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ABSTRACT: We have directly determined the amide band resonance Raman spectra of the “average” pure
o-helix, S-sheet, and unordered secondary structures by exciting within the amide 7—x* transitions at
206.5 nm. The Raman spectra are dominated by the amide bands of the peptide backbone. We have
empirically determined the average pure a-helix, 8-sheet, and unordered resonance Raman spectra from
the amide resonance Raman spectra of 13 proteins with well-known X-ray crystal structures. We
demonstrate that we can simultaneously utilize the amide |, 11, and 111 bands and the C,—H amide bending
vibrations of these average secondary structure spectra to directly determine protein secondary structure.
The UV Raman method appears to be complementary, and in some cases superior, to the existing methods,
such as CD, VCD, and absorption spectroscopy. In addition, the spectra are immune to the light-scattering
artifacts that plague CD, VCD, and IR absorption measurements. Thus, it will be possible to examine

proteins in micelles and other scattering media.

Any fundamental understanding of protein and peptide
structure, dynamics, and function requires methods to
measure protein secondary structure. X-ray crystallography
and two-dimensional nuclear magnetic resonance (2-D NMR)
(1—4) arethe most incisive protein structural probes because
they can provide highly accurate three-dimensiona structures.
However, X-ray diffraction gives a static picture, and NMR
gives only a limited amount of dynamical information (2,
4). In addition, these techniques are labor intensive and
require protein samples that differ from the normally desired
dilute aqueous solution phase.

We report here a new methodology to determine dilute
solution protein and peptide secondary structures, using UV
resonance Raman spectroscopy (UVRRS) excited with a
206.5-nm CW laser directly into the amide 7—x* transitions
of the peptide bonds (5—11). The resulting spectra are
dominated by the amide vibrations, whose frequencies,
Raman cross sections, and bandwidths depend sensitively
on secondary structure. We have, for the first time, used
chemometricsto directly and empiricaly determine the amide
band resonance Raman spectra of the “average” o-hdlix,
[-sheset, and unordered secondary structures (pure secondary
structure Raman spectra, PSSRS) for a series of 13 proteins.
We simultaneoudly utilize the amidel, II, and I11 bands and
the C,—H amide bending vibrations of these PSSRS to
directly determine protein secondary structures.

This new methodology is complementary to secondary
structural methods, such as CD, VCD, and IR absorption
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spectroscopy (12—18). We show here that the ability of this
UV Raman methodology to predict secondary structure is,
in some cases, superior to that of CD and that the approach
has significant advantages compared to CD, VCD, and IR.
For example, the Raman spectra are immune from the light-
scattering artifacts that plague conventional absorption
measurements (17). Therefore, UVRRS can be used to
examine proteins in micelles and membranes (19).

We show in the accompanying paper that this UV Raman
methodology can be used to study protein folding and
denaturation. In this study of the acid denaturation of
myoglobin, we combine the UV Raman spectra, exciting in
the peptide backbone region, with spectra that result from
excitation directly in the aromatic amino acid absorption
bands. The amide bands characterize changes in secondary
structure in the protein, such as a-helix melting, while
changes in the aromatic amino acid bands suggest which
helices undergo the conformational changes (20).

EXPERIMENTAL SECTION

Materials and Sample Preparation. Jack bean concanaver
lin A (Con A), bovine pancreas trypsin (trypsin), bovine
serum albumin (BSA), bovine pancreas ribonuclease A
(RNase A), horse heart cytochrome ¢ (cyt ¢), human
hemoglobin (Hb), horse skeletal muscle myoglobin (Mb),
bovine pancreas a-chymomyosin (Chy), porcine pancreas
elastase (Elas), chicken egg white lysozyme (Lyso), human
erythrocyte carbonic anhydrase (Carb), porcine muscle
triosephosphate isomerase (Trio), bovine pancreas insulin
(Ins), tyrosine (Tyr), phenylaanine (Phe), tryptophan (Trp),
histidine (His), arginine (Arg), cysteine (Cys), proline (Pro),
methionine (Met), cystine, and the bromide salt of poly(L-
lysine) (PLL, MW = 22 000) and the sodium salt of poly-
(L-glutamic acid) (PGA, MW = 26 500) were purchased
from Sigma Chemical Co. (St. Louis, MO). Sodium per-
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chlorate was purchased from Aldrich Chemical Co. (Mil-
waukee, WI). Potassium phosphates (monobasic and dibasic)
were purchased from EM Science (Gibbstown, NJ). All
compounds were used without further purification.

The proteins were dissolved in 0.010 M aqueous pH 7.0
phosphate buffer. All protein and polypeptide concentrations
were 0.50 mg/mL, except for Con A, which was 0.25 mg/
mL. Each sample contained 0.15 M sodium perchlorate as
an internal intensity standard (21).

The -sheet form of PGA was prepared by heating the
PGA solution at pH 4.3 to 95 °C for 5 days. The a-helical
and unordered forms of PGA were prepared by maintaining
the PGA solution at 25 °C at pH 4.3 and 10.0, respectively.
The 3-sheet form of PLL as prepared by heating the solution
to 52 °C at pH 11.3 for 3 h. The a-helical and unordered
forms of PLL were obtained by maintaining the PLL solution
at 25 °C at pH 11.0 and 4.0, respectively (22, 23). The
“unordered” forms of PLL and PGA may possess some
residual local chain order (24).

Raman Spectral Measurements. The Raman instrumenta-
tion is described in detail elsewhere (25). UV excitation at
206.5 nm (2.5 mW) was obtained from a Coherent Inc. CW
intracavity frequency-doubled krypton ion laser (5). The
laser beam was focused into a 1-mm-i.d. fused quartz
capillary, through which a 20-mL sample solution was
recirculated by using a peristaltic pump. The sampling optics
used a 135° backscattering geometry. Thetotal accumulation
time was ca. 20 min.

The ca. 1640-cm~! H,O bending band was subtracted from
the protein Raman spectra by using the measured relative
intensity of the water to perchlorate bands. The protein
Raman spectral baselines were defined to be linear and to
span the intensities at 1100 and 1800 cm™t. The protein
Raman intensities were normalized to the 932-cm™* per-
chlorate band intensity.

Soectral Modeling. To agood approximation, the protein
amide band resonance Raman spectra can be modeled as
resulting from the sum of the individual amide resonance
Raman spectral bands contributed by each of the individual
amide bonds within the different protein secondary structures.
As shown below, this approximation works well for the
spectral modeling. This approximation could become prob-
lematic in cases where the protein amide Raman bands result
from the sum of contributions of Raman bands of both
vibrations of individual amide bonds and from the coupled
(delocalized) vibrations of a number of adjacent peptide
bonds. This would require a more complex model. How-
ever, this case is likely to be rare and is unlikely to occur
for any but the amide | vibrations, where coupling of adjacent
carbonyl stretching is maximized by dipolar interactions
between carbony! stretches.

We modeled the observed 206.5-nm excited protein
Raman spectra as a linear combination of the individual
spectra of the different secondary structures, weighted by
their relative compositions. The Raman bands enhanced in
these spectra, excited in resonance with the amide 7—x*
transitions, mainly derive from the protein backbone amide
vibrations. However, spectral contributions are also observed
from the aromatic amino acids ring vibrations (~1610 cm™?)
(9, 10, 26—28) and from the side-chain groups (~1450 cm™)
(29). While we have numerically removed their contribu-
tions to the spectra, we do not have sufficient experience in
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modeling these spectral regions to be sure that any residual
contributions will not confound our amide spectral modeling.
Thus, we do not include the spectral region around 1610
and 1450 cm™1.

We model the observed protein Raman spectra, in which
aromatic side-chain contributions have been removed, as a
linear combination of PSSRS, weighted by the secondary
structure abundancies:

[D] = [RI[C] 1)

where the (r x p) datamatrix, [D], of ther Raman intensities,
at the r Raman frequencies, for the p proteins, is determined
by the product of the (r x c) matrix, [R], of r normalized
Raman spectral intensities at the r frequencies for the
different ¢ secondary structure conformations, with the (c
x p) protein conformational matrix, [C], containing the
fractional composition of the different secondary structural
forms, c, for the different proteins, p.

Although we expected the protein spectrato be dominated
by the a-helix, 5-sheet, and unordered conformations, we
used factor analysis (FA) (30, 31) to independently determine
the minimum eigenvectors and eigenvalues which could fit
the protein spectra within the spectral signal-to-noise ratios.
We found that the data could be accurately modeled with
only three eigenvectors, with the remaining calculated
eigenvectors at the level of the spectral noise.

Asindicated in detail in appendices| and I, we calculated
the PSSRS using a least-squares deviation minimization
method from the measured data matrix [D] and the matrix
[C]! derived from the known protein secondary structure
composition matrix [C]. We can then utilize these PSSRS
to calculate the secondary structure of unknown proteins.

RESULTS AND DISCUSSION

Protein Spectra. Figure 1 shows the 206.5-nm excited
Raman spectra of Con A, trypsin, RNase A, cyt ¢, BSA,
Hb, Mb, Chy, Elas, Lyso, Carb, Trio, and Ins. The amide |
band occurs at ~1655 cm™2, while aromatic amino acid ring
breathing bands occur in the ~1610-cm™* region. The amide
Il band frequency is fairly constant and occurs at ~1555
cm™t. The amide C,—H symmetric bending band, which
shows a variable intensity for different protein secondary
structures, occurs at ~1390 cm™. The amide |11 band, which
shows a strong frequency and width dependence on second-
ary structure, occurs in the ~1200—1300-cm™?* spectral
region. Theremaining band at ~1450 cm™?, which appears
in the protein spectra with variable intensity, is neither an
amide band nor an aromatic amino acid band. 1ts assignment
is, a present, uncertain.

The amide | band consists of amide carbonyl C=0O
stretching, with smaller contributions of C—N stretching and
N—H bending. The amide Il and Il bands involve signifi-
cant C—N stretching, N—H bending, and C—C stretching.
The C,—H bending band involves C,—H symmetric bending,
with a variable amount of C—C,, stretching (22, 32—37).

The Raman spectra demonstrate that the amide 111 bands
of proteins with low a-helical content occur at the lowest
frequencies, e.g., 1250 cm~* for Con A (2% a-helix), while
the amide 111 bands of proteins with high o-helical content
occur at the highest frequencies, e.g., 1300 cm™! for Mb
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Ficure 1: UV Raman spectra of aqueous proteins at 206.5-nm
excitation. (a) Concanavalin A (Con), (b) trypsin, (c) ribonuclease
A (RNase), (d) cytochrome c (cyt c¢), (€) abumin (BSA), (f)
hemoglobin (Hb), (g) myoglobin (Mb), (h) chymomyosin (Chy),
(i) elastase (Elas), (j) lysozyme (Lyso), (k) carbonic anhydrase
(Carby), (1) triosephosphate isomerase (Trio), (m) insulin (Ins). The
proteins (0.50 mg/mL) were dissolved in 0.10 M agueous pH 7.0
phosphate buffer solutions containing NaClO, (0.15 M), except for
Con, which was 0.25 mg/mL. The 932-cm~! band derives from
the ClO4~ stretching band. The spectral resolution is 20 cm™2.

(85% o-helix). Both the frequency and bandwidth of the
amide l11 band increase with a-helical content. The intensity
of the 1390-cm~! amide C,—H bending band decreases as
the protein a-helical content increases. The band at 932
cm~* results from the internal standard, perchlorate.

Amino Acid Sde-Chain Raman Sectra. We quantitatively
determined the magnitude of the spectral contributions of
amino side chains to the 206.5-nm excited Raman spectra
by measuring the Raman spectra of amino acids in water.
These aqueous amino acid Raman cross sections will not
differ dramatically from those of the side chains within
hydrophobic or unique hydrogen-bonding protein environ-
ments.

The average band intensities observed for each amino acid
band within a protein will be the product of the occurrence
frequency of the amino acid and the Raman cross section of
the band. Some side-chain Raman bands will show signifi-
cant environmental frequency dependencies. Thus, the
observed Raman band from a protein containing a number
of these residues will derive from the sum of these frequency-
shifted overlapping bands. This information can be used to
examine side-chain conformation and environment. As
shown below, however, only a few side chains, such as the
Phe, Tyr, and Trp rings, show significant contributions to
the 206.5-nm Raman spectra.

Figure 2 shows the 206.5-nm excited Raman spectra of
aqueous solutions of Phe, Tyr, Trp, His (pH = 7.0 and 2.0),
Arg, Pro, cysteine, Met, and cystine, while Table 1 lists their
differential Raman cross sections. Phe, Tyr, and Trp all give
rise to intense Raman bands in the 1610-cm™* spectral region,
with cross sections of 0.42, 0.63 and 0.76 barn molecule™*
sr1, respectively. The other Raman bands are generally
smaller, except for Trp, which shows 1550—1590-cm!
Raman bands with cross sections of ~0.50 barn molecule™*
st
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FIGURE 2: 206.5-nm excited Raman spectra of phenylalanine (0.36
mM), tyrosine (0.38 mM), tryptophan (0.45 mM), histidine (2.41
mM, pH = 7.0), histidine (2.41 mM, pH = 2.0), arginine (14.1
mM), proline (48.2 mM), cysteine (36.0 mM), methionine (19.9
mM), and cystine (19.9 mM) in agueous solution containing 0.15
M NaClO,. The peaks indicated by asterisks are from the ClO,~
932-cm™* band.

Table 1 displays the average relative Raman intensities
(RI = foloa) expected in 206.5-nm protein Raman spectra
of the most intense amino acid side chains. We quantitated
the relative contribution of each of these bands to the 206.5-
nm Raman spectrum by normalizing its cross section to that
of the amide Il band, which, as shown in Figure 1, shows
the least spectral variation between proteins. f, the average
occurrence frequency for each amino acid side chain in
proteins of known sequence (38), is aso tabulated in Table
1. o represents the differential Raman cross sections of the
amino acid side-chain bands in aqueous solution, and oy, is
the average Raman cross section of the amide Il band
averaged over the o-hdlix, 5-sheet, and unordered conforma:
tions, as calculated from their PSSRS (0, = 50 mbarn
molecule™® sr! per amide linkage at 206.5 nm).

The average amino acid occurrence frequency is 5.0%,
while the aromatic amino acids have lower actual occurrence
frequencies of between 1.3% and 3.9%. It is presently
straightforward to detect the presence of side-chain Raman
bandswith RI exceeding 2% (i.e., for aband with an intensity
of 2% of that of the amide Il band), given our 206.5-nm
Raman spectral signal-to-noise ratios for 15-min spectral
accumulations. Thus, Tyr, Trp, and Phe will show significant
spectra contributions; the RI values of their ~1610-cm™!
ring breathing bands are ~30%. However, these Tyr and
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Table 1: 206.5-nm Amino Acid Differential Raman Cross Sections
and Their Predicted RI

Raman band (cm™2) o® (mbarn molecule™ sr%) RI® (%)
phenylalanine (3.99)
1183 79 6.2
1586 210 16
1606 420 33
tyrosine (3.29)
1178 170 11
1209 100 6.4
1601 400 26
1617 630 40
tryptophan (1.3?)
1013 320 84
1238 180 4.6
1348 270 7.1
1556 530 14
1584 440 11
1601 170 45
1620 760 20
histidine (2.2%), pH = 7.0
1162 19 0.9
1327 17 0.7
1452 18 0.9
1575 33 15
histidine (2.2%), pH = 2.0
1194 48 21
1265 21 0.9
1486 51 22
1633 10 0.5
arginine (5.7%9)
1091 9 10
1176 12 14
1454 13 15
1633 16 19
1669 11 12
proline (5.1%)
1335 0.3 0.03
1410 13 0.14
cysteine (1.7%)
1402 24 0.09
1431 0.95 0.03
methionine (2.4%)
1410 2.4 0.12
cystine (<0.85%)
<04 <0.01

aThe numbers in parentheses are frequency of occurrence of amino
acid residuein primary structures of 1021 unrelated proteins of known
sequence (38). P ¢ is the differential Raman cross sections of these
amino acids in aqueous solution. ¢RI is relative intensity: RI = fo/
Oa, Where oy, is the average Raman cross section of the amide Il band
in these PSSRS spectrum.

Trp bands are best studied with 229-nm excitation, where
they show significantly increased cross sections, compared
to those of other chromophores in proteins.

Of al of the other amino acid side chains, only protonated
His has an RI above 2% for 206.5-nm excitation. Protonated
His (pH = 2.0) shows two dominating bands at 1194 and
1486 cm™!, with Raman cross sections of ~50 mbarn
molecule™ sr=1. If al the His residues in a protein were
protonated, these bands would have Rl values dightly above
2%. In contrast, neutral His shows bands at 1575, 1162,
1327, and 1452 cm™* with Rl < 2%. His residues should
show larger cross sections with excitation at sightly longer
wavelength.
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Ficure 3: Calculated pure secondary structure Raman spectra
(PSSRS) obtained from aqueous solution 206.5-nm protein Raman
spectra. The regions around 1610 and 1450 cm~? are excluded due
to interference from aromatic amino acid ring vibrations and side-
chain vibrations.

Table 2: Frequencies and Raman Cross Sections of Amide Bands
in Pure Secondary Structure Raman Component Spectra (PSSRS),
Excited at 206.5 nm

unordered o-helix [-sheet
frec? o width? freg? ¢ widtht freq? o® width?

amidel 1665 56 60 1647 32 53 1654 48 66
amidell 1560 71 91 1545 22 64 1551 57 66
amidelll 1267 65 93 1299 24 87 1235 53 62
C,—H® 1386 57 66 1386 23 86

aUnits, cm~L. ® Units, mbarn molecule™* sr~2. ¢ Bending band.

Table 1 shows that Arg, Pro, Cys, Met, and cystine have
Raman band cross sections below 16 mbarn molecule™® s,
with resulting RI < 2%; thus, they will negligibly contribute
to the average 206.5-nm protein Raman spectrum.

Quantitative Determination of the Protein Secondary
Sructure. As discussed in the Experimental Section, we
caculated the PSSRS of the a-helix, 5-sheet, and unordered
conformations from the measured protein UV Raman spectra
(Figure 1) and their known protein secondary structures.
Figure 3 shows the calculated PSSRS spectra, while Table
2 lists their calculated frequencies, differential Raman cross
sections, and bandwidths. As discussed above, the underly-
ing assumption (tested by factor analysis) is that these three
secondary structures dominate the 206.5-nm excited amide
UV Raman spectra. The PSSRS spectra are thus the
caculated “average” Raman spectra of each secondary
structure averaged over the 13 proteins studied, and we may
expect some variation from that observed for a specific
peptide in a particular secondary structure.

PGA and PLL Spectra. We can compare the PSSRS

spectra to spectra of PLL and PGA samples which were
treated to force them to predominantly assume the unordered,
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Ficure 4: UV Raman spectra of 1.9 uM poly(L-glutamic acid)
(PGA) and 2.3 uM poly(L-lysine) (PLL) in water at 206.5-nm
excitation, containing NaClO, (0.15 M) as an internal standard.
The 932-cm~? band derives from CIO,~ stretching. PGA unordered
form: pH = 10.0, 25 °C. a-Helix form: pH = 4.3, 25 °C. 3-Sheet
form: pH = 4.3. PLL unordered form: pH = 4.0, 25 °C. a-Helix
form: pH = 11.0, 25 °C. $-Sheet form: pH =11.3. See text for
details.

Table 3: Freguencies and Raman Cross Section of Amide Bands in
Pure Secondary Structural Raman Spectra (PSSRS), Excited at
206.5 nm

unordered a-helix f-sheet
frec® o width? frec? o width? freq? o width?
amidel 1665 56 60 1647 32 53 1654 48 66
amidell 1560 71 91 1545 22 64 1551 57 66
amidelll 1267 65 93 1299 24 87 1235 53 62
C,—H® 1386 57 66 1386 23 86

aUnits, cm~2.  Units, mbarn molecule™* sr=2. ¢ Bending band.

o-helix, and 5-sheet forms, shown in Figure 4. As observed
for the protein spectra, these polypeptide Raman spectraare
dominated by the intense amide | (1650 cm™1), amide Il
(1554 cm™1), and amide 111 (between 1250 and 1290 cm™1)
bands and the C,—H bending band (1398 cm™1). Table 3
lists the band frequencies, bandwidths, and Raman cross
sections of the PGA and PLL amide bands.

The calculated unordered PSSRS spectrum is essentially
identical to the unordered PGA and PLL spectra; the largest
intensity occurs for the amide Il band, with similar smaller
intensities for the amide | (1665 cm™2) and 111 (1265 cm™?)
bands and the 1394-cm™! C,—H bending bands. The
unordered PSSRS amide 111 and the C,—H bending bands
are broader than those that in PGA and PLL, presumably
because of the distribution of geometries which exist in this
ill-defined secondary structure conformation. The amide |
band seems to be less sensitive to this distribution, since it
is somewhat narrower than those of PLL and PGA. The
Cy—H bending band occurs ~8 cm~* lower in frequency in
the PSSRS compared to that in PGA and PLL. The
frequency alterations presumably result from the side-chain
dependence of the Raman frequencies.

The o-helix PSSRS spectrum is similar to the PGA and
PLL a-helix Raman spectra. These spectra are dominated
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by the amide | band (1655 cm™1), while the amide Il bands
(1554 cm™1) are relatively weak. No bands appear in the
ca. 1400-cm~! C,—H bending band region. The amide Il
band at ~1290 cm™! is very broad and appears to be
composed of overlapping subbands (39, 40). The amidelll
band of the a-helical PSSRS occurs at a frequency similar
to that of PGA, which is, however, ca. 15 cm™! lower in
frequency than that of PLL. The PSSRS amide | and Il
bands appear to be downshifted by ~10 cm™* compared to
those of PGA and PLL.

The -sheet PSSRS spectrum is similar to that of 3-sheet
PLL, with similar relative intensities for the amide | (1667
cm™1), 11 (1560 cm™Y), and 11 (1250 cm™2) bands and the
Cy—H bending band (1400 cm™1). However, the amide |
and C,—H bending PSSRS bands are broader than those of
PLL. This presumably results from the smaller distribution
of 3-sheet geometries in the PLL oligopeptide.

In contrast, the 3-sheet PGA Raman spectrum appears to
be dramatically different from that of either PLL or the
PSSRS. These spectral differences probably result from
incomplete conversion of the PGA into the 3-sheet confor-
mation (vide infra).

Krimm and Bandekar's normal-mode calculations (37)
suggest that the conformational dependence of the amide
band frequencies results from the dependence of the amide
bond force constants on the polypeptide geometry and the
differences in hydrogen bonding of the different secondary
structure forms.  These force constant alterations change the
normal-mode compositions, which results in amide band
frequency changes. For example, the a-helix geometry
difference and its weaker hydrogen bonding, compared to
that in the S-sheet structure, shifts the calculated a-helix
amide | frequency from 1655 to 1674 cm™ for the 3-sheet
(37, 39, 40).

Figure 3 and Table 2 indicate a significant amide band
Raman cross section conformational dependence. For ex-
ample, the a-helix amide Il and Il band Raman cross
sections are the lowest among these three secondary struc-
tures due to the decreased oscillator strength of the ~190-
nm amide 7—* transition in the o-helix structure, since
the resonance Raman cross section is proportional to the
square of the oscillator strength of the resonant transition.

We can utilize the PSSRS to calculate the secondary
structural composition of the PGA and PLL samples. This
calculation determines the best fit of the linear sum of PSSRS
spectra, and the composition is given by the relative
contribution of each of the PSSRS spectra to the calculated
spectrum. Figure 5 compares the calculated and measured
PGA and PLL Raman spectra and shows the residuals
between them. The figures also lists the calculated percent-
age compositions.

The PGA and PLL unordered samples are calculated to
be 90% and 78% unordered, respectively, with the remainder
[-sheet form. The residual features in the amide Il and 111
and C,—H bending regions most likely derive from a shift
in the center frequency of these bands between the PSSRS
and the PGA and PLL oligopeptide spectra. This probably
signals the fact that the oligopeptide band unordered second-
ary structure differs somewhat from that of the average
protein unordered conformation.

For the a-helix forms of PGA and PLL, we calcul ate 88%
and 72% a-helix conformations, respectively. We observe
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FiGure 5: Measured PGA and PLL Raman spectra and residuals

calculated from the best fit using the PSSRS. The calculated percent

relative abundances of the dominant secondary structural forms are
listed.

broad troughs in the residuals on the low-frequency side of
the amide 111 band as well as a broad peak for the amide |
band. These residuals probably reflect differencesin struc-
ture between an “average protein” a-helix structure and that
which occurs in these oligopeptides.

The best fits for the PGA and PLL S-sheet samples give
nonphysical negative abundance values. If the composition
valueis constrained to be positive, we calculate 4% and 59%
[-sheet structures, respectively. For PGA, we were aready
suspicious that 3-sheet structure did not dominate.

Calculation of Protein Secondary Sructures. We utilized
the PSSRS to calculate the fractional secondary structure
abundances of the proteins studied and also examined the
precision of fitting of the resonance Raman spectra. We
subtracted bands from Trp, Tyr, and Phe from the observed
Raman spectra on the basis of the known composition. We
also subtracted the Raman spectrum of water on the basis
of the relative intensities of the water band compared to that
of the internal standard perchlorate intensity. Due to lack
of confidence in reliable subtraction of the aromatic amino
acid bands at ~1610 cm™1, we neglected the spectral region
around 1610 cm~L. In addition, we neglected the spectral
region around the 1450-cm~* band. We used |east-squares
criteriato determine the best secondary structure composition
for each protein. Figure 6 shows the measured protein
spectraused for spectral moddling and the residuals that result
from subtracting the calculated from the measured spectra

Except for cyt ¢, the residuals are everywhere less than
10% of the measured Raman band intensities. In addition,
no recognizable peaks or troughs are evident in the residuals.
Table 4 compares this calculated protein secondary structure
composition to that determined by X-ray crystallography.
The difference in fractional abundances between X-ray
crystallography and UV Raman resultsislisted as Ag-x. The
correlation coefficient (r) is also listed in Table 4. The
correlation coefficients are r = 0.96 for a-helix, r = 0.92
for 5-sheet, r = 0.90 for unordered, and r = 0.93 overal.
Thus, the fractional abundances calculated from the PSSRS
UV Raman spectra are close to those determined by X-ray
crystallography (15, 41—44).
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FIGURE 6: 206.5-nm excited measured protein Raman spectra in
pH 7.0 water used for modeling and their residuals.
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The model we are using is very robust for determining
secondary structure composition. For example, Figure 7
shows the impact on the calculated residuas if Mb composi-
tion were varied by changing the relative a-helix and 5-sheet
compositions compared to that calculated for the native
protein. As the o-helix composition decreases by 15% and
the B-sheet composition increases by 15%, y? over the
spectral region 1100—1800 cm™? increases by 2-fold. The
initial y? measures the deviation of the PSSRS fit from the
measured spectrum and includes alack of complete modeling
(such as specific f-turn spectra, for example) and the
contribution of random spectral noise. The increased y?
derives directly from alack of fitting and the appearance of
well-defined features, such as the troughs around 1240, 1400,
and 1560 cm~? and the peaks around 1310 cm™1. The amide
| band region shows the least change in residuals because
of the similarity of amide | band spectra for the o-helix and
[-sheet forms.

The fact that the fits are excellent for al of the proteins
in Figure 6, and that the residuals are small and do not show
distinct features, indicates that our model encompasses the
major secondary structural elements of these proteins and
that 206.5-nm excitation selectively enhances only amide
bands, except in the spectral regions which were numericaly
excised.

The largest residuals occur (Figure 6) for the small,
“topologically challenged” protein, cyt ¢ (45), which has no
[-sheet structure but has numerous distorted conformations
such as S-turns. Cyt ¢ shows the largest deviations in the
calculated secondary structure abundancies (Table 4). The
two small residual peaks at 1240 and 1300 cm™! probably
derive from f-turn structures, for which we have not yet
determined the PSSRS; 3-turn amide Il bands are known
to occur at 1240 cm~? and/or at higher frequencies of 1265—
1290 cm™! (46—48). Theinability to incorporate cyt ¢ -turn
structures would cause the calculation to incorrectly assign
p-sheet and unordered conformations. We will experimen-
tally characterize the 5-turn Raman spectra soon.
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Table 4: Fractional Abundances of Protein Secondary Structure Determined by X-ray Crystallography and UV Raman Spectra
o-helix (%) p-sheet (%) unordered (%)
X Re Ar-x° Xa R Ar-x° xa R Ar—x©
concanavalin 2 13 +11 65 63 -2 33 24 -9
trypsin 8 4 -4 32 44 +12 60 52 -8
RNase A 23 20 -3 40 45 +5 37 35 -2
cytochrome 39 51 +12 0 13 +13 61 36 -25
BSA 68 7 +9 18 7 —-11 14 16 -2
hemoglobin 67 75 +8 0 6 +6 33 19 -14
myoglobin 79 81 +2 0 1 +1 21 18 -3
chymotrypsin 6 6 0 33 38 +5 61 57 -4
elastase 5 10 +5 34 27 -7 61 62 +1
lysozyme 29 36 +7 8 2 -6 63 62 -1
carbonic anhy 7 3 —4 27 28 +1 66 69 +3
triosephosphate 43 26 -17 17 18 +1 40 55 +15
insulin 51 45 —6 24 16 -8 25 39 +14
PGA a-helix 88 2 10
PGA [-sheet 4 4 92
PGA random 0 10 90
PLL a-helix 72 9 20
PLL S3-sheet 0 59 41
PLL random 0 22 78
rd 0.96 0.92 0.90 0.93 (overal)
o® 0.084 0.075 0.082 0.082 (overall)

2 Fractional abundances of protein secondary structure determined by X-ray crystallography. ® Fractional abundances of protein secondary structure
determined by UV Raman spectra. ¢ Difference of fraction abundances between UV Raman spectra and X-ray results. ¢ Correlation coefficient
between the two fraction abundances determined by UV Raman and X-ray results. © Standard deviation between the two fraction abundances determined

by UV Raman and X-ray results.

$2
0.37

a% B% Aa% AB%
75 2 0 0
70 7 5 +5 045
410 +10 073
A5 +15 119

.10 1

Raman Intensity
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Ficure 7: Calculated myoglobin residuals at different calculated

relative abundances of o-helix and -sheet structures. See text for
details.

1100 1200 1300

Comparison of IR, CD, and UV Raman Secondary
Sructure Determinations. The UV Raman secondary struc-
ture determination methodology described here is comple-
mentary to CD, VCD, and IR absorption spectroscopy (12—
18). The information content should be similar to that of
CD since the total number of spectral features is ap-
proximately the same. The spectral signal-to-noise appears
comparable. However, the mechanisms of the two spec-
troscopies differ dramatically, and the sensitivity of each
technique to different secondary structure motifs will differ.

For example, CD measures the chirality associated with
the coupling of the electronic transitions of the amide
backbone. The largest spectral signature derives from
o-helix conformations, with smaller contributions from the
unordered and 3-sheet conformations (12—17). The a-helix
CD spectrum derives from the coupling of the transition
moments of adjacent amide linkages and is helical length
dependent. Thus, we monitor a collective phenomenon
which is not directly additive over the number of amide
bonds involved in the a-helix. The CD spectrum of a short
o-helical segment is different from that of a long helix. In
contrast, the resonance Raman spectrum involves more local

phenomena, where the band frequencies result from localized
vibrations which couple to the local electronic transitions
within amide segments. The contribution of unordered and
p-sheet conformations to the 206.5-nm UV Raman spectra
are similar within afactor of about 3; the a-helix contribution
is smallest due to the hypochromism of the electronic
absorption band.

It should be appreciated, however, that Raman spectra can
also be subject to collective phenomena involving adjacent
amides, for example, excitonic interactions that alter molar
absorptivities impact the Raman cross sections (22). How-
ever, the Raman band frequencies and band shapes are
unaffected, unless the vibrational modes become coupled in
phonon-like states, which is unlikely in normal proteins.

The locality and the linearity of the resonance Raman
spectroscopy are similar to those for the VCD and IR
vibrational spectroscopies. A major advantage of the UV
Raman measurements is that we have higher information
content compared to VCD and IR because we have a larger
number of observed spectral bands.

The UV Raman spectra show similar vibrational resolu-
tion, as do the VCD and IR methods. Thus, spectral
interference is less common. This becomes a significant
problem in CD, where the overlapping CD spectra of the
aromatic amino acids can confound amide CD conforma-
tiona studies. The Raman spectra do not show interference
from water, which makes VCD and IR measurements of
aqueous protein samples difficult and often compels the use
of D,O as a solvent. The UV Raman spectra are typicaly
measured for relatively dilute protein solutions (~0.5 mg/
mL), but the concentrations could be easily decreased by an
order of magnitude for precious samples.

Our ability to quantitate secondary structure compares very
well to that of CD (49—61), as shown in Table 5, where we
have essentially identical correlation coefficients for a-helical
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Table 5: Comparison of UV Raman Method and Various CD
Methods for Estimating Protein Secondary Structure: Correlation
Coefficient (r) between the UV Raman, CD, and X-ray Results

method a-helix [-sheet unordered
UV Raman 0.96 0.92 0.90
PG? 0.96 0.94 0.49
HFP 0.95 0.66 0.72
Vs 0.97 0.76 0.86
sKd 0.96 0.75 0.60
LLe 0.96 0.85 0.79
CCA' 0.93 0.71 0.73
SC 0.96 0.84 0.74
BPN" 0.94 0.63 0.88
SOM: 0.85 0.62 0.66
GF 0.92 0.72
Chen et al .k 0.97 0.58
Changetal. 0.92 0.83
Brahms™ 0.99 0.98
Bolotina et al." 0.83 0.34

a pG, Provencher and Glockner (56). P HJ, Hennessey, and Johnson
(58). ¢ VS, Manavalan and Johnson (55). 4 SK, Shubin et al. (54). €LL,
van Stokkum et al. (53). fCCA, Perzel et a. (52). 9 SC, Sreermana
and Woody (49). " BPN, Bohm et al. (51). ' SOM Andrade et al. (50).
I GF, Greenfield and Fasman (61). k Chen et a. (60). ' Chang et al. (43)
mBrahms and Brahms (59). " Bolotina et . (57).

structure preditions and superior correlation coefficients for
[-sheet and unordered conformations.

There are numerous additional advantages for the use of
UV Raman to quantitatively determine protein secondary
structure. The inherent vibrational resolution permits us to
potentially resolve conformation at particular amide linkages
within aprotein. For example, selective amide 13C, 15N, 80,
and N—D isotopic substitution would shift the amide bands
to permit the determination of their frequencies and intensi-
ties of the amide linkage of interest. In addition, the
technique can be used for membrane proteins and proteins
in micelles where the light scattering confounds CD mea-
surements (19). The UV Raman spectroscopy can also be
easily used in flow systems to study kinetics in the submil-
lisecond time domain. Furthermore, nanosecond laser
excitation permits very fast kinetic spectral measurements.

CONCLUSIONS

We have directly determined the average amide band
resonance Raman spectra of the a-helix, (-sheet, and
unordered secondary structures and have demonstrated a new
methodology to determine protein secondary structure. This
method simultaneoudly utilizesthe amide, 11, and 11 bands
and the C,—H amide bending vibration. The sensitivity
should be superior to standard methods such as electronic
CD, since the different secondary structura spectra have
richer spectral details than do the CD spectra. Furthermore,
the spectra are immune from the light-scattering artifacts that
plague CD measurements (17). It is possible to examine
proteins in micelles and other scattering media (19).

The spectral richness of UVRR is comparable to that of
VCD (14, 15), but the Raman spectra can be measured at
much lower concentrations with much higher SIN ratios. In
addition, thereis no interference by the water solvent which
limits and complicates IR and VCD spectroscopy.

A unique feature of the UV Raman spectra is that it is
possible to selectively examine conformation at individual
peptide bonds by isotopically substituting one amide bond
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by 13C, 80, and/or >N. Theisotopically substituted peptide
linkage bands shift away from those of the other peptide
linkages.
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APPENDIX |I: CALCULATION OF PSSRS
SPECTRA BY LEAST-SQUARES METHOD

Suppose Ry, Rg, and Ry, are the three predicted component
spectrafor the a-helix, S-sheet, and unordered conformations,
respectively, Dy, D, ..., D13 are 13 protein spectra, and Cy,
is the fractional composition for the kth component in the
nth protein. In the calculation reported here, the region from
1100 to 1800 cm™t is utilized, with adatainterval of 2 cm™.
Thus each spectrum has 351 points. Matrix [X]T is the
transpose of matrix [X]. Each spectrum hasi data points at
different frequencies. A bold letter represents a vector. The
predicted protein spectra (D) at the ith wavenumber points
will be

wherei is the ith wavenumber. The difference between the
measured protein spectrum and its predicted spectrum at the
ith wavenumber is given as ADj;:

AD; =Dy — Dy =Dy — (RCy T RyCy + R.Cy) (D

To find the best Ry, Rg, and Ry (R, R, Ru i = 1, 2, ..),
the deviation between the measured spectra and the calcu-
lated spectra is minimized by setting the sum of the
derivatives of the squares of the difference, given by eq 2,
throughout 13 proteins and all spectral regions (al i data
points are included) equal to zero.

The derivative of the square of the difference with respect
to Ri(ll Rﬁ! and Rin IS

ad
3_ZZ(D” - Riacaj - Riﬁcﬁj - RiuCuj)2 =0
ik i

k=o,8,u j=212.,13 i=1,2,..,31 3

For the derivative with respect to R, we will see
Z(Dij - Rio.Caj - Riﬁcﬁj - Riucuj)Caj =0 (4)
j
Riazcajz + Riﬁzcajcﬁj + Riuzcajcuj - ZCajDij )
j j j j

Then, repeating the calculation for the derivative with respect
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to Ry, R, we will see

Rialzcajcﬁj + Riﬂjzcﬂjz + Riujzcﬁjcuj = ]ZCﬁjDij (6)
RQIZCQJ.CW + Fqﬁlzcﬁjcm + RUIZCUJ? = ;cujDij 7
Let

[Ri] = (Riou Riﬁ’ R1u) = 12, ..,351 (8)

= (Q.Co;Dy 2.CDyjy 2.CDy) Zoverj C)
r
ZCOLJZ ZCaJCﬁJ ZCaj uj
[A] = ZCOLJCﬁJ ZCﬁJ ;Cﬁj 4 (10)

ZCaquj Zcﬂj i 2.Cy’
L\ | ] J

Thus, combining egs 5—7 with egs 8—10, we obtain

[RI[A] = [B] 1)
[C]"=(C4 Cy Cy)  1=12..,13 (12

C;isavector. Combining the 13 protein component vectors
into a composition matrix [C],

[C] =[C,, Cy, ..., Cy (13)
To compare egs 10, 12, and 13,
[A] = [C][C] (14)
Similarly, we let
[D]] = (Diy, Dy ..., Dy) (15)
and combine egs 9, 12, 13 and 14:
[B] = [D][C]" (16)
Thus, upon examining egs 13 and 15,
[RI[CIIC]" = [DIIC] (17)
Multiplying by {[C][C]T}* on both sides,
[R]=[BI[A] "= [DJICIH[CICI"} *  (18)
[C]T{[C] [C T} ¢ is the pseudo-inverse of the component

matrix [C].
For the component spectra matrix [R] [351 x 3],
i=12..,

[R]" = [Ry, Ry, - R] 351 (19)

Chi et al.
Similarly the data matrix [D] [351 x 13] can be obtained:

[D]" =[D,, D,, ..., D] i=12..,351 (20)

Furthermore, upon examining egs 18—20, we can see

[R] = [D][C]'{[C][C]"} * (21)

Thus PSSRS, matrix [R] can be obtained from the matrix
transformation given by eq 21.

APPENDIX Il: CALCULATION OF PROTEIN
FRACTIONAL COMPOSITION OF SECONDARY
STRUCTURE USING LEAST-SQUARES METHOD

Suppose Ry, Rg, and R, are the PSSRS Raman spectra of
the a-helix, 3-sheet, and unordered forms, respectively. D,
isthe measured first protein Raman spectrum. C,s, Cg1, and
Cu give the a-hdix, 5-sheet, and unordered compositions
of protein 1. Then Ry, Rg, Ry, and D; are expressed as
below:

Ra' = (Ruas Rews R ()
Rs" = Ry Rygr - Ry) @)
o = Ry Roy - R 3

The calculated spectrum of the protein 1 is shown as
DlT = (D11, Dy, -, Dpy) 4

D;* = RyCyy + RyCyy + R.Cut (5)

a~ol

AD;=D;* = D;=Dy* = R,Cyy = RgCsy =R, Cyy (6)
To calculate the best-fit Cu1, Cgy, and Cy, the deviation
between the measured spectrum D; and the calculated
spectrum D,* isminimized by setting the sum of derivatives

of (AD1)?, given by eq 6, equal to zero.

_Z(Dll

' C.)°=0,
8Ck1 - Rlu ul

k=a,p,u (7)

RiﬁCﬂl - RiuCul)Ria =0 (8)
— Cy Y Ry'Rs — Cud R.Ry,

9

Repeating the calculation of derivative with respect to Cg;
and Cy1, we obtain

Ri(xC(xl - Riﬁcﬁl -

Z(Dl* - Ri(xC(xl -
zDil* Ria = CalzRi(xz

ZDil* Rg= CﬂlzRiaRiﬁ - CﬁlzRiﬁz - CulzRiﬁRiu
(10)
zDil*Riu = CalzRiaRiu - CﬂlzRiﬁRiu - CulX,R’u2

(11)
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Matrixes [A], [B], and [C4] are as follows:
YR IR.Cr SRR,
[A] = Zmﬁ iZR,f Zaﬁau (12)
UZRQRU iZR,;ciu Zaf

Combining egs 9—11 and using matrix notation, we obtain

o

[C]" = [Cy Cp1, Cu] (13
[B]" = [ZDiaRiou ZDiaRiﬂ’ ZDiaRiu] (14)
[B] = [A][C] (15)

Actually, matrix [R] is the PSSRS matrix.
matrix [R] = [R,, Rs R\ (16)
According to egs 11 and 16,

[A] = [RI"[R] (17)
Similarly,

[B] = [R]"[D,] (18)
and

[RI'[D,] = [RI'[RI[C]

Premultiplying {[R]T[R]}~* on both sides,

[C = {[RI"[R]} '[RI"[D4] (19)

{[R]"[R]} YR]T is the pseudo-inverse matrix of PSSRS
matrix [R].
Thus, with matrix notation,

if [R][C,] = [D],
then [C] = {[R]"'[R]} [RI'[D,] (19)

Therefore, the best-fit C,a, Cs1, and Cy is calculated
directly from the matrix transformation.

SUPPORTING INFORMATION AVAILABLE

Data matrix for protein secondary structure Raman spectra
(3 pages). Ordering information is given on any current
masthead page.
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