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Abstract

In this study, we report the first kilohertz laser photolysis of carbonmonoxy myoglobin (MbCO), studied by hard X-ray absorption spec-
troscopy (XAS, iron K-edge at∼7 keV). In addition, traditional frozen photolysis of MbCO has also been evaluated, alternatively, with soft
X-ray absorption spectroscopy (iron L-edge at <1 keV). Changes in the K absorption edge position, the pre-K 1s–3d feature and the K-edge
XANES spectra have been clearly observed following the photodissociation of MbCO, which shows the structural/electronic changes in
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etween MbCO and its photolysis product Mb*CO, and demonstrates the advanced capacities of our apparatus in monitoring an
erizing biological photolysis products. On the other hand, the iron L-edge XAS have shown clearer differences (than K-edge XA
lectronic information between the bound MbCO and the photolyzed Mb*CO. The results from these two approaches have been
nd discussed. Practical issues related to the use of kilohertz laser with biological samples, and with synchrotron radiation beam
lso been discussed.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Photochemically produced biological intermediates were
rst characterized with X-ray absorption spectroscopy (XAS)
n 1984, when Mills et al.[1–4] carried out a pioneer experi-

ent of laser photolysis and XAS probe on flowing solution
arbonmonoxy myoglobin complex (MbCO). Their experi-
ent had an extremely low data acquisition efficiency (�t/T,
s illustrated, in principle, inFig. 1a) and signal-to-noise
S/N) ratio due to the use of a 20 Hz laser. In their experiments
1–4], over 100 scans were needed in order to obtain a satis-
actory XAS spectrum and few spectral details were obtained
xcept an iron K-edge shift of−3 eV upon the laser photol-
sis. Later on, several studies on biological and inorganic
amples[5–9] from time-resolved flowing solution experi-

∗ Corresponding author. Tel.: +1 510 486 7319; fax: +1 510 486 5664.
E-mail address:hongxin@popper.lbl.gov (H. Wang).

ments to frozen sample photolysis, from hard X-ray pro
to soft X-ray absorption measurements, were reported. H
ever, low repetition lasers still limited the data acquisi
efficiency in pulsed experiments while continuous wave (
laser has much weaker photolysis power than the pulsed
photolysis.

In 2001, Jennings et al.[10] reported their developme
of a kilohertz laser pump and X-ray probe (LPXP) exp
iment. Their experiment showed an optimized instrum
tal time-resolution of 14 ns. However, no particular sam
application was examined in their experiment and no k
hertz photolysis experiment on a biological or a dilute (
<0.5 wt.%) sample has been reported. In a biological sa
measurement, several issues become critical although
seem not so important for instrumental development an
for materials science studies. First, it is necessary to imp
data acquisition efficiency�t/T, whereT is the period of ex
citation laser pulses and�t is the probe time width. For
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Fig. 1. (a) A diagram of data acquisition process and time sequence for a
typical laser photolysis/X-ray absorption spectroscopy probe. Time gated
X-ray fluorescence signals has a data acquisition efficiency of�t/TwhereT
is the period of laser pulses and�t is the selected time-window width. (b)
The experimental setup for the kilohertz photolysis/XAS probe experiment
used in this study. The MbCO solution was photolyzed at 527 nm with a Q-
switched kilohertz Nd:YLF laser. Data acquisition was synchronized with
laser pulses by a pulse and delay generator and an electronic linear gate.

dilute sample, the time-resolution is often limited by how
efficient you can measure the sample, not by instrumental
resolution limits. When the signal-to-noise ratio is too poor,
you have to select a compromised�t to improve the data
acquisition. In addition, radiation damage is closely related
with any biological XAS measurements, let alone the kilo-
hertz photolysis/XAS experiments. The conflict between the
need of longer data acquisition time and the concern of ra-
diation damage makes biological samples harder to handle
under high flux X-ray/laser irradiation.

Myoglobin is one of the well-characterized metallopro-
teins. Diatomic O2, NO and CO can bond to/dissociate from
the ferrous iron inside myoglobin, upon which the heme iron
undergoes both structural and electronic changes[2,8]. For
the past 40 years, photoreactions coupled with different probe
techniques including X-ray absorption spectroscopy[1–6]
and X-ray crystallography[8] have been used to examine the
ligand-binding and ligand-dissociation natures of this heme-
protein. A low-temperature crystallographic study in 1994

even revealed the geometric structure of the photodissocia-
tion intermediate state Mb*CO[8]. Therefore MbCO is an
ideal system for testing the development of new instruments.
Besides, the interest in photolyzed Mb*CO is still going on
[11,12].

In this study, we report the first kilohertz laser photolysis
of carbonmonoxy myoglobin (MbCO), studied by hard X-ray
absorption spectroscopy (XAS, iron K-edge at∼7 keV). In
addition, traditional frozen photolysis of MbCO is also eval-
uated, alternatively, with soft X-ray absorption spectroscopy
(iron L-edge at <1 keV). Changes in the K absorption edge po-
sition, the pre-K 1s–3d feature, and the K-edge XANES spec-
tra are all clearly observed following the photodissociation of
MbCO, which shows the structural and electronic changes in
between MbCO and its photolysis product Mb*CO. On the
other hand, the iron L-edge XAS show clearer differences
(than K-edge XAS) on the electronic information between
the bound MbCO and the photolyzed Mb*CO. The results
from these new approaches are compared.

2. Experimental

The deoxy myoglobin (deoxy Mb) and carbonmonoxy
myoglobin (MbCO) solution of 1 mM were prepared from
horse heart myoglobin (Sigma, 99.5%) according to a pub-
l
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ished procedure[1–4]. An aluminum flow cell with a
mm× 2 mm double windows was used to flow the Mb
olution during the laser photolysis/XAS measurement, i
rst part of this study, to prevent MbCO from degradation
aser firings and X-ray radiation. MbCO was circulated

fast peristaltic pump at a speed of 2.0 cc/s, which allo
he irradiated portion of sample be completely renewe
er each laser shot. We noted that about 20% of the gr
tate molecules were flowed into the probe area in bet
ach XAS measurement (in the first 200�s following each

aser pulse). There could be a 0.06◦C increase per laser pul
ssuming photons absorbed from a laser pulse were al
erted to heat, but no heat accumulation was observed
s due to the fast heat dispersion via a big copper bas
ached to the aluminum flow cell and cooled with a ch
aintained at∼5◦C. From the XAS spectra, we did not o

erve spectral changes from scan to scan. The whole so
ample was still changed every two scans to avoid radi
amage.

The MbCO solution was photolyzed with 527 nm gr
ight from of a Q-switched and internally frequency-doub
ilohertz Nd:YLF laser (Photonics Industries, GM-30).
ave the limited hutch space, only the laser head was p
nside the beamline hutch while the power supply and o
lectronics were kept outside the hutch (seeFig. 1b). For

his purpose, the high voltage cable and other contro
les between the power supply unit and the laser
nit had to be extended to 30 ft. Although speculated
ulse splitting or distortion was found in the photoly

aser pulses in this instance for operation <3 kHz. For
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eration >3 kHz, the laser pulses start to broaden and dis-
tort from a Gaussian profile. Considering both the laser
power output and the laser pulse integrity, the best experi-
mental condition was found at 1–3 kHz repetition rate. The
527 nm laser beam was directed and dispersed onto the
sample via two adjustable high reflection UV–vis mirrors
(M1 and M2).

Although up to 20 mJ/pulse laser output is available from
GM-30, excessive photolysis power was restricted in order
to reduce the possible radiation damage to the MbCO. The
1 mM (c) and 1 mm (x) thick solution in the 2 mm× 2 mm
probing area has 2.5× 1015 MbCO molecules. The MbCO
absorption coefficient is 2× 104 M cm−1 (ma) [1] which cor-
responds to an estimated optical density ofmacx= 1, or
90% in optical absorption when one-to-one photon bom-
bardment is considered. Assuming unit photodissociation
yield for MbCO [13] about 3× 1015 (2.5 mJ/pulse) pho-
tons will be enough for a >90% photolysis. In this experi-
ment, an attenuated laser power of 5 mJ/pulse (twice as much
as the theoretically required value) was used to photolyze
the MbCO solution when the laser was operated at 1 kHz.
Higher laser power is necessary when a higher repetition rate
is used.

The XAS measurements were performed at the Stan-
ford Synchrotron Radiation Laboratory (SSRL), beamline
4-2, with an X-ray resolution of 2.0 eV and a beam size
o ctor
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ment was set at 100�s, with a time delay of 100–800�s in
respect to the laser pulses.

Soft X-ray spectra were measured at the SSRL, beam-
line 10-1 and 8-2, using a setup similar to those reported
previously for other non-photolysis biological applications
[20,21]. In brief, windowless operation was used between
the storage ring, sample and a 13-element germanium detec-
tor, under a vacuum of 3× 10−9 Torr or better. The energy
resolution was at about 0.4 eV and the beam spot size was
∼2 mm× 2 mm. Regular data acquisition electronics (ampli-
fiers, SCAs and scalers) were used, and no linear gate/pulse
generator was needed. The SCA resolved iron fluorescence
signal (F) was normalized to the incident X-ray flux (I0) mea-
sured by electron yield to obtain an XAS spectrum while
the X-ray source was scanned over the energy region of
700–740 eV. The spectra were calibrated using Fe2O3 with
an L3 peak at 709 eV.

Soft X-ray measurements for our myoglobin samples were
performed by the following sequence: (1) let deoxy Mb and
MbCO solution dry on a sample holder, to form partially
dehydrated thin films, and load them into the measurement
chamber with a loadlock; (2) measure the iron L-edge XAS of
deoxy Mb and MbCO films; (3) photolyze MbCO by irradiat-
ing the film with a cw He–Ne laser (MWK, 633 nm, 10 mW)
for about half an hour; (4) measure the iron L-edge XAS of the
photolysis product Mb*CO. Liquid helium (LHe) cryogenic
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f 3 mm× 4 mm. A 13-element germanium array dete
Canberra, GUL00505) was used to collect X-ray fluo
ence and a beryllium window was used to keep the det
nder high vacuum and to block the strong laser scatte
nalog signals from the detector (F)[14,15]were amplified

Canberra, 2026), windowed at the Fe K� energy (SCA, Ten
elec, TC452), and sent to scalers and a control comput
ata processing and spectral display. The beam intensitI0)
as monitored with an ion chamber in front of the flow
ell. The fluorescence signal was normalized toI0 to obtain
n XAS spectrum while the incident X-ray beam was scan
ver the energy range of 7100–7250 eV. The integration
or the XAS measurements was 3 s/point and the final s
rum was the sum of four such scans. The spectra wer
brated by taking XAS of a standard iron film (K-edge
112 eV).

For measuring the Mb*CO, the data acquisition was
iscriminated by an electronic linear gate (Philips Scien
450) in between each SCA and each scaler. The overall
atus is similar to those described previously[1–6] and com
ined with a typical laser pump-probe measurement[16–19].
he SCA windowed X-ray fluorescence signals were
ated at the given time gap (�t) for every photolysis cycl
T). TTL pulses from a pulse and delay generator (EG
650) were used to trigger the kilohertz Nd:YLF laser an
ynchronize the data acquisition with the laser photolysi
he linear gate. As shown inFig. 1a, the X-ray source (ave
ge burst interval <200 ns) can be treated as a cw sou
omparison with the photolysis laser source (interval = 1 ms
t 1 kHz). The data acquisition time gap (�t) in this experi-
emperature (<10 K) was applied, with a LHe flow cryosta
reserve the Mb*CO from recombining into MbCO[22,23]
nd to prevent the biological samples from radiation dam

n general. An integration time of 5 s/point was used
ng data acquisition and the final spectra were the su
0 scans. Every five scans, the sample position was cha
nd the above procedure was repeated to avoid possib
iation damage. On comparing the data from different sc
e observed no radiation damage to the samples.

. Results and discussion

The iron K absorption edges of MbCO prior to (solid lin
nd following (dashed line) the 527 nm laser photodisso

ion are shown as inFig. 2. The K absorption edge for th
hotolysis product Mb*CO was found to shift−2.7 eV in
omparison with that for MbCO, which is consistent w
he previous results[1–4]. The measurements were also p
ormed for the photolysis product Mb*CO at different tim
elays following the kilohertz laser photolysis. Less K
orption edge shift in between Mb*CO and MbCO was
erved for a longer time delay (Fig. 2, top right inset), sug
esting a recombinable Mb* + CO[22,23]. This result is con
istent with previous findings[22,23]as well as with the crys
allographic data that shows the unligated CO is still in
he myoglobin molecule[8,24]. The edge shift versus the d
ay more or less follows a decaying exponential curve
hown), as expected. This measurement also demons
he feasibility of using different detector elements to de
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Fig. 2. The iron K absorption edge prior to (solid line) and following (dashed
line) the 1 kHz laser photolysis of MbCO at 527 nm. The time delay between
the photolysis and the XAS data collection was 100�s with a time gate of
100�s in width. The top left inset shows an expanded view of the 1s–3d
feature with the MbCO spectrum being arbitrarily shifted upwards for better
viewing. The top right inset shows the iron K-edge spectra in the edge region
of MbCO (the thick solid line at the right most) and Mb*CO with different
time delays, at 100�s (thin solid line), 300�s (thin dashed line), 500�s
(thin solid line) and 800�s (thin dashed line), respectively.

the iron K� fluorescence with different probe delay at the
same time.

More important, clear spectral profiles and dramatic
changes have been observed in the pre-K 1s–3d region (see
Fig. 2, top left inset). The 1s–3d exhibits a clear and sin-
gle transition for MbCO and a much weaker double peak
for Mb*CO. One explanation suggests that 3d + 4p orbital
mixing may exist in the CO complex to enhance the 1s–3d
transition, but at least partially removed in Mb*CO. A small
amount of the dipole allowed 1s–4p transition will introduce
appreciable intensity to the dipole-forbidden 1s–3d transi-
tion. Also MbCO has a single transition intensity due to its
low spin configuration whereas Mb*CO has a dispersed tran-
sition intensity due to the high spin configuration[25]. By
fitting the 1s–3d multiplet, it is even possible to understand
detailed orbital symmetry and/or electronic information out
of a well-resolved 1s–3d spectrum[26]. Being able to ob-
serve clear profiles with four XAS scans well demonstrates
the advanced capacity of our apparatus in comparison with
other previous biological studies[1–6].

We also observed significant differences between MbCO
and Mb*CO in the XANES region, as shown inFig. 3. In
studying myoglobin, the XAS in this region can be used to
retrieve information about the ligand field and the induced
“heme distortion”. Chance and Miller correlated a ligand field
indication ratio (LFIR = A/B, seeFig. 3 lower inset), to the
distance between the iron atom and the heme plane inside
myoglobin (M-Ct) [27]. According to their correlation, the
least-square linear fit is LFIR = 2.3M-Ct + 0.66. Using this
procedure, the LFIR (and M-Ct) were found as A/B = 0.7
(M-Ct = 0.02Å) for MbCO and A/B = 1.2 (M-Ct = 2.4̊A) for
Mb*CO, respectively. These values are consistent with the
crystallographic data (MbCO: 0.05̊A; Mb*CO: 2.7Å) [8].

Kilohertz laser photolysis versus 20 Hz laser photolysis
improved the probe efficiency by a factor of 50. Multiple-
element germanium detector and advanced electronics pro-
vided another 3–5 times better S/N. In total, there is over 200
times better statistics for a time-resolved measurement using
our apparatus than using the earlier generations of biological
photolysis apparatus[1–6]. With this good efficiency, our ap-
paratus enables us to obtain a good spectrum with only 4 scans
rather than 100 scans[1–4] and to record a spectrum with a
finer energy step (e.g. 0.2 eV) for more spectral details. Also
with this good efficiency, it is even feasible to measure pho-
tolysis with better time resolution while achieving the same
S/N as previous biological photolysis. As we mentioned in
t ea-

F olid
l at
527 nm. The time delay between the photolysis and the XAS data collection
was 100�s with a time gate of 100�s in width. The top inset shows the
illustrated MbCO and Mb*CO structures while the bottom inset shows the
ligand field indication ratio LFIR (see text for details).
he introduction, the real time resolution in a biological m

ig. 3. The iron K-edge XANES spectra (up to 7250 eV) prior to (s
ine) and following (dashed line) the 1 kHz laser photolysis of MbCO
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surement is usually not determined by the instrumental reso-
lution (laser 100 ns/X-ray 2 ns), but determined by how small
you can set�t and still be able to get a good enough S/N.
If we assume Mills’ experiment[1–4] had a time resolution
of �t= 100�s, then�t< 1�s can be used in our apparatus
with the same S/N and data acquisition time.

The soft X-ray iron L-edge absorption (XAS) spectra of
MbCO (upper, solid line), deoxy Mb (lower, solid line) and
Mb*CO (upper and lower, dashed lines) are shown as in
Fig. 4. The L-edge XAS exhibits much richer multiplet fea-
tures because of the strong interaction of a 2p core hole with
3d electrons. The 3d electrons can be arranged into two com-
mon configurations, a low spin configuration where all the
possible electrons are paired (with S = 0 or 1/2), and a high
spin configuration where all the possible electrons are un-
paired (with S > 1/2). In general, a 3d metal center with a
low spin electronic configuration will have single absorption
peaks in the L3 and L2 regions. The L3/(L2 + L3) intensity
branching ratio will be low. On the other hand, a 3d metal
with a high spin configuration will have a structured multi-
plet in both L3 and L2 regions, with a higher branching ratio.
The low spin/high spin XAS spectra can better be identi-
fied with multiplet calculation and/or XAS comparison with
known model compounds – both are well studied and well
published[28–32].

F zed
M
M
i
o
w
f

From previous studies[1–4] it is known that deoxy Mb,
MbCO and Mb*CO all have a ferric iron site (Fe(II) d6), so
we only need to discuss Fe(II) here. Our L-edge spectrum
for MbCO has relatively structure-less L3 and L2 peaks and
a low branching ratio, which is consistent with a low spin
Fe(II) site (d6, S = 0)[33,34]. The spectra for the deoxy Mb
and Mb*CO have rich multiplets in L3 and L2, with signifi-
cantly higher branching ratios, indicating high spin (d6, S = 2)
configurations for them[33,34]. The low→ high spin tran-
sition form MbCO→ Mb*CO, observed in the iron L-edge
XAS here, is in agreement with the intensity changes found
in the pre-K 1s–3d region. However, L-edge spectra exhibit a
much clearer change between MbCO and Mb*CO, than the
1s–3d feature.

As mentioned above, branching ratio of L3/(L2 + L3) is
a sensitive indicator for the electronic configuration of the
metal centers. These branching ratio values can be calculated
theoretically and correlated to the electronic configurations of
the probed metal species. For example, a low spin Fe(II) has
a theoretical branching ratio of 0.67 while a high spin Fe(II)
has a ratio of 0.78[33,34]. In this study, MbCO, deoxy Mb
and Mb*CO have experimental branching ratios (corrected
to the fluorescence yield differences[35]) of 0.67, 0.76 and
0.77, respectively, suggesting that the first one has a low spin
Fe(II) while the rest two have high spin Fe(II). These values
are illustrated as inFig. 4(top inset). The two dashed lines are
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ig. 4. The iron L-edge XAS for MbCO (solid line) vs. the photoly
b*CO (dashed line) (upper spectra), and the iron L-edge XAS for deoxy
b (solid line) vs. Mb*CO (dashed line) (lower spectra). The top right inset

s the branching ratio correlation diagram. The two dashed lines are the the-
retical branching ratios for high spin and low spin Fe(II) sites, respectively,
hile the solid round symbols indicate the observed branching ratio values

or MbCO (1), deoxy Mb (2) and Mb*CO (3).

r ing
e als.
H ad-
v and
s ro-
he theoretical branching ratio values for the ideal high
nd low spin Fe(II) sites, respectively, from the publis
ata[33,34]. For some spectra where the “peaks” are b
ather than sharply structured, the multiplet itself may
e obvious in determining the electronic spin states and
ranching ratio correlation will play a critical role.

Although there is almost no difference in the iron K-e
AS [1–4] and not much difference in the branching rat
eoxy Mb and Mb*CO have significant differences in

ron L-edge multiplet. These subtle spectral differences
onsistent with the fact that Mb*CO has a caged and
ombinable CO[22,23] while deoxy Mb has no CO at a
he minor structural difference can affect the Fe(II) 3d
itals, which in turn can be observed with L-edge XAS

o its 2p–3d interaction. Being able to probe this subtle
erence well illustrates the sensitivity of the L-edge X
n probing the detailed 3d electron/orbital information. T
ensitivity becomes even more important in monitoring p
oreactions because the 3d orbitals are bonding orbita
olved in UV–vis excited transitions, such as d–d and m
igand charge transfer transitions, and L-edge XAS tra
ions directly probe the unoccupied 3d orbitals.

As discussed above and illustrated inFig. 5, a clearer an
alculable spectral multiplet and a direct probe of phot
ction involved (3d) orbitals are great advantages for so
ay L-edge XAS over hard X-ray K-edge XAS in resolv
lectronic information in systems with 3d transition met
owever, hard X-ray measurements still have their own
antages. Metal K-edge data provides both electronic
tructural information, while L-edge absorption only p
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Fig. 5. The iron K-edge spectra prior to (solid line) and following (dashed
line) the 1 kHz laser photolysis of MbCO vs. the soft X-ray iron L-edge
spectra for MbCO and Mb*CO overlaid in the same K-edge region. It is
clear that L-edges provide better electronic information while K-edges have
both electronic and structural information.

vides electronic information. In addition, hard X-ray absorp-
tion is really bulky-sensitive while soft X-ray only probes the
first fraction of a micrometer of the sample surface. Besides,
due to the UHV requirement, the soft X-ray experiment can-
not be (or at least is very difficult to be) associated with a
flowing pump and probe measurement. Therefore, hard X-
ray and soft X-ray measurements will be complementary to
each other in providing the full information. It will be better
to have both.

4. Summary

In this study, the first kilohertz laser photolysis of car-
bonmonoxy myoglobin (MbCO) was studied by hard X-ray
absorption spectroscopy (iron K-edge at∼7 keV). Our mea-
surement has over 200 times better statistics than earlier gen-
erations of biological photolysis/XAS measurements. With
this improved efficiency, we are able to measure the spec-
tra faster and to reveal more spectral details in K-edge XAS
for MbCO and for the photolyzed Mb*CO. Among them are
better features in the 1s–3d region and the LFIR (and the
M-Ct distances) obtained from the NEXAS region. In addi-
tion, traditional frozen photolysis of MbCO was also evalu-
ated with soft X-ray absorption spectroscopy (iron L-edge at
<1 keV). Relative to the K-edge results, the iron L-edge XAS
s d the
p ich
a ture.

The XAS data obtained with these two approaches are in
agreement with and complementary to each other, and the
comparison of them well illustrates the usefulness of both
measurements in studying biological photolysis products.
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