RICE UNIVERSITY

100-MICR0SEC0ND-RES0LVED EXAFS TECHNIQUE
FOR STUDYING PHOTOLYZED HEMOPROTEINS

b

y

TSU-YI TENG

A THESIS SUBMITTED
IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE
MASTER OF ARTS

APPROVED,

Huey W.

THESIS COMMITTEE:

Huang,

Pm-Fcccnr

n-P

Chairman,

Phv/ci n.Q

Harold E. Rorschach
Professor of Physics

Gordon S. Mutchler
Professor of Physics

3 1272 00289 0331

Houston, Texas
February, 1984

ABSTRACT

This thesis describes a 100-jus-resolved extended x-ray
absorption fine structre (EXAFS) technique for studying
protein dynamics.

Both the time-resolved EXAFS spectrometer

and the protein samples are described in detail.
About ten years ago synchrotron radiation from
electron storage rings began to be used for research in
condensed matter.

As a result a new technique for studying

local structures in non-crystalline system was developed —
i. e. ,

the extended x-ray absorption fine structure.

This

technique has now become an important tool for the
structural studies of biological systems,
metalloproteins.

particularly

In recent years the development of wiggler

and undulator magnets has increased the radiation intensity
to a level that,

according to photon statistics,

it should

be possible to measure the EXAFS of hemoproteins in their
transient states.

Such measurements would provide

structural insight to the very difficult but important
problem of protein dynamics.

However the conventional

method of EXAFS measurement is inefficient for time-resolved
measurement.

We have developed a new spectrometer to take

full advantage of the intense radiation.

The time-

resolution of our spectrometer is about 100 ^us; below that

Ill

the measurement time would be too long.
Myoglobin was chosen as our sample for its importance
in protein biophysics.

The complex of myoglobin and carbon

monoxide (CO) can be dissociated by light (flash
photolysis).

Its recombination time ranges from

microseconds to infinity depending on temperature.

The time

resolved EXAFS measurement of photolyzed carboxymyoglobin
will reveal the structural changes of protein around the CO
binding site during the recombination process.

We made our

sample in the form of a thin film so that it can meet
different requirments of x-ray absorption and optical
photolysis.
developed,

A special procedure of sample making was
and a transient optical absorption spectrometer

was built for testing the samples.

All optical absorption

properties of our samples are in agreement with known
results.
An actual time-resolved EXAFS experiment was performed
in February,
with time.

1983.

The result showed no change in EXAFS

This might be due to a failure in photolysis (we

lacked an on-line transient optical absorption
spectrometer).

However, these results demonstrated the

feasibility and reliability of our spectrometer.
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INTRODUCTION

The last decade has seen a rapid and impressive
development of the extended x-ray absorption fine structure
(EXAFS)

spectroscopy

C1I-C5].

The EXAFS spectrum which

appears as a series of gentle oscillations in the absorption
cross section of an atomic element can be interpreted in
terms of scattering of the excited photoelectrons by the
neighboring atoms and the resulting interference of this
reflected electron wave with the outgoing photoelectron
wave.

To a good approximation,

absorption coefficient
(atomlike)

u,

background u ,

the oscillatory part of the

normalized to the structureless
is given by

[11

Where k is the wave number of the photoelectron.
summation is over all neighboring atoms,

root-mean-square deviation of r- ,

The

of which the jth

is the mean-free path
J

of electron,

fj (k, 7T)

jth neighboring atom,
phase shift.

is the backscattering amplitude by the
and

(total)

From this equation we see that the exepected

2
EXAFS spectrum is a sum of sine waves,

with an amplitude

modified by an envelope due to the scattering amplitude,
Debye-Waller damping,

and the mean-free path damping.

the

As a

relatively simple and direct method, EXAFS can be used to
obtain information on local structure around a selected atom
in complex or disordered systems with an accuracy of ± 0. 01

X.

As a result the technique has now become an important

tool for the structural study of biological systems.

In

recent years the intensity of synchrotron radiation has been
greatly improved with the development of wiggler and
undulator magnets [21.

Consquently the required time for

measuring EXAFS has been shortened to a level that it is
possible to measure the EXAFS of a transient state.

This

means that one may use time-resolved EXAFS to study the
structural evolution of dynamic systems.
Our goal is to develop a time-resolved EXAFS technique
so that the transient structures of a dynamic biological
system can be investigated.
years ago.

This project started about two

A piecewise integration method for time-resolved

EXAFS was developed and reported early last year [61.
then,

Since

our spectrometer has been improved and reconstructed.

A suitable sample,

i.e.,

carboxymyoglobin which is known to

undergo structural changes in its ligation-deligation
process,

has also been prepared and tested.

In February 1983, our new spectrometer was tested at
the Stanford Synchrotron Radiation Laboratory (SSRL).

We

succesfully demonstrated the capability of measuring
100-jj.s-resolved EXAFS of myoglobin samples.

Unfortunately

at that time we did not have adequate equipment for testing
the kinetic properties of myoglobin samples.
failed to be photolyzed.

Our sample

Last summer we built a transient

optical absorption spectrometer,

and have succesfully

followed the kinetics of photolyzed myoglobin compound with
optical absorption changes.

In the future we would like to

measure the time resolved EXAFS and optical absorption
simultaneously.
In this thesis I will first decribe the sample and
report the procedure of its preparation and testing (Sec.I)
In section II the experimental method and our time-resolved
EXAFS spectrometer will be described in detail.

The last

section (Sec.Ill) will be devoted to a brief discussion of
the current results.

I.

SAMPLE

1-1.

Myoglobin and Hemoglobin

Both myoglobin and hemoglobin are respiratory heme
proteins,

that is,

proteins able to undergo a reversible

reaction with molecular oxygen by virtue of containing ferro
porphyrin (protoheme or, more simply,
group.

The name 'hemoglobin'

heme) as a prosthetic

(denoted by symbol Hb)

is

given to these proteins when they are present in the blood
of vertebrates,

and 'myoglobin'

(Mb) to those present in the

smooth or striated muscles of all animals.

In a protoheme

there are six coordination sites about an iron atom (Fig.1),
four of which are occupied by the pyrrole nitrogen atoms of
the porhpyrin ring.

The fifth ligand is the nitrogen atom

of an imidazole, the side chain of the 'proximal histidine',
which probably anchors the heme to the protein.

The sixth

site is available to bind an extra ligand.

The structure of

a protoheme is formed by four pyrrol rings,

connected by

methine bridges and substituted by different groups in the
external positons (position 1—8.

see Fig.2).

The chemical

nature of the substituents in these positions may vary,
giving rise to a number of porphyrins which differ in

FIGURE 1.
The iron coordination in a ligand-free protoheme,
Distances are in

X,

figures in brackets give the

standard error in 0. 001 Â.

[18]

6

Fig.

1

FIGURE 2.
The structure of protoheme. The central iron is
surrounded by four pyrrol rings, in which their
external positions may be substituted by different
groups. [71

8

Fig. 2

9
solubility,

spectrum and,

of cause, reactivity.

The

myoglobin and hemoglobin molecules are extremely complex.
In the case of Mb,

the heme is surrounded by a single

polypeptide chain of 140-160 residues with a total molecular
weight of 16,000 to 18, 000.

Hb consists of four subunits

(two pairs of two slightly different polypeptide chains
called oi and ^ chains),

each of them resembles a Mb C7].

The way in which the subunits are put together in a multiple
subunits protein is called the quaternary structure.

The

way in which a polypeptide chain folds into a globular form
is called the tertiary structure.
A hemoglobin or myoglobin molecule with a bounded
ligand X is in a 'relaxed' state (denoted by HbX or MbX).
The ligand can be chemically removed;

in that case we say

that it is in a 'tense' state (denoted by deoxyHb or
deoxyMb,

or simply Hb or Mb).

Since heme proteins store and transport oxygen and
electrons,

and catalyze oxidation-reduction reactions,

it is

not surprising that they have been the subject of many
studies.

The most important and also the most interesting

property of Hb is the cooperative way in which it binds
ligands.

Let Y be the fraction of either Hb or Mb having

ligand bound to them.

For Mb,

with one heme per molecule,

the binding follows a hyperbolic curve

10
Y = KP / Cl + KP)
where K is □ constant and P is the partial pressure of
ligand molecules.

For Hb the binding follows a curve

described by
Y » KPn / (1 + KPn )
where n is another constant (if the ligand is oxygen, n~3),
indicating that the hemes in a single Hb do not bind ligands
independently.

There must be interactions between the hemes

within each Hb even though the iron atoms are approximately
35

X

apart.

Indeed the.binding energy of the last heme is

0. 15 eV more than that of the first.
It is now well known that the cooperativity manifested
in the binding of ligands to Hb is mediated by
conformational changes of the protein.

The binding of

ligands to the hemes of Hb initiates a sequence of
propagating structural events which culminates in a change
of quarternary conformation.

The changes in the protein in

turn mediate the affinities of ligand binding.

The change

in Hb and Mb caused by ligation have been studied by
photodissociating a ligand and examining the resulting
metastable states by various spectroscopies,

including

transient optical absorption [81- [10], near infrared
absorption [111, magnetic circular dichroism [12], resonance
Raman C133 — Cl 43,

EPR C15] - [163,

and Mossbauer [173.

11
It was found that immediately after the photolysis of
HbX or MbX there are photodissociated metastable states
(denoted by Hb* or Mb*)

which have spectroscopic properties

distinct from those of chemically prepared deoxy states.
is believed that in those photolyzed states,

It

the deoxy heme

is constrained in a metastable configuration due to an
unrelaxed protein tertiary conformation and consquently the
heme-globin interaction are manifested in the form of a
structural

distortion near the heme-globin interface.

However,

most spectroscopic measurments lack the

direct structural

information,

and the dynamic properties of

these metastable states are poorly understood.

It is

clearly desirable to study this problem with a structural
method.
(EXAFS)

The extended X-ray absorption fine structure
is an ideal probe for this purpose.

The iron-edge

EXAFS of hemoglobin can be reliably used for determining the
distances of atoms within 3. 2

X

from the iron atom with a

standard deviation less than 0.02

X

C181.

Within this range

there are five nitrogen

(four of them on the porphyrin ring,

and one in the proximal

imidazole)

them in the porphyrin ring,
around the iron.
around the central

and ten carbon

and two in the imidazole )

atoms

Accompanying the radius of each shell
iron atom,

the EXAFS analysis also gives

a Debye-Waller factor which expresses the thermal
structural

(eight of

disorder of the atoms in that shell.

and
The EXAFS

12
of photolyzed MbCO in its low temperature steady state
has been studied

[19].

(Mb*)

It revealed that the displacement of

CO from iron is 0.05 ± 0.03 X.

However the data are not

accurate enough to quantify the structural differences
between Mb* and Mb or MbCO.
EXAFS is most sensitive when used for comparing
similar structures,

in other words,

as difference spectra.

Tt is our goal to use the time-resolved difference EXAFS
spctra to study the changes of the structures of the
deligated state of the photolyzed Hb and Mb.

13

1-2.

Sample Preparation

Myoglobin was chosen as our first sample because of
its importance in the protein biophysics and also because it
is easy to prepare.

Hemoglobin,

complicated structure,
of protein dynamics.

which has a more

is the logical follow-up in the study
Carbon monoxide was used as the ligand

of our samples because it has the highest value of quantum
yield in photolysis compared with other small molecular
1 igands.
Our samples have to meet the following requirments:
it must be concentrated enough to afford substantial x-ray
absorption,

thin enough to allow light transmission, easy to

handle and stable at all temperatures.
embed MbCO in a poly(vinyl alcochol)

For this reason we
(PVA) film.

is thin enough for light transmission.

Each film

A stack of films

spaced out in series is then used for the x-ray absorption
studies.
Crystalline myoglobin was purchased from Sigma (Type 2
sperm whale Mb).

It was dissolved in 0.1 M phosphate buffer

(pH 7. 6) and centrifuged at 10 krpm for 10 minutes.

PVA

solution was about 15% by weight of poly (vinyl alcochol)
dissolved in 1 mM phosphate buffer by boiling,

and cooled to

14
room temperature.

Two solutions were mixed to obtain a Mb

concentration of 1 to 1.5 mM.
j

The solution was rendered anaerobic by stirring in a
nitrogen atmosphere for about an hour.

Reduction of ferric

Mb was accomplished by adding sodium dethionite to anaerobic
sample solution.

The dithionite concentration was five

times the Mb concentration.

After reduction,

CO was

introduced in the flask while continually stirring the
solution.

Equilibration took one hour for CO saturation.

All these steps took place in a specially made flask
which kept the samples from contacting oxygen.

The gaseous

atmosphere was replaced several times during reduction and
equilibration.
Also,

The temperature was maintained at about 4°C.

each step was checked by taking a small amount of

sample and measuring its absorption spectrum (with a Varian
Cary 17 spectrophotometer).
These spectra are in agreement with the previous work
[7]

(Fig.3).

The extinction coefficients and their standard

devivations of our MbCO PVA-solution are (13.6
at 542 nm (|^ band) and (12.6
,

respectively.

±

±

0.1) mM^cm*

0. 1) mM ^cm at 578 nm (<* band)

Besides that, we have also established a

criterion of checking the percentage of residual ferric Mb
in the reduction procedure (or of oxygenated Mb when sample
was deteriorating in storage) by looking at the peak height
of deoxyMb at 635 nm.

FIGURE 3
Optical absorption spectra of sperm whale Mb:
3-1. Ferric, in 0. 1 M phosphate buffer, pH 7. 6,
Mb concentration 75 pM;
3-2. Deoxy, in glycerol-water (3:1 by volume), Mb
concentration 65 pM:
a) at the visible band,
b) at the Soret band;
3-3. Ferrous, in PVA solution (PVA 15% by weight),
Mb concentration 65 pM:
a) at the visible (<v, ^ ) bands,
b) at the Soret band.

Absorbance

15

Fig.

3-1

AbsorbancQ

17

Fig.

3-2 a)

AbsorbancQ

18

Fig. 3-2 b)

Absorbance

19

Fig. 3-3 a)

Absorbance

Fig.

3-3 b)

To make a film,
leveled plate,

MbCO PVA-solution was spread on a

which was placed in a glove bag filled with

CO at room temperature,

and allowed to dry.

The amount of

solution needed depends upon the desired thickness of film
sample.

Our dry films were about 1.5 to 2 mil thick.

drying time for these films was 1 to 2 days.

After their

spectra were checked the films were stored in a freezer
under CO atomsphere.

The

22

1-3.

Sample Testing

The carboxymyog1obin sample was checked several times
during its preparation by optical spectroscopy,
briefly in the previous section.

as mentioned

After a sample was made

its kinetics behavior was examined by transient optical
absorption measurement.

This is based on the fact that the

CO molecule in MbCO can be flashed off and that the
absorption spectra of MbCO and deligated Mb are different
(See Fig.4-).
pulse,

When MbCO is exposed to the intense light

dissociation of the ligand occurs: MbCO —> Mb + CO.

At the end of the flash the system returns to the
equilibrium,

and hence the recombination reaction Mb + CO

—> MbCO can be followed with an appropriate monitoring
system.
Fig.5 shows the schematic diagram for the transient
optical absorption photometer.

The sample was placed in a

sample holder (SH) which can be cooled down to about 90 K by
liquid nitrogen.
sample holder,
pass through,

There are three optical windows on the

two of them allow the monitoring light to
and the third one is for the flash light.

An

EG 8, G xenon flash tube (FXQ-260-3) and a specially made
power supply were used to provide a light pulse of 60 J per

FIGURE 4.
Spectra of MbCQ and Mb at the Soret band. The
kinetic test of MbCO is based on the difference
between these two spectra. Their extinction
coefficients differ a value of 66 mM cm”* at
439. 5 nm where the signal-to-noise ratio is
optimal for the kinetic experiment.

Fig. 4

AbsorbancQ

FIGURE 5.
Block diagram of the transient optical absorption
spectrometer: S is the sample, SH the sample
holder cooled by the liquid nitrogen (LN2),
ML the monitoring light source (a projector light
bulb with a focus lens), F the filter, XF a
xenon flash tube, PS power supply for the flash,
FO the filber optics collecting the transmitted
light, MN a monochromator, PM a photomultiplier,
WD a waveform digitizer, OS an oscilloscope, CP
a microcomputer, PL a digital plotter, and TR the
trigger for both the flash and the waveform
digitizer.

26

Fig. 5
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flash of electric energy with a half width of 60 fj.s for the
photolysis purpose.

The monitoring light is provided by a

Osram 64610 projector bulb

(50 w.

434 nm interference filter

(band width 1 nm.

Concord,
American,

MA.)

12 v).

or a #5183 glass filter

Stamford,

CT. )

A filter—either a
BARR Assoc.Inc,

(ORIEL Corp.of

depending on sample concentration

—was placed in front of the monitoring light source to give
a quasi-monochromatic light.

The photomultiplier

(RCA-931B)

detects the monitoring light through a 1/4 meter Ebret
monochromator
set at 434 nm,

(Jarrel1-Ash 82-410,

Waltham,

the Soret band of deoxyMb,

where the signal-to-noise ratio is optimal
A waveform digitizer
acquisition.
digitizer

(LeCoy WD8256)

The start digitizing signal

MA.)

which was

or at 439.5 nm
(Fig.4).
was used for data
for the waveform

is correlated with the trigger of flash li

The changes

in the sample absorption during the rebinding

process after photolysis were recorded in the computer or
displayed on an oscilloscope

(or a digital plotter).

WD8256 waveform digitizer is programmable.

The

The program for

running the kinetic test is similar to that for our x-ray
absorption spectrometer
Several

samples of MbCQ in different solvents

(phosphate buffer,

glyrerol-water 3: 1 by volume,

solution 15% by weight)
tested.

(see Sec. 11-2).

as well

Previous studies of

PVA

as MbCO-PVA film have been

ligand recombination subsequent

28
to flash light photolysis at very low temperature have
discovered several distinct processes
dynamics of

ligand rebinding

recombination process
exponetial

[81.

of the

At room temperature the

(so called process 4)

with time after photolysis.

shown in Figure 6,

(phases)

of CD to Mb is

This behavior is

and the decay time is about a few

milliseconds which agrees with the published results.
low temperature

(< 160 K)

the photodissociated ligand

remains trapped in the heme pocket,
iron atom

(process 1)

At

and its rebinding to the

has a nonexpontial behavior with time.

Figure 7 shows the results of a glycerol-water sample and a
PVA-film sample.

They do have a nonexponential

(linear in the log-log plot),

appearance

and the rate of rebinding of a

film sample seems faster than that of a solvated one,
agreement with

t81.

in

FIGURE 6.
The transient optical absorption of photolyzed
MbCO at room temperature. The ordinate is the
intensity of transmitted light; time equals zero
when the flash was triggered.
curve 1: aqueous sample, in 0. 1 M phosphate buffer
CpH 7.6). The Mb concentration was 25 piM;
curve 2: MbCO in PVA solution (PVA 10% by weight).
The Mb concentration was 360 piM;
curve 3: MbCO in glycerol-water (3: 1 by volume).
The Mb concentration was 280 piM.

30

Fig.

6

FIGURE 7
The transient optical absorption of photolyzed
MbCO at low temperatures:
7-1. plotted as intensity vs time:
curve 1: MbCO in glycerol-water, concentration
280 pM. path length 1 mm, temperature
100 K;
curve 2: MbCO embeded in PVA film with thick¬
ness about 50 pm, Mb concentration '
360 mM, temperature 90 K.
7-2. same results plotted in lgCI)^ lg(t):
triangles: glycerol-water sample;
crosses: PVA-film as fig. 7-1 curve 1;
asterisks: PVA-film sample in another run.
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II.

TIME-RESOLVED EXAFS

11-1.

Experimental Method

The ordinary EXAFS spectrum of a stationary system is
obtained by measuring its absorption cross section as a
function of the incident X-ray energy.

The measuring time

for each data point is typically 0. 1 second or longer.

The

basic idea of our method is to measure an EXAFS point Cat a
given X-ray energy) over a short time interval T at a time t
measured from the time of photolysis,

and repeat this

process at as many different energies as required.
photolysis,
measured,

For each

a series of points at different t can be

so that we can obtain a family of EXAFS spectra at

different time t and follow the structural changes of the
sample in time.
In order to do that, we need a standard EXAFS
facility,

a time-resolved data acquisition system,

sample holder.

and a

A schematic diagram is shown in Figure 8-2.

The synchrotron radiation (SR)

is filtered by a

monochromator (MN) before its incidence on the sample.

The

incident monochromatic beam (I0) and the transmitted (or
fluorescence) beam (I) are measured.

The data acquisition

system (DQ) controls the time and the time interval of the

FIGURE 8
Schematic diagram of time-resolved EXAFS:
8-1. The time structure. SR CLOCK stands for the
synchrotron radiation pulse clock. Its
frequency is about 1 MHz. The flash used for
the photolysis has a half-width of 60 us.
X-ray absorption is measured for a time
deviation 7"starting at time tl after the flash
trigger, and measured again at t2, etc. The
measuring interval T and the times of
measurements tl, t2, ... are controlled by a
gate circuit.
8-2. The block diagram of time-resolved EXAFS
experiment. SR — synchrotron radiation, MN
— monochromator, Io — detector of incident
beam intensity, I — detector of transmitted
or fluorescence beam intensity, 0Q — the
data acquicition system, CP — microcomputer.

36

Fig. 8-1
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SR

Fig. 8-2
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measurements.

The sample holder (SH) provides the

temperature control and flash photolysis as well as windows
for the optical absorption monitoring.

All components are

linked to a microcomputer which runs the experiment and
records the data.

In our experiment an ionization chamber

detector was used to monitor the intensity of I0.
measure I,
EXAFS,
EXAFS.

To

we used an ionization chamber for transmission

and a Nal scintillation detector for fluorescence
Their outputs are integrated,

recorded in the computer.

converted and finally

We also used a pulse clock of the

synchrotron radiation storage ring as our time base and
designed the data acquisition system in such a way that the
same time interval T always covers the same number of SR
pulses (see Sec. 11-2).
In principle an EXAFS spectrum can be taken either in
the transmission mode or in the fluorescence mode.

For a

biological sample such as myoglobin or hemoglobin the
concentration is very low.

The absorbance due to iron atoms

is only a very small part of the total absorbance (about a
few percent,

see Table 1).

As a result the signal-to-noise

ratio in the transmission EXAFS is not acceptable.
On the other hand, the conventional way of measuring
the intensity of fluorescence X-ray makes use of a counter.
Because of the pulse structure of SR the counting rate is
6

—1

intrinsically limited by the SR pulse rate (about 10 s').

39

TABLE-1

Percentage of X-ray Absorption by the
Iron Atoms in a Myoglobin Sample *+

SAMPLE

% OF TOTAL
ABSORPTION

form concentration
(mM)

aqueous
MbCO

MbCO in
dry PVA

0.
0.
1.
5.

1
5
0
0

0. 1
0. 5
1. 0

ABSORPTION
LENGTH
(mm)

0.
0.
0.
0.

015
076
151
704

0. 317
1. 076
1. 354

0.
0.
0.
0.

71
71
71
72

0. 35
0. 57
0. 70

* Calculations are based on the absorption
coefficients of atoms at 7.2 keV.
The aqueous sample is made of myoglobin in 0. 1 mM
phosphate buffer with dithionite 5 times that of Mb
concentration (molar).
+ The highest concentration of MbCO in PVA-film
without precipitation is about 1.5 mM.
From data shown one can see clearly that the dry
film is much more desirable than an aqueous sample
for the purpose of measuring time-resolved EXAFS.

40
The rate of the counter must be set at a level lower than
the SR pulse rate irrespective of its intensity;

otherwise

the changes in X-ray absorption would not be detected.
Thus,

using a counter one may not be able to take full

advantage of the intense SR beam.
To overcome this difficulty we devised an integration
method.

The absorption signal is integrated over a time

interval 7” as mentioned above.

A practical choice of the

integration interval for our sample is about 100 pis.
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11-2.

Data Acquisition System

A microcomputei—controlled data collection system was
developed for the time-resolved EXAFS measurement by our
group [203.

A microcomputer (Apple II plus) was selected

for its portability and versatility.

It controls two

identical gated charge integrators for I0 and I,
communicates with two analog-to-digital
a parallel interface.

and

(A/D) convertors via

The system was designed so that

charge integrators can start working at any desired time t
for an exact time interval

T (which is set at 100 ps but can

be varied from 50 ps to 1 ms).
shown in Figure 9.

The schematic diagram is

In the following paragraphs we will

discuss the major componets of the system.
CHARGE INTEGRATOR: It is basically an integration
capacitor and a MOS FET switch (Fig.10).

An integration

cycle is initiated when the enable gate goes high and opens
the switch;
the switch.

the cycle ends when enable goes low and closes
The integration interval

7

"

is then equal to the

width of the gate pulse which is generated by a gate
circuit.

The main chip was a low-noise wideband chopper

stabilized amplifier (Analog Device. Model 234).

A variable

amplifier (AD521) is also installed between the integrator
and the A/D convertor for the purpose of adjusting the gain.

FIGURE 9.
The block diagram of time-resolved EXAFS
spectrometer. DET 10 is an ion chamber. DET I
is either an ion chamber or a scintillation
detector. INT is a charge integrator. ADC is an
analog-to-digit convertor.

Fii

Q

FIGURE 10.
The diagram for a Charge integrator. SW is a
MOS FET switch. Analog Device Model 234 is a
low-noise wideband chopper stabilized
amplifier. Analog Device AD521 is another
amplifier for adjusting gains.
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Special

care was taken to reduce the effect of leakage

current and drift.
GATE CIRCUIT: It provides the counting,
number of other control functions,
Apple II via a parallel

timing and a

and communicates with

interface PI

(Fig.11).

The counter

is used to count the number of pulses arriving from a clock,
whose passage is controlled by the input switch
time t,
A

At

the computer sends a command to the control circuit

(C.C.A)

switch.
(C.C.B)

(SW).

which resets the counter and opens the input
When the counter counts 1,

the control circuit B

turns on the integration enable.

counts a preset number N

(time resolution

When the counter

V=

where f is the frequency of the clock pulse)
circuit B turns off the integration enable,
switch off,

N/f = 100 jus,
the control

shuts the input

and sends a convert command to the A/D

convertor.
The outputs ADCH and ADCL of the control

circuit A

enable the high byte and the low byte of a datum to be
transfered respectively from the A/D convertor's buffer to
Apple II.

Our A/D convertor consists of Analog Device ADC

1130 and SHA 1144.

The 14-bit conversion time is 25

JJS.

The process of recording data and resetting the gate circuit
for each integration cycle requires another 75

JJS.

Thus,

need to allow 100 jus dead time between two consecutive
integration cycles.

we

FIGURE 11.
The block diagram of the control circuit. SW is
a switch, C. C. A and C. C. B stand for the control
circuit A and the control circuit B,
respectively, ADCH and ADCL indicate the high
byte and the low byte buffers of the A/D
convertor, respectively.

SWITCH
CONTROL
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INTERFACE: The parallel interface is Model 7220A made
by California Computer System (Sunnyvale,
8-bit bidirection I/O ports,
and B side.

CA).

It has two

commonly referred to as A side

The ports are programmable both in direction

(input and output) and data value.

We use the A port as an

input port for receiving data from the A/D converter and B
port as an output port for controlling the gate circuit.
Besides the data acquisition,

the Apple II computer

was also used to operate the standard EXAFS instruments,
which include a monochromator,
the monochromator,

a sample table in phase with

and an x-y ploter,

488 (Apple Computer Inc.)
(LeCroy Model 8901).

via an interface IEEE

and a CAMAC crate controller

This feature gives us complete freedom

in designing our own time-resolved EXAFS program.

Figure 12

shows the schematic diagrams of the interfaces.
The flow chart of our time-resolved EXAFS program is
presented in Figure 13.

The function of INITIA is to

initiate the IEEE 488 interface,
parallel interface.

the CAMAC system,

and the

The PARAMETER procedure issues the

experimental parameters, such as the monochromator angle,
the scan range,
the system.

and point spacing to various components of

The MEASURE subroutine (Fig.14)

issues the

reset command to the gate circuit to start its function as
described above.

FIGURE 12.
Interfaces: PI a parallel interface. GPIB a
general purpose interface bus (IEEE 488). The
standard EXAFS instruments (enclosed by dashed
lines) are controlled from a CAMAC crate
controller (LeCroy Model 8901) via IEEE 488.
The data acquicition system communicates with
Apple computer via PI.

GO
CL
CD

Ui
-1
CL
Û.

<

Fig.

12

FIGURE 13.
The flow chart of main program.
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Fig.

13

FIGURE 14.
The flow chart of MEASURE procedure.
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Fig.

14
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The main program and the data reduction procedure were
written in FORTRAN.

The measuring subroutine as well

as the

subroutines for operating the interfaces were written in
assembly language to perform real-time control.
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111.

RESULT and DISCUSSION

111~1.

Time-Resolved EXAFS measurement

A potential problem for an integration method is the
accumulative effect of noise,
along with signal.

since the latter is integrated

The electronic noise in our system is

mainly due to the charge integrator.
the A/D converter

The contribution from

(about 2 out of 14 bits)

The dark current of our photomultiplier

is negl igible.

(RCA 4855)

is 6 X

-10

10

A when the applied high voltage was 700 V.

The effect

of this dark current integrated over a time interval of 100
microseconds is equivalent to the charge produced by one Fe
fluorescence photon in the scintillation detector.
need 10?

photons per data point

(see below),

Since we

the signal-to-

noise ratio in our data is determined by the photon
statistics rather than the instrumental noise.
Our spectrometer was tested by running the standard
EXAFS with different integration intervals.

In the

transmission mode we used a pure iron foil as the sample.
Figure 15 shows its K-edge EXAFS spctra,
integration interval 7" = 100 ps,
the third with

T~

Is

[211.

one with an

another with 7~ = 50 ms,

In the fluoresence mode we

and
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used 100 mM Fe2Û3in petroleum Jelly as a test sample.
Figure 16 shows a T - 100 pis EXAFS of FezD^, which is the
result of 50 iterations per point.

In all cases the

signal-to-noise ratios are determined by the photon
statistics.
Now let us turn to the photon statistics for Mb
samples.

We used a single X-ray detector positioned in the

polarization plane of the incident X-ray at 90° scattering
angle.

Its window subtended a solid angle of 6 X 10

steradian at the sample.

2

The sample we used was a stack of

five PVA films with a total thickness of 0.2 mm,

in which

the Mb concentration was 1 mM and the heme iron atoms
contribute 1% to the total X-ray absorption.

As a result

the ratio of the detected Fe K fluorescence photon to the
-6

number of incident photon was 5 X 10 .

Since EXAFS is

roughly a 17, modulation of the Fe absorption,

if the

desirable signal-to-noise ratio in EXAFS is 3/1, 10

photons

per data point are needed.
Currently the most intense synchrotron radiation beams
available at Stanford Synchrotron Radiation Laboratory
(SSRL) and Cornell High Energy Synchrotron Source (CHESS)
provide 10

12

photons/sec (in a few eV band width) or less.
2

Given such a beam, 5 X 10
detected in a T
10

=

Fe fluorescence photons would be

100 fjs interval.

In order to accumulate

photons per data point the measurement must be repeated

FIGURE 15.
The EXAFS spectra of an iron foil measured with
A) T = 100 jjs:
B) T = 50 ms;
C) f= 1 s.
T is the integration interval for each point.
The measurements were made in the transmission
mode.

IO/I (ARBITRARY UNITS)
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Fig.

15

FIGURE 16.
The EXAFS spectrum of Fe^O^ measured in the
fluorescence mode with T = 100 jus. To improve
the statistics, each data point was repeated
50 times.

ENERGY (EV)
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Fig.

16
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200 times for each X-ray energy.
An actual time-resolved EXAFS experiment was performed
at SSRL in February,

1983,

storage ring,

was operated at an electron energy of

3. 0 GeV,

SPEAR,

during a dedicated run.

The

with current varying between 100 mA and 40 mA in a

4-bunch mode.

The wiggler field for our beamline

was set at 14 KG.

In the side station VI1-3,

size of 2 mm X 18 mm,

CBL-VII)

with a beam

we obtained 1.3 - 1.7 X 10

per second at 7 keV after a Si (111)

photons

monochromator.

Since

the SR beam intensity was a factor of 5 lower than what we
expected,

the required number of repetition per data poit
3

became 10 .

This would take an experimental time of 70

hours for a complete time-resolved EXAFS of photolyzed MbCO
(500 different energy points).

Having only limited beam

time we measured the photolyzed MbCO at 85 K with 600
iterations per point over the Fe K-edge region.
Figure 17 shows the spectra measured at t < 0
photolysis),
pis and t
time.

t^0

infinite.

(during photolysis),

t = 150 pis,

(before
t = 450

The result shows no change in EXAFS in

Since it has been reported that the photolyzed Mb has

a absorption edge lower than that of MbCO
a failure

in photolysis.

However,

[223,

it indicates

the fact that the

spectrum of one interval repeats itself in other intervals
(at different t)

proves the feasibility of our technique.

For comparision,

we present a complete EXAFS spectrum of the

64
same sample at the same temperature with a 10
per point (Fig.18).

These figures,

along with the others

mentioned in previous paragraph (Figs.15.16).
reliability of our spectrometer.

iterations

prove the

FIGURE 17.
The 100-jJs-resolved EXAFS of photolyzed MbCO at
85 K. Each data point was measured for a
duration of 100 us at a definite time t relative
to the time of photolysis, t = 0 is the time of
the beginning of flash for photolysis. The half¬
width of the xenon flash is 60 ps. The time of
the beginning of an integration interval is
defined as t. The spectra were measured at:
t = -150 fjs, dots;
t = 0, x's;
t = 150 ps, triangles;
t = 450 jus, circles;
t = infinite, crosses.
The measurements were repeated 600 times. The
spectrum before falsh (dots) and the spectrum
long afterward (crosses) essentially coincide
with each other. The spectrum measured during
the flash (x's) was uniformly displaced downward
due to an electronic disturbance caused by the
flash. All five spectra are essentially the same
within errors, which probably indicates a
failure in photolysis.

lo/l (ARBITRARY UNITS)
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Fig.

17

FIGURE 18.
The EXAFS spectra of MbCO measured in the
fluorescence mode with T = 100 us. The long
spectrum is the result of 10 iterations. Three
short spectra are:
A) the result of 250 iterations:
B) the result of 103 iterations:
C) a portion of the long spctrum.
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Fig.
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