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, ABSTRACT _

An instrument emp]oy1ng seyeral novel featyres has been assembled for
the measurement of magnetic and natural circular dichroism (MCD and CD) in
the visible;lultraviolet and near infrared spéctra]'fegions, The instrue
ment {s fitted With two magnets: an e]ectromagnet.fdn;routine use and a
‘supérconducting,magnet for use when higher performance’is'requiréd; _The _
contributionsinf.CD and.ﬁCD‘are-separated by meaéuringfthe net spectrum »
~twice; firStnwith'the magnetic field parallel to the~PoyntinQIVector of the
optic§1'beam'and then.withfit'dntiparéilel. The vaiue of tﬂe.netidptiéal
actinty'for each wavelength increment is convertedftofdigita1*form*and
the mSnipulatfqns reqUired to Separaté ch and.MCD and signal gveragingt
are perfbrmedvby a.compdter.  The détavcan.be p]btted?in a variety of
‘fbrmatS‘on a Cal Comp’Plotter The instrument is eqdfpped with a Cary
Model 14 prfsm—grat1ng monochromator wh1ch unlike double quartz prism
monochromators has good wavelength dispersion from the uv to the near ir
| spectral rggions. Performance in the ultraviolet has been cons1derab1y. |
:Tmproved‘by:fen]acingvthe prevfously used electro-ontica] modu]atbn |
‘(Pockels ceil) with a qUart2 strain-birefringence mndulntor> The capab111—
ties of this instrument are illustrated by spectra for the natura] CD of
ribulose-].S-diphosphate-carboxylase at 22° from 195-245 nm, the MCD of
metmyog]obin'cyanide nt ?196° and 22° from 340—470 nm, and thetMcbvof oxy-
‘hemoglobin-at-4f from 70041100.nm. '
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| ~ INTRODUCTION
Our spectrometer, unlike most other instruments used to measure

magnetic circular dichroism (MCD), was not derived by mounting a magnet

~tn an existing, COmmercially avei1ab1e spectrdbo]arimeter.1 The instru-

ment is intended to be used.to'investigate the CD and MCD of~bio]ogita1
materials in the'u1travioiet. visible and'near-inffared- By assemb11n9
an instrument from d1screte components, we were ab]e to 1ncorporate
several features which greatly}fac111tate this work. ‘This report w111

concentrate on these unique aspects of our spectrometer.

o INSTRUMENTATION
Ajschemétie p]aﬁ view of the-obtica] train.and]e block diagram of the
electroﬁics'Iojic'ere'shown in Fig. 1. Light from a 450-wett Xenon are is
EOITimated by-an7off axis ellipsoidal mirror and dispersed by a prism4grating

double monochromator (Cary Instruments Div., Varian Associates, Palo Alto,

_Caiffornia);" The monochromatic beam passes through a Rochon polarizer

(CerT'Lambrecht) and the ordinary component is alternately rendered right-'

and left-circularly polarized by a piezo-optieel modulator driven’at 50 kHz

(Morvue Electronic Systems, Tigard, Oregon), which is programmed to operate‘

as a Quarter-waye plate. The modulated beam then péSse; through the sample

' and falls on the photomultiplier tube. If MCD is beingimeaSured ‘the

: sample 1s located in the magnet1c field of either an iron-core electro-

magnet or a superconduct1ng magnet If only CD is be1ng measured, the

' - sample is placed in a th1rd pos1t1on which allows amp]e space for con-

ftro11ed temperature sample holders, cryogenic dewars, and actinic illumi-

nation equipmentf Both magnets and the "CD only" samp]e area are 1ocated
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| on an aluminum table which can roll relative to thenstetionary optical
bench on bronze rdller bearings. The table is movéd*latera11y to position
the sample in the light beam by a hand-operated lead screw.
The photomu1t1p11er current is amplified and the a.c. component
- sent to a phase-sen51t1ve detector while the d1fference_between the
d.c. component and a tixed reference voltage is usedfto'control the .
high vo]tage’poker supply of the photomultiplier so_that the d.c. photo-
current reﬁafns essentiallytcenstant. The output of'the phase-sensitive
detector.'which is proportional to the net circular dichroism is dis-
played 1bCa11y,on an x-y recorder and is converted to‘digital form and
transmitted_td;a Taboratory-wide data collection system.3 Averaged
| results from mdltiple passes'are also displayed locally on a Tektronix,
Inc., Type 611 storage display unit equ1pped with a Tektron1x 4601 hard
copy unit for rap1d analys1s of results. .
One of the novel features revealed in Fig. 1 is the presence of

two magnets, either of which may be positioned in the optical beam.
The two magnets represent different trade-offs betweeh performance on
'the one‘hand and ease of ﬁse and economy on the other. The magnitude
of the circular dichroism induced by a magnet1c field is directly propor-,~'
tional to the magn1tnde of the f1e1d Thus, when h1gh}sens1t1v1ty is .
required. the sample lsvplaced in the superconducting,magnet where the
_magnetic field intensity can be as high as 6.6 Tesla (66,000 Gauss).

Use of the sﬁperconducting magnet is indicated eitherHWheh the magnetic
_.anisotropy'(;gMcD/e._see eqe. 1 and 5 below) is small in an absolute

sense or when the magnetic anisotropy is small compared to the natural

anisotropy (aeqp/c).
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~ The magnetic field of the electromagnet is only about 1.4.T when it
| " is fitted with ﬁo1e'pieces which accommodate 1.¢m'path cuvettes. However,
it 1s enérgiied'ﬁimply by throwing a switch and turning a knob and thus
requires conSi@erably less effbrt to operate than ddés fhe superconducting
magnet. Further, operation of the electromagnet does'hot involve the high
'qperating.expéhsés inéurred'by the superconducting magnét (principally for
1iquid heliun). | o -

| _The eleétromagnet has one additional limitation. The light beam
_ enters and Ieaves_the sample via holes bored in the pole pieces. To

~ insure a reasonably homogeneous field the diameter Qf tHese holes was
restricted to 1 cm. HThe light beam at its greatest'eXtent is larger

“than the size of the hole so that about 50% of the available light must
.be.masked off to prevent unwanted scatterin§ from thé inside of the
~nﬂghet. Lbsé’of this extra intensity becomes a critical factdr in the
far'uv and near ir where light intensity and detecidk.ﬁensitivity,>
i'réspéctive]y; are critical factors in determining tﬁevinstruments signal-
vtb»noise ratio.. Becau;e of the inhomogeneity of the mégnetic field we
haye found the dse of a standard sample superior to a Hall probe gauss-
meter for determining fie]d strength upon repositioning of the magnet.A_-
In this manner the light beam can be used to measure.fhe average maghetic |
flux écroés that part of the reference.and'sample whiﬁh is illuminated.
ﬁsélutipns of-poiassium ferriéyanide, prepared gravimetrﬁca]]y or assuming
5220 = 1,020, wére routihely utilized.. For temperatﬁreé near 22°C,
Ae422/H.¥ 3.0'(M4cm-Tesla)‘1. The superconducting magnetvhas a bore 2.6 cm

in diameter, with a more homogenous field, and passes the entire beam freely.
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" The photomultipliers are mounted on afbase whfth’oen be moved both
bér311e1fanoﬂpefpendicu]ar to the optical axis and Tocked in position at
any point within its range of travel. The oerpendiou]ar motion permits
%ﬂé'?ébﬁd‘énd'feonoducib1e interchange of detectors."Pfesent]y the instruf
ment’ is fitted with photomultipliers with S-1 and‘S-ZO photocathodes for
ne%viik'endhvisible-uv'Operation;*respectiVely} The‘parallel motion is used

ﬁbibring_ihe_detectors close to the sample cuvette when the CD of a highly

scattering semp]e is being measured. When MCD is being measured the detectors
efe'moved aWay;frOm the megnets. | | : |

- A prism-grat1ng monochromator was chosen because the original version
of the 1nstrument was built to study the CD and MCD of ch]orophyl] in the

| near 1r.2 The monochromator has nearly constant d1spers1on in this region
and is thus super1or to the quartz prism monochromators_of commercial
1nStrUments‘whose dispersion drops sharply at long Weveiengths.v The origi-

nal instrument’

was fitted with an electro-optical mooulator (Pockels cell)
which in Combfnetion‘with the prism-grating monochromator prevented opera?
tton in the uv below about 250 nm as a resnTtJof lown11ght'intensity. This
situation has been corrected by replacing thebPockeTs”ceil with a photo-
elastic modulator. The wider ecceptance angle of this modulator drastica11yn

reduced the effective f number of the optical train.

| CALCULATIONS
One of the‘greatest'experimenta1 difficulties involved in measuring
- the MCD of a biological materia] is that the sample 1s 11ke1y to exhibit

natural CD. The observed circular d1chr01sm is thus the sum of these

o effects: ie. .

AA ;jAL - AR ='AACD + HAAMCD ' : (1)
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~ where AL and AR are the ebsorbance of left and right circularly polarized
Tight and H is the magnetic field intensity.4 The standard procedure for .
extracting AAMCD is to measure 2A first with the magnetic field on and

then with it off.7 We use a modification of this procedure which doubles
the amount of time spent recording in ihe'presence of;the magnetic field

and thus improves the MCD signal-to-noise ratio by /f: First we measure the
net CD (1;5;, AA) with the magnetic field pafa]]e] tb the light beam. Then
- we revefse the direetion of the field and repeat the measurement. The two

" measured spectra are given by |

_AA+ = aAcp + [H| 8Ayen o
and . _ . (2)
BA_ = 8Acpy - [H] ahyep

where the absolute value sign indicates that the sign of}the magnetic

fleld is now written explicitly. Addition of the two spectra effectively
cancels the MCD contribution since reversal of the direction of the mag-
netic field simpTy changes the sign of the MCD and‘v: _
A v A

Mg =Tz — - : (3
Thus thevCD signal-to-noise rafio is also increased by a factor of /2.
| Subtraction of the two curves.removes the natural CD contribution and
yields

sA, - aA_

"AAHED A . . ‘ »» . @)

" If the base Iine is known to be flat, the same two sets of data also suf-

fice to determine 8Acp- Otherwise, a solvent-only reference must be run and
the data subtfacted from Eq. (2). At higher detection sensitivities or in

instances of inadequate shielding, the baseline may be slightly dependent on
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the magnetib field. In these cases the MCD of the referenoe s measured
for both orientations of the magnetic field and subtracted from the corres-
ponding sample spectra. 'Conversion from the units o%fapsbrbance to units

of molar extinction is accomplished using relations of ‘the form

B

(5)

Ae

{a]

.3
where ¢ is the molar conoentration and ¢ is the optical path through the
samp'le"ln_vcin.: '

The direofion of the magnetic field in the e]ectromagnet is reversed.
by reversing the direction of current flow in the maghet's coils. This
simple epproadh is impractica] with the superconduotiog magnet since 10
to~15 minutes are'requiredvto charge the magnet to its full fie]d and also
because cherging'and discharging the magnet greatly increases the rate of
heliuh loss. Our solution to the problem of reversihg.fhe direction of
the field was to mount the magnet on a base which rOtafes through'180°
The limits of rotat1on a.e determ1ned precisely by adJustable stops which

Tnsure reproduc1b1e alignment.

RESULTS ‘
~ We have previously reported MCD spectra of cytochrome c invthe'visibie
and near ir spectral regionsiobtained using the'6.6vT.sUperconducting
,megnet 9 The‘spectra were redrawn from a computer outpuﬁfand did not
111ustrate the signal-to-noise ratios atta1nab1e with the 1nstrument as
do the data reported herein. Presently, data are transmitted directly to
a ScientificsData Systems Model Sigma 2 computer equipped with a Cal Comp

p]otter,3 and the expérimental results are plotted in a manner suitable for

photocopying.
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The raw data obteined in an MCD expefiment on oxyhemoglobin are given
in the photograph shown in Fig. 2. For this sample andfin this spectral
region the MCD greatly exceeds the CD, and'the ﬁwo‘eurves for the opposite
field directions are practically symmefrieal about fhevbasline, The use
of Eqn. 4 ih the calculations, however, removes any. CD contribution, and
Tt is not'necesSary to scan the sample at zero field. i S1nce all measure-
ments are made in the presence of the magnetic field, the MCD signal-to-noise
ratio is increased. This is espec1a11y advantageous-when investigating small
changes in difference MCD spectra. | |

» " The results for a case where the CD magnitude is comparable to the
MCD are illustrated in Fig. 3. The plus and minus field curves are not
mirror images of one another and indicate the presence of a re]ativeTy
intense natural CD. The optical activity in fhe absehte of the field is
seen to be the average of spectra obtained for opposite‘field difections
(cf., Eqn. 3). o

‘ The computer plotted results obtained with three different biological
samples, in different spectral regions and at varying temperatures, are
~giyen Tn'Figs 4-6. The natural CD of the enzyme, ribu]ose-] S-diphosphate
carboxy]ase, in the protein intrinsic, or peptide bond absorptlon reg1on,
1s shown in Fig, 4. The noise level obtained in the_reglon of interest
for determinationvof polypeptide conformation, viz., gg;_ZIO nm, is |

approximate1y AA v 2 x 1070,

Fig‘ 5 shows the MCD of the cyanide complex of ferri- or metmyoglobln
at 22° and at -196°. The increased MCD observed at 11qu1d nitrogen tem-
perature is.due to C type MCD terms resulting from the'eegenerate gfound
state of the Fe(III) heme,]0 For the‘study of Tow temberature effects on

the MCD of samples a narrow dewar is inserted into’thev2.8 cm gap between



magnet poie pieceS'providing a field of 0.97 T, and.éither a coid.inert
gas blown over the sample or 1iquid nitrogen added”directly. The options
of plotting the results in units»of.differentiai molar:extinction rather
'vthan differential‘abSOrption and in terms of energy rather than wavelength
were chosen in contrast to Fig; 4. Noise levels in this spectrai region
are generaliyoabout 4A = 2 x 10'5 for a single pass when a sample of 0.D.
and a 0.3 sec time constant are used (see also Fig. 3),,

The MCDﬁspectrum'of oxyhemoglobin in the near'ir‘was obtained using
~ an S-1 photoﬁuitiplier (Fig. 6) and the electromagnet fitted,with longer
pole pieces yieiding'a field of 1.43 T. This MCD spectrum is very similar
 to the spectrum of equine oxyhemogiobin reported by Suther]and et al. By
Sample temperature was maintained'W1th a water Jacketed cell. Further

extensions into the ir spectral region will be possibie shortly with the

incorporation of an InAs detector of the type described by Stephens et al.

and ancilliary servos.

- Assembled, as opposed to purchased, instruments offer the advantage
of flexibi]ity and make 't ea51er to tailor the 1nstrument for specific
applications as we]] as offering protection against. obso]escence With

the recent appearance of a commercial photo-e]astic,moduiator and its

12

) .associated electronics all of the basic components"of'a CD or MCD inStrue’

ment can now be purchased separately ‘Thus, this approach to 1nstrument

_deve]opment shou]d become increa51ngly attractive.

=1
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~ FIGURE LEGENDS
Fig. 1. Sﬁhematic plan view of the optical components and electronics

layout. The heavy arrows i{ndicate movement of cbmponents;

Ftg. 2. MCD spectra of’human oxyhemoglobin. Thevsémplé concentration
was 7.7 x 107 M in.heme with a maximum absorption_of 1.12 at 577 nm in
alcmcell. Solvent: 0.1 M HEPES, pH 7.0, 10°3 M EDTA, 1073 M inositol
hexaphosphate; temperature: 4°; scan rate: 5 R/set; time constant: 0.1
- sec; s1it width: 0.4 mm; magnetic field: 1.43 T; twblpasses each with
the magnetic field parallel (+H) and antiparallel (-H) to the Poynting

vector of the measurlng beam are shown.

Fig, 3; CD and MéD spectfa of human methemoglobin; The heme concentra-
tion was 7.0 x‘lo'6 M yielding a maximum absorption—df.l.ZG at 405 nm in a
1 cm cell. Solvent:‘ 0.0S M HEPES, pH 6.1;1iemperature: ambient (22°);
scanvrate' SIﬂ/sec; fie]d' 1.23 T; single passes wefe'ﬁbtained on an x-y -
recorder with the samp]e in positive field (+H), negat1ve field (-H), zero

| fie]d (CD), and a solvent-only baseline (Ref.).

Fig. 4. CD Spectfum of spinach ribulose—],S-diphosphafe carboxylase.
The sampleJCOntained 0.4 mg protein/ml (7 x_10f7 M in enzyme). So]Qent;
a. 1 M Tris-HC1, pH 7.6, 0 05 M magnes ium chlofide, 0. 05 M sodium bfcar-
.bonate, path: 0 02 cm, temperature: ambient (22°); scan rate: 2. 5 R/sec;
“time contant. 1 sec; slit width: 2 mm; photomu1t1p]1er, EMI 9559 QB;:

ten passes were averaged.
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Fig. 5. 'MCD.spectre of sperm whale meimyog]obinlcyénide. The sample con-
centratibn_wes 6,7 )(.1_0-5 M with a maximum absorptfoﬁ df 1.47 at 423 nm in a
path Tength ef'O 2 cm. Solvent: pota551um g]ycerophosphate g]ycerol-o 1M
sodium- phOSphate, in equal volumes, pH 6.8; scan rate 5 R/sec, time
constant 0 3 sec; slit width: 0.4 mm; field: 0. 97 T, photomu1t1p11er EMI

9559 QB, a tota] of four passes were averaged.

Fig. 6. MCD and absorption‘spectra of human oxyﬁemegTobin. The
‘sample was lﬂ61x 1073 M in heme and had a maximum absbfption at 930 nm
of 0.48 ina 1 cm cell. Solvent: 0.1 M HEPES, pH 7 0, 1073 M EDTA;
temperature 4°; scan rate: 5 R/sec; time constant: 1 sec, ‘s1it width:

2 mm, field. 1.43 T; four passes were averaged. A Dumont mode] 6911
S-1 type phbtotube was used for the MCDvmeasurement and-a Cary Model

14R'spectrophotometer for the absorption spectrum.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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