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MACROMOLECULAR CONFORMA TION: SPECTROSCOPY 113)
—_— T TOMOLECL

:.x._ for m.cz_.c::::c.:._ studices of protcins, although computerized tech-
niques did make some semiquantitative estimates possible, 11516

..—._.o. use of Fourier transform infrared spectroscopy (FTIR) has led to
major improvements in this regard. In principle, FTIR provides several
s._«n_:.cnnz over conventional dispersive techniques!7a-19. higher (1) reso-
lution, (2) sensitivity, (3) signal-to-noise ratio (S/N), and (4) frequency
accuracy. Any one of the first three advantages can be emphasized at the
cxpense of the other two. For protein structure studics, high sensitivity
JE_S_.. it possible to acquire usable infrared spectra of aqueous solu-
.:czzu..f..“ such spectra are always notoriously difficult to obtain. The
.3335& S/N ratio facilitates resolution enhancement of observed pro-
tein Spectra through the application of ( 1) second derivative'+b.21 ynq )
.—uo..:o.. self-deconvolution 22145 techniques. The latter is of particular
importance because it offers the possibility of obtaining quantitative infor-
mation on the conformation of proteins from infrared spectra. s Figure
_. m__o!m (1) the original, (2) the deconvolved, and (3) the second deriva-
tive spectra of bovine a-chymotrypsin in D,0 solution from 1250 to 1800
cm- 1.2 The strong Spectroscopically unresolvable amide |’ band, center-
ing around 1640 cm-! in the original spectrum, is resolved into seven
components by both deconvolution and second derivative techniques.

Basic Theory

Fourier transform infrared spectrometers are fundamentally different

In construction and operation than conventional dispersive instru-

”” M. wmomm.. V. _Smﬁan.,.. and H. Susi, Biopolymers 14, 1465 (1975).
» P, w Griffiths, in **Analytical Applications of FT-IR to Molecular and Biological Sys-
tems™ (J. R. Durig, ed.), p. 1. Reidel, Dordrecht, 1980,
'™ P. R. Griffiths, Science 222, 297 (1983).
'* J. E. Bertie, in ‘*Vibrational Spectra and Structure™ (J. R. Duri
Elsevier, Now Yout maon - Durig, ed.), Vol. 14, p. 221.
*J. L. Koenig, Adv. Polym. Sci. 84, 87 (1984).
™D ma-x-a.ne!x. J. L. Koenig, in “*FTIR Spectroscopy** (J. F. Ferraro and L.J. Basile.
a..oa... <e— .,...ﬁ,....ﬂa_. cademic Press, New York, 1978.
J. L. Koehig sind B. L. Tabb, in “Analytical Applications of FT-IR to Molecular and
sxﬂ. i ..Mvuﬁ.:m e«_ R. Durig, ed.), p. 241. Reidel, Dordrecht. 1980,
.M. reau, S. Winters, R. I. Leininger, D. Fink, C. R. Has sler, and v
Appl. Spectrose. 35, 353 copst. assler, and R. J. Jakobsen,
ux.ﬂ.-aew.v.:.n;. R. R. Gendreau, R. 1. Leininger, andR. J. Jakobsen, Appl. Spectrose-. 36, 404
™M, ._.-un...qn:.. M. Lafleur, and M Pézoler. Proc. spir: 1y Soc, O Y
fleur, - Pézoler, I I Soc. Opt. Eng. 8§83, 173 (1985).
u qnw.caﬁ.u.-_.\oo. D. A. Elliot, S. A. Baldwin, and D. Chapman, Biochem. Soc-. Trans. 13, 684
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ABSORBANCE

ORIGINAL

DECONVOLUTED

SECOND
DERIVATIVE

ABSORBANCE ¢m"?

1 1 1 1 1
1800 1600 1400 cm”
F1G. 1. FTIR spectrum of a-chymotrypsin in D.O solution. Pathlength. 0.075 mm. Con-
stants used for deconvolved spectrum: o = 6.5cm '. K = 2.4. Second derivative of original
spectrum, obtained by Eq. (1) (Byler et al.").

ments. """ In the latter, a grating or prism disperses a collimated beam of
infrared light onto a slit which effectively blocks all but a narrow range of
frequencies from reaching the detector. By continuously changing the
angle of the grating with respect to the incident light beam, a complete
spectrum can be scanned, one spectral resolution element at a time. The
FTIR instrument, by contrast, is nondispersive and makes use of an inter-
ferometer to encode data from the %&r spectral range simultaneously.
In general, the interferometer is some Variation of the original design by
Michelson.2 (A few commercial intruments now employ a refractively
scanned interferometer,'™ which differs markedly from the Michelson
interferometer.)

Figure 2 depicts the principal features of a typical Michelson interfer-
Ometer. Set at right angles to one another is a pair of plane mirrors, F and
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MACROMOLECULAR CONFORMATION: SPEC TROSCOPY 13
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tage). The peak positions of observed infrared bands of condensed-phase
samples generally cannot be measured with such accuracy, particularly if
the bands overlap or are broad. Use of Fourier self-deconvolution and of
second derivatives, however, can increase substantially the accuracy of
the measured peak positions.

. 4. Finally, because such good S/N ratios and high wavenumber preci-
sion are possible, FTIR spectra can be manipulated easily and efficiently
by a computer. This facilitates such mathematical data treatments as
precise measurement of peak maxima,? interactive spectral subtrac-
tion,™ calculation of second derivatives,"+*2' Fourier scif-deconvolu-
tion. "2 14*-¢ and curve fitting, "¢ , v

) One additional distinction between FTIR and dispersive spectroscopy
1s worth noting. For the former, resolution remains constant across the
spectral range, but the S/N ratio does not. In dispersive spectrometry,
Jjust the reverse is generally true: constant S/N can be achieved, but only
at the expense of varying resolution.

Several recent reviews give more detailed treatment of FTIR theory
and instrumentation, as well as additional background references. 7+

Second Derivative Spectra

Because FTIR spectra are digitally encoded with one data point n
every Ak/(2m) = A W frequency units, where A is the nominal instrumen-
tal resolution selected (in cm~') and m is the number of times the interfer-
ogram is zero-filled prior to Fourier transformation, the second derivative
of the spectrum may be calculated by a modification of a straightforward
analytical method described by Butler and Hopkins.>® n particular, at
data point n the value of the second derivative A, in absorbance units/
wavenumber? is

An = (Aner = 24, + A, AWY (1)

where A, is the absorbance at data point n of the original spectrum. (Note
that this function gives the second derivative spectrum without any
smoothing.) Smoothing may then be done as needed. Prior to plotting and
frequency Bowmr_.o.:n:r we occasionally employ for this purpose a
seven- or a fiine-point Savitsky-Golay function .24 .

The intrinsic shape of a single infrared absorption line of an isolated

3 D. G. Cameron, J. K. Kauppinen, D. J. Moffatt, and H. H. Mantsch, Appl. Spectrosc. 36,
245 (1982).

M2 W. L. Butler and D. W. Hopkins, Photochem. Photobiol. 12, 439, 452 (1970).

# A, Savitsky and M. J. E. Golay. Anal. Chem. 36, 1627 (1964).
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molecule may be approximated by a Lorentzian function. ™ ™ 4 ¢

U
ma? + k'?)

1
om(l + Bk'?)

where A is the absorbance, 2o is the width at half height, &' (= k — ky) is
the frequency referred to the band center at ko, and B = 1/a. Substituting
Eq. (2b) into Eq. (1) gives the second derivative of this function: -2

A" = —2B(1 — 3Bk?)
" on(l + Bk

The peak frequency for the second derivative is identical with the fre-
quency of the original band center, ky. The half width of the second
derivative, 0", is rclated to the half width of the original linc**-27 by

o =¢g/2.7 )

and the peak intensity of the second derivative, _\;. to that of the original
intensity A, by

(2a)

\&”

(2b)

3)

Ag = —2A4/0; (5)

IEq. (5) is derived by dividing Eq. (3) by Eq. (2) and noting that k' - 0 at
the band center.] The peak height of the second derivative is thus propor-
tional to the original peak height and inversely proportional to the square
of the original half width. Thus weak, but sharp lines, such as arise from
water vapor, noise, or interference fringes are greatly accentuated rela-
tive to the much broader lines of the condensed phase sample. For real
spectra with overlapping bands which deviate from Lorentzian shape, the
refationships are more complex. Nonetheless, the above formulas do pro-
vide a reasonable approximation for interpreting second derivative
spectra.

The original method of Butler and Hopkins for analytically determin-
ing sccond derivative spectra? 2 wag 10 take the first derivative of the

»* W. F. Maddams and W. L. Mead, Spectrochim. Acta 38A, 437 (1982).

> W. F. Maddams and M. J. Southon, Spectrochim. Acta 38A, 459 (1982).

™ J. K. Kauppinen, D. J. Moffatt, H. H. Mantsch, and D. G. Cameron, Appl. Spectrosc.
38, 271 (1981). :

* J. K. Kauppinen, D. J. Moffatt, H. H. Mantsch, and D. G. C ameron. Anal. Chem. 83,
145 (1981).

7 1. K. Kauppinen, Spectrom. Tech. 3, 199 (1983).

™ H. H. Mantsch, H. L.. Casal. and R. N. Jones. Adv. Spectrose. 13, in press (1986).
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noise-free dagy. Indeed, 1o avoid the appearance of side-lobes' in the de-
convolved Spectrum, alternagive apodization functions to the .,qnn_.o::w
used boxcar function,

I, forx <
= * ®)

0, forx >

are commonly ysed. These functions reduce the size of the side lobes, by
at the cost of decreased resolution enhancement, Yang and Griffiths sug-
gest as a rule-of-thumb that, at best, the full width at half-height of bands
after deconvolution cannot be reduced to less than about 1.5 Ak). Wa-b
,.—,_.n necessity of truncating the interferogram after Fourier transfor-
mation at x = ¢, tends to introduce new, nonrandom noise with a periodic-
ity of about 1/, 2a-29n This periodic noise will appear across the whole
Spectrum, in contrast to the side-lobes mentioned above which are ob-
served only along either side of an over-deconvolved band. With care in
.:.n choice of deconvolution Parameters, such noise will have minimal

Intensity. Zczn:.n_nmw, because it js generally present to some degree in

tally. 12020021 1o e of using differential lechniques with very carcfully
matched cells, digitized FTIR Spectra of the solution and of the solvent
are cc::.:o.__ Separately, and the latter subtracted from the former. Nei-
ther subtraction nor differential procedures are g straightforward as they
first appear. Whenever 3 solute s present, changes occur in the fre-
quency, width, and height of the solvent band, even for weakly interact-

FOURIFR TRANSFORM INFRARI D SPICTROSC ory 01

TABLE |
CHARACTERISTIC AMIDE | AND Aming: || FrEQUENCIE
cm 'y For PROTEINS IN H.0 Sor.utioN as MEAsuRED gy
FTIR SPECTROSCOPY

Predominant
Protein conformation Amide | Amide 11
Hemoglobin a-Helix* 1656 1547
. - | 1656 :
cleas -Strands® S
Ribonuclease A B-Strands ~ 1646 1548
B-Lactoglobulin A B-Strands 1632 1551
a-Casein Unordered? 1655 1551

Kocnig and Tabh, ™

Levitt and Greer. "

Sawyer ¢1'al M

H. Susi, S. N. T imashefT, and 1. Stevens. J. Biol. Chem.
242, S460 (1967) and S. N. Timashefl. H. Susi. and ..
Stevens, J. Biol. ¢ hem. 242, $467 1967).

Frequencies 100 high for a typical 8-protein.

ing, low-polarity solvent systems. For water and other polar, hydrogen-
bonding solvents, such effects become much more pronounced. When
strong, broad bands of the solute and the solvent overlap, as in the case of
the protein amide | band and the bending mode of water, the residual
features of the solvent spectrum which remain after subtraction often
distort the solute bands so that accurate measurement of their frequency
and intensity is no longer possible. Because absorption by water js signifi-
cantly lower in the amide 11 region (1530-1560 cm™'), only minimal diffi-
culty is encountered with solvent subtraction for these protein bands.
Side-chain bands, associated with CH,, CH,, COO-, NH,, and SH
groups can also be easily observed in H,0 solution: the latter,™ though
very weak, falls within the relatively clear spectral region around 2560
cm-!

Koenig and Tabb?™ have tabulated a number of observed infrared
frequencies for selected p , i
these values. Although th

Mational correlations. Frequency shifts of the amide 11 bang accompany-
ing dissolution, as reported by these authors,™ re such that these bands
become much less useful as a conformational indicator in H,O solution
than they are in the solid state.** The amide | frequencies, on the other
hand, are uncertain because of the difficulties inherent in compensating

"1 0. Alben and G, H. Bare. 4. Biol. Chem. 288, 1892 (1980).
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TABLE 11
CHARACTERISTIC FREQUENCIES (cm ') AND
ASSIGNMENTS oF AMIDE | COMPONENTS* FOR 19
GLOBULAR ProTEINS

Mean frequency Assignment
1624 + g Extended chain

1631 + 3 Extended chain
1637 + 3 Extended chain
1645 + 4 Unoridered
1653 + 4 Helix

1663 + 4 Turns

1671 + 3 Turns

1675 + § Extended chain
1683 + 2 Turns

1689 + 2 Turns

1694 + 2 Turns

“ Byler and Sysijt+ : Byler et al.\s
* Maximum range of the observed frequency for
each amide I band component.

these results. The strong 1634 cm-' peak is evidently associated with the

ase A."a It is interesting to note that the 1623 c¢m-! peak is absent in
ribonuclease A by present in concanavalin A" which also has a very
high 8 content.® Perhaps this peak represents a variation of the B struc-

the second derivative Spectrum of denatured B-lactoglobulin A, which is
assumed to be in a “‘random form.>*1ab A sharp peaks associated with
helix, extended chain, and turns have disappeared. :

Other spectral features are not as easily interpreted but are not related
to the secondary structure. The weak peak around 1600 cm ! is too low
for an amide I’ component'?; jt is probably caused by aromatic side chain
groups.'* Othet side chain groups of histidine, tryptophan, and phenyl-
alanine, as well.as the asymmetric stretching mode of side chain COO
groups also-absorb in the 1550 to 1610 cm-! region.'a The very stable,
sharp 1515 cm™! band is associated with tyrosine residues. ¢ From ~1430
to 1480 cm-' we have overlapping bands Caused by (1) CH, and CH,

¥ L. Sawyer, M. Z. Papiz, A.C. T. North, and E. E. Eliopoulos, Biochem. Soc. Trans. _.u.

FOURIER TRANSFORM INERART: D SPECTROSCOPY
— — TOToRMINE —
bending modes of side chains, (2) the amide I’ mode, essentially ND
bending, and (3) bending modes of traces of HOD, a.M Between 1360-
1380 cm~! the Symmetric CH, bending vibrations of side chains are ex- .
pected.* More detailed assignments must wait a thorough study of more
proteins. It is evident, nevertheless, that second derivative spectra fur-

nish new information about the side chains as well as the secondary
structure of proteins.

Application of m.o:..mg mo_...Uaooaco_:,:e: and Curve Fitting

Figure 5 shows the self deconvolved FTIR spectra of ribonuclease A
and a-chymotrypsin in the amide 1’ region, as obtained in D,0 solution,
along with the original spectra. The deconvolved Spectra are resolved into
Gaussian components by means of a computer program which uses

method, '4.26e-28 peqyjires two constants as computer input: the estimated
half-width a¢ half-height of the unresolved bands, o, and the resolution
“efficiency™ factor, K, which reflects the narrowing of the unresolved
bands, i.e., the “effective increase in resolution.**?? The choice of these
constants is of utmost importance for obtaining meaningful
results. 14b-£.26a-29% Tp constant o should, ideally, be as close to the true
half-width of the unresolved components as possible. When unresolved
components with different half-widths must be deconvolved simulta-
neously, a compromise becomes necessary. This is frequently the case for
protein spectra. A choice of @ = 6.5 has been found to be satisfactory, 4/
although lower values might be necessary for quantitative work. A maxi-

strongly emphasized that an improper selection of o and/or K can lead to
serious errors and artifacts. Deconvolution increases with increasing o,
but too large a value of o leads to :cﬁz.ano:é_::c:.: resulting in side-
lobes and distorted Spectra. Too high a K value, in turn, leads to exces-
Sive nonrandom noise with a period of about 1/L. 2.7 This, in turn, can
distort the shape of weak bands and also introduce spurious peaks. Self-
deconvolution, like second derivaiive awoo.qomnc—.? cnhances noise, in-
terference fringes, impurity bands, and water vapor bands, as well as the
true bands of the sample. A high S/N ratio, high nominal instrument
resolution, and well purged instruments are therefore essential for good
results.

“L.). Bellamy, **The Infra-red Spectra of Complex Molccules,™ vo. 1.3d Ed.. pp. 6. 8.
21-27, 198-200. Chapman & Hall, London, 1975,
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tein belongs to a turn rather than the end of a helix or B-strand continues
to elude precise definition.

As seen in Table 111, the agreement between the FTIR results and
values derived from X-ray crystallography is quite good. In Table 1|
FTIR results from solution data'*-¢ jre compared with values from solid
state X-ray studies.” A¢ present, this is unavoidable because no uniform,
comprehensive set of secondary structure data for proteins in aqueous
solution has appeared in the literature.

One cannot emphasize too strongly that values for “percentage helix’*
or :un..noiwmo extended structure’’ are always somewhat subjective

This choice depends not only on the manner in which an ideal helix or
sheet has been defined by the various investigators 483! but also on just

Solvent Denaturation Studies

FTIR spectra, resolution enhanced by second derivative techniques
and. Fourier self-deconvolution, permit quite detailed conformational
studies related to solvent denaturation, .35 Figure 6 shows the decon-
volved spectrum, the original FTIR spectrum, and the second derivative
spectrum of native bovine o_.<=_c:§£=cwn=. A in D,O solution, and the
corresponding spectra as obtained in 60% (v/v) O-deuterated methanol
(MeOD) in D,0. The spectrum of the native protein (Fig. 7A), which
contains about 45% B structure and 11% a-helix* is somewhat similar to
the a—uﬁa:_ﬁ_&mn spectrum shown in Fig. 5. B8 structure bands are ob-
served at 1636 (strong) and 1674 (weak) cm ', The 1647 cm ! band is
probably associated with unordered sections and the remaining bands
with turns (Table I1). -t The denatured protein exhibits bands at 1617
cm ! (strong) and 1686 cm ! (weak). Quite similar results are obtained in
isopropanol-d solution. " The bands at 1617 and 1686 cm ! correspond to

FOURIER TRANSFORM INFRARED SPEHCTROSC OPY

1686
1617

ABSORBANCE

=
=

ABSORBANCE
WAVENUMBERS 2

1800 1750 1700 1650 1600 1550 1800 1750 1700 1650 1600 1550

BERS
WAVENUMBERS WAVENUM ,
Fi1G. 6. FTIR spectra of chymotrypsinogen A in various solvents: (1) deconvolved spec-
trum :..mnraoé...ac: constants: o = 6.5cm ', K = 2.4); (I1) original spectrum; (111) second

derivative spectrum. (A) native protein in D,0, 4.7% w/v, ._.W 7; (B) in 60% v/v MeOD
solution in D,0, 0.47% w/v vz.zo.m: at pD 3 (Purcell and Susi'*®),

no conformation previously observed in the infrared spectra of globular
proteins. They are, nevertheless, close to usually observed B structure
bands and probably indicate the presence of extended strands of some
kind. The ill-defined absorption between the two m_zm.ﬁ bands Qw.__a WM
associated with unordered hydrated segments and/or irregular _..o_.nam. |

The usefulness of FTIR spectroscopy as a tool for denaturation w:.:_-
ies is further illustrated in Fig. 7, which shows the spectra of the native
form and three different denatured forms of ._...w a:.zo_: h-_wn.om_c?._.: >
Figure 7A, the spectrum of the fintive _.-.s-n...w_. is .Su..nw_ for a protein
with a high 8 structure content; the assignment was Q..wncmuaa wcc.f.n in
conjunction with the second derivative spectrum shown in m.”.n. 4B. Figure
7B shows the spectrum of alkaline-denatured u._wo.on_ocz__u A at pD ._u.
A single strong, broad band is observed around 1640 cm !, suggesting
hydrated unordered chains. "' Figure 7C shows the spectrum o_v.w.m__a._ in
acidic MeOD solution. Here one observes a strong band at 1647 cm ! and
two weaker ones at 1618 and 1687 cm"'. The latter suggest an wx.o.ana
chain conformation similar 1o the one observed for chymotrypsinogen A
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