, tyr
1617 tyr, phe ]
1659 .
1670 T(C = 0) p:Amide I

Abbreviations: phe, tyr: phenylalanine, tyrosine; p: protein; A, T, G, C:
adenine, thymine, guanine, cytosine; sym., asym., str., def.: symmetric,
asymmetric, stretching, deformation; BK: backbone.

from a compound or complex evenly distributed through-
out the nucleus. A weak line at 1,048 cm™ can be
observed in spectra of ribosomal RNA isolated from rat
liver (36). As noted before, however, the nuclear spec-
trum contains no evidence for the presence of RNA.

DNA secondary structure

A number of marker lines has been established for the
determination of DNA secondary structure from Raman
spectra (33, 37, 38). They show that the predominating
conformation of the nuclear DNA is the B-form. Evi-

dence for this are the strong line at 1,094 cm™', due to
the PO,” symmetric stretching vibration of the DNA
backbone; the line at 833 cm™’, belonging to a ribose-
phosphate vibration of B-form DNA (but overlapping
with the tyrosine doublet at ~830 and 853 cm™); and
the positions of the ring-breathing vibrations of the
DNA-bases (Table 1), which are consistent with a
C’-endo-anti-sugar puckering.

No lines are found near ~807 and 870 cm™'. This
excludes the presence of large amounts of A-DNA or
C-DNA. Small amounts of A-DNA have, however, been
found in predominantly B-form DNAs (32). In spectra of
nucleosomes (23) and reconstituted nucleosomes (34)
indications were found that the complexed DNA pos-
sessed a slightly larger relative amount of A-DNA
structure than free (B-form) DNA.

We have attempted to subject the spectral region
around 810 cm™ to a closer examination by means of a
line fit procedure (42) to check for the presence of a
hidden A-DNA line. However, the complexity of the
spectrum is such that it prohibits a reasonable estima-
tion of the background signal level. When the back-
ground parameters were included in the fit the resulting
background signal level was strongly dependent on the
number of lines used to fit the spectrum. Therefore no
further information about the presence of A-DNA
structure in the granulocyte nucleus could be obtained.

Z-DNA possesses a characteristic guanine vibration
at ~625 cm™ (43). The weak line at 623 cm™ in the
nucleus spectum is, however, most likely due to a
phenylalanine vibration.

Our conclusion is therefore that from the spectrum of
Fig. 1 no evidence can be obtained for the presence of
non-B-form DNA structures in the nuclei of granulo-

cytes.

Protein secondary structure

Information about protein secondary structure can be
derived from the Amide I and Amide III spectral region
(Table 1) (2,44, 61). The maximum intensity of the
Amide I band is found at 1,659 cm™'. This is in between
the positions where signal contributions originating
from a-helix (~1,645-1,660 cm™') and random coil
(~1,660-1,670 cm™') protein domains are expected.
B-sheet signal contributions would have been expected
at higher wavenumbers (~ 1,665-1,680 cm™'). The only
overlapping DNA signal in this region is due to carbonyl
stretching vibrations of thymine, centered around 1,670
cm™ (33) (see Fig.2B). The Amide III region is
severely overlapping with DNA-base vibrations. There-
fore not much information can be derived from this part
of the spectrum. However, from the fact that a strong
line below 1,240 cm™ is absent it follows that only minor
amounts of B-sheet structure are present. An extra
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FIGURE2 (A4) Raman spectrum of a 47 mg/ml CT-histone II-AS
solution in PBS. Laser power: 12 mW (660 nm), measuring time: 90
min (6 X 15 min). (B) Raman spectrum of an 18 mg/ml CT-DNA
solution in PBS. Laser power 12 mW, measuring time: 60 min (4 x 15
min). (C) Sum spectrum 4 + B. The intensity scale is for the DNA
spectrum. Spectrum A4 has been scaled in such a way that the product
of sample concentration and measuring time is the same as for B.
Spectrum C is therefore representative of a DNA-protein solution
with equal amounts (weight) of DNA and protein.

indication for the presence of large amounts of a-helix
structure comes from the high intensity of the C-C
skeletal mode at 936 cm™' (2). It is clear therefore that
the proteins in the nucleus possess predominantly o-
helix and random coil domains. These findings are in
accordance with Raman spectroscopic data obtained
from isolated nucleosomes, nucleosome cores, and from
isolated Calf Thymus and chicken erythrocyte chromatin
containing little or no nonhistone proteins (NHP) (26—
28). As demonstrated below NHP is abundantly present
in the nuclei of granulocytes. Therefore it can be
concluded that like the histones these NHPs possess
mainly a-helical and random coil domains.

DNA-protein ratio and NHP-histone protein
ratio
The weight ratio DNA/histone protein in eukaryotic cell
nuclei is ~ 1:1. The relative amount of nuclear NHP is
strongly dependent on the type of cell. DNA/NHP
weight ratios of the order of 0.05-1 have been found
(45, 46).

In Fig. 2 spectra obtained from a CT-histone solution

sample concentration is the same for both spectra. Their
sum spectrum (Fig. 2 C) is therefore representative of a
sample with a 1:1 DNA-protein ratio (as in nucleo-
somes).

Comparison of Fig. 2 C with the nucleus spectrum of
Fig. 1 thus immediately shows that a large amount of
NHP must be present in the granulocyte nuclei. We have
made an estimation of the DNA-protein ratio in the
granulocyte nucleus using the 1,094 cm™ line in the
nucleus spectrum as a marker for DNA concentration
and the 1,449 cm™' line as a marker for protein concen-
tration (see Materials and Methods). The result is given
in Table 2. The histone-NHP ratio follows directly from
this result.

Cytoplasmic spectra. Spectra obtained from cytoplas-
mic regions of neutrophilic, eosinophilic, and basophilic
granulocytes are shown in Figs. 3, 5, and 6. Contrary to
the nuclear spectra, they differ dramatically.

Neutrophilic granulocytes

Fig. 3A4 shows the Raman spectrum obtained of the
cytoplasm of neutrophilic granulocytes. Strong signal
contributions of MPO are present, as is clear from the
spectrum of the purified enzyme shown in Fig. 3 B. MPO
is a dimeric protein containing two covalently bound
active site heme groups (47, 48). Its optical absorption
spectrum is shown in Fig. 4. The MPO spectrum of
Fig. 3 B strongly resembles, but is not identical to,
resonance Raman (RR) spectra of the enzyme obtained
with laser excitation in the absorption (Soret) band
centered at 428 nm (47, 49). Strong lines present in the
RR-spectra at 675 and 1,551 cm™ are absent from the
MPO and neutrophilic granulocyte spectra excited at
660 nm. On the other hand the strong lines at 982, 1,502,
and 1,542 cm™ in the spectra of Fig. 3 are absent or very
weak (982 cm™) in the RR spectra.

Electron paramagnetic resonance studies showed
MPO to possess high spin ferric heme groups (50). The
RR studies confirmed this and moreover showed that
the MPO heme groups are most likely chlorins (47, 49).
Their low symmetry inhibits vibrational coupling. Reso-
nance enhancement occurs therefore via direct elec-
tronic transition. The excitation profiles in the interval
300-600 nm for heme group vibrational modes shown in
reference 47 all have a virtually identical wavelength
dependence. There is a strong enhancement (up to 120
times) upon excitation in the Soret band and no or very

TABLE2 DNA-Protein ratio and Histone-NHP ratio in the
nucleus of a human granulocyte

(A) and a CT-DNA solution (B) are shown, scaled in DNA:Protein 1:23 (= 04)
A g Histone:NHP 1:1.3 (£ 0.4)
such a way that the product of measuring time and
Puppels et al. Raman Spectroscopy of Granulocytes 1051
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FIGURE3 (A) Neutrophilic granulocyte cytoplasmic Raman spec-
trum averaged over five measurements of different cells. Laser power:
6 mW (660 nm), measuring time: 30 s per cell. (B) Raman spectrum of
isolated native (oxidized) human MPO. Sample concentration: 230
mM-17" in a 200 mM phosphate buffer, Laserpower: 10 mW (660 nm),
total measuring time 1,800 s (18 x 100 s). A high, fluorescent back-
ground due to sample impurities was removed by means of subtraction
of an appropriate fifth-order polynome.

little enhancement upon excitation in the visible absorp-
tion band at 568 nm. Based on these data the occurrence
of new lines in the spectra presented here can only be
explained by the fact that they are not or only weakly

OPTICAL DENSITY (1/cm)

660 nm

-1

400 500 600 700

WAVELENGTH (nm)

FIGURE 4 Absorption spectrum of native human MPO (~7 mM-1"")
in a 200 mM phosphate buffer. Asterisk denotes Soret-band.

enhanced upon excitation in the Soret band and become
visible here because of the reduced enhancement of
other modes upon 660 nm excitation. This explanation
can be reversed to account for the disappearance of
lines, i.e., modes which are very strongly enhanced upon
excitation in the Soret band will show the largest relative
decrease in intensity upon 660 nm excitation. However,
this does not provide a completely satisfactory explana-
tion because it cannot account for the fact that, e.g., the
lines at 1,362 and 1,590 cm™' are still present in the
spectra of Fig. 3 while the 1,551 cm™ line has disap-
peared. All three lines are of the same intensity in the
RR spectra (47, 49) and have equal enhancement fac-
tors upon Soret band excitation (47). It would therefore
be of interest to extend the excitation profiles given in
reference 47 from 600 to 700 nm so that they include the
weak absorption bands that are present at 626 and 684
nm (see Fig. 4).

The strong signal contributions of MPO prohibit
identification of other compounds present in the cytoplas-
mic granules. Only some general information can be
obtained from the amide I region. Its position suggests
that the proteins that are present largely consist of
random coil domains.

Eosinophilic granulocytes

The major constituents of eosinophil secondary granules
are Major Basic Protein and EPO. On average an
amount of 5 pg of Major Basic Protein and 15 pg of EPO
per cell is found (16). This means that the concentra-
tions of these compounds in granules are as high as 25
mg/ml for Major Basic Protein and 75 mg/ml for EPO.
EPO possesses a ferric heme prosthetic group (51). The
eosinophilic granulocyte cytoplasmic spectra are charac-
terized by a very high signal intensity (e.g., >3 times
higher than found for neutrophilic granulocytes, with
the same incident laser power and measuring time).
Nearly all of this signal comes from the secondary
granules. This is evident from a comparison of spectra A
and B in Fig. 5.

Spectrum 54, averaged over 10 measurements on
different cells, was obtained from cytoplasmic regions
filled with granules. Comparing Fig. 5 4 with published
RR spectra of EPO obtained under 406.7 and 514.5 nm
excitation (52) makes clear that the intense lines from
the granules are due to EPO. The laser excitation
wavelength may play a larger role here in the selective
enhancement of vibrational modes than in the case of
MPO because the EPO prosthetic group is a protoheme
of high symmetry, allowing resonance enhancement
through vibronic coupling. The presence of anomalously
polarized Raman lines in the RR spectrum of EPO,
found upon excitation at 514.5 nm is evidence of this
(52). It explains why, e.g., the strong line at 1,365 cm™’
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FIGURES Eosinophilic granulocyte cytoplasmic Raman spectra. (4)
Cytoplasmic regions with many granules. Spectrum averaged over 10
measurements of different cells. Laser power 6 mW (660 nm),
measuring time: 30 s per cell. .: EPO line (52) o: line tentatively
assigned to EPO. 758, 1,177, 1,307 cm™": shifted + 7 cm™ relative to
position in reference 52. 982, 1,547 cm™, see text. (B) Cytoplasmic
region with few granules. Sum of two measurements. At the start of the
measurements there were no granule(s) in the laser focus. Laser
power: 6 mW (660 nm), measuring time: 30 s per measurement.

found in the spectra excited at 406.7 nm (in the Soret
band) is already much reduced in intensity under 514.5
nm excitation (52) and only present as a shoulder in
Fig. 5 4. It may also account for the fact that a line at
1,560 cm™ in the spectra in reference 52 is not found in
the present spectra and for the fact that a line at 1,548
cm™ has appeared here which is absent from the spectra
in reference 52. The appearance and disappearance of
lines at 1,548 and 1,560 cm™', respectively, is an observa-
tion very similar to the one made for MPO. Another
similarity with the results of MPO is the fact that in our
spectra the 982 cm™ line is strong, while it is very weak in
the spectra in reference 52.

Even more so than in the case of MPO in neutrophilic
granulocytes the signal contributions of EPO dominate
the spectrum to an extent that it will be difficult to obtain
any information about other cytoplasmic components.

Basophilic granulocytes

Spectra obtained from the cytoplasmic region of baso-
philic granulocytes showed large qualitative and quanti-
tative variations. The spectra could roughly be divided
into two groups, representatives of which are shown in

Fig. 6 A and B. As described in Materials and Methods,
enriched basophil fractions where obtained by fluores-
cence activated cell sorting. The fluorescent labeling of
the basophilic granulocytes did not lead to a higher
background signal level in comparison with Raman
measurements of unlabeled cells. (For unlabeled cells
the intensity ratio Raman signal/background signal
[after subtraction of the water-Raman signal] for strong
Raman lines is typically >2:1.) Fig.6 C shows the
spectrum obtained of the stock solution of the fluores-
cein conjugated human IgE antiserum, which was used
to label the basophils. Comparison of Figs. 6 A-C, e.g.,
with respect to the line at 986 cm™ in spectrum C, shows
that no antiserum-fluorescein signal contributions are
present in the basophil spectra. We have compared
spectra 64 and 6B with published spectra of heparin (53)
and histamine (54), two of the main constituents of the
basophilic granulocyte cytoplasmic granules (18), but
found little similarity. This may be due to the fact that
these compounds are stored in the granules in a form
different from the heparin samples used in reference 53
and the commercial histamine (Eastman Kodak) used in
reference 54. Heparins are a family of compounds with
considerable variation in physical and biological proper-

2104
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Intensity

986
1167
1549

0.5 ] ©)

750 1000 1250 1500

Wavenumber [ cm-1 )

FIGURE6 (A4, B) Basophilic granulocyte cytoplasmic Raman spectra.
Averages of (4) four and (B) five measurements of different cells.
Laser power: 6 mW (660 nm), measuring time 150 s per measurement.
(C) Raman spectrum of the stock solution of fluorescein conjugated
human IgE antiserum. For labeling of basophils a 100 times diluted
solution was used. Laser power: 12 mW measuring time 10 min. A
background signal level of 20,000 counts was subtracted from the
spectrum.
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ties. A marked variability exists among heparins of
different species (59). A common feature of the Raman
spectra of glycosaminoglycans is a strong line at ~ 1,040—
1,070 cm™' due to a symmetric S-O stretching vibration
(53, 55). No clearly distinguishable line is present in the
basophilic granulocyte spectra. It may, however, be
hidden in the broad band of overlapping Raman lines
found in this spectral region.

The spectra, especially Fig. 6 4 do bear some resem-
blance to spectra of human erythrocyte ghosts (32, 56, 57)
suggesting the presence of phospholipid signal contribu-
tions at 1,297 and 1,268 cm™. These could also account
for the position of the CH, bending vibration line at
1,446 cm™" which is lower than usually found for proteins
(~1,449-1,451 cm™), and for part of the signal found
between 1,040 and 1,130 cm™'. Phospholipid signal
contributions could possibly originate from the dense
multiple concentric membranous arrays found in the
cytoplasmic granules (58). The fact that these granules
are bound to the cell membrane (17) may (partly)
explain the low reproducibility of basophilic granulocyte
cytoplasmic spectra, because it implies that the distribu-
tion of granules in the basophilic granulocyte cytoplasm
is very inhomogeneous.

CONCLUSIONS

High quality Raman spectra were obtained from nuclei
and cytoplasmic regions of single living human granulo-
cytes. It was found that the nuclear spectra of neutro-
philic, eosinophilic, and basophilic granulocytes were
indistinguishable, and contained only clear signal contri-
butions of DNA and proteins. RNA or phospholipid
contributions were not discernable.

The B-form was found to be the predominant DNA-
conformation. This does not imply that other DNA
forms are absent. The complexity of the spectra is such,
however, that alternative DNA conformations, involv-
ing < ~5-10% of the total DNA, will be hard to detect.
The most fortunate situation would be when differences
in DNA secondary structure would exist between dif-
ferent nuclear domains. Difference Raman spectroscopy
could then be applied which could lower the level of
detectability of non-B-form DNA. The nuclear proteins
possess predominantly a-helical and random coil do-
mains. The DNA-protein ratio (w/w) was determined to
be 1:2.3 (%0.4) and from this followed that the histone-
NHP ratio is 1:1.3 (*£0.4). A (thus far unassigned) line
was found at 1,048 cm™' in the nuclear spectra that has
not been observed before in spectra of DNA, chromatin,
or chromosomes. It was the only line which showed large
variations in intensity.

The neutrophilic and eosinophilic granulocyte cyto-

plasmic spectra contained large signal contributions of
MPO and EPO, respectively. They showed that these
enzymes can be studied in situ by means of Raman
spectroscopy. An exciting prospect is the possibility to
monitor the processes of phagocytosis and digestion of
foreign objects. The peroxidases can then be studied in
their active state in the cell. It will probably be advanta-
geous then to shift the laser excitation wavelength to
~ 750 nm. In that way absorption of laser light by the
enzymes, which in the present work limited the measur-
ing time to 30, is avoided.

The basophilic granulocyte cytoplasmic spectra ap-
pear to contain large phospholipid signal contributions,
but the spectra and their large cell-to-cell variation
remain puzzling.

The fact that Raman spectra could be obtained from
basophilic granulocytes after immuno labeling with fluo-
rescein conjugated antiserum is very valuable. It offers a
method to select specific cell populations for Raman
spectroscopic analysis. The combination of fluorescence
activated cell sorting and Raman microspectroscopy is
presently used to study different lymphocyte subclasses.

The authors wish to thank Dr. R. Wever of the University of
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