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ABSTRACT. We have directly determined the amide band resonance Raman spectra of the “average” pure
o-helix, -sheet, and unordered secondary structures by exciting within the amide transitions at

206.5 nm. The Raman spectra are dominated by the amide bands of the peptide backbone. We have
empirically determined the average puréhelix, 5-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 1, Il, and Il bands and-tt¢ &nide 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 spectroscopyl2—18). We show here that the ability of this
structure, dynamics, and function requires methods to UV Raman methodology to predict secondary structure is,
measure protein secondary structure. X-ray crystallographyin some cases, superior to that of CD and that the approach
and two-dimensional nuclear magnetic resonance (2-D NMR) has significant advantages compared to CD, VCD, and IR.
(1—4) are the most incisive protein structural probes becauseFor example, the Raman spectra are immune from the light-
they can provide highly accurate three-dimensional structures.scattering artifacts that plague conventional absorption
However, X-ray diffraction gives a static picture, and NMR measurementsl{). Therefore, UVRRS can be used to
gives only a limited amount of dynamical informatio®, ( examine proteins in micelles and membrants).(

4). In addition, these techniques are labor intensive and We show in the accompanying paper that this UV Raman
require protein samples that differ from the normally desired methodology can be used to study protein folding and
dilute agueous solution phase. denaturation. In this study of the acid denaturation of

We report here a new methodology to determine dilute myoglobin, we combine the UV Raman spectra, exciting in
solution protein and peptide secondary structures, using UVthe peptide backbone region, with spectra that result from
resonance Raman spectroscopy (UVRRS) excited with aéxcitation directly in the aromatic amino acid absorption
206.5-nm CW laser directly into the amige~s* transitions bands. The amide bands characterize changes in secondary
of the peptide bonds511). The resulting spectra are structure in the protein, such ashelix melting, while
dominated by the amide vibrations, whose frequencies, changes in the aromatic amino acid bands suggest which
Raman cross sections, and bandwidths depend sensitivehhelices undergo the conformational change.(
on secondary structure. We have, for the first time, used
chemometrics to directly and empirically determine the amide EXPERIMENTAL SECTION
band resonance Raman spectra of the “averagéelix, Materials and Sample PreparationJack bean concanava-
f-sheet, and unordered secondary structures (pure secondanh A (Con A), bovine pancreas trypsin (trypsin), bovine
structure Raman spectra, PSSRS) for a series of 13 proteinsserum albumin (BSA), bovine pancreas ribonuclease A
We Simultaneously utilize the amide |, Il, and Il bands and (RNase A), horse heart Cytochron‘[e (Cyt C), human
the G—H amide bending vibrations of these PSSRS to hemog]obin (Hb), horse skeletal muscle myog|0bin (Mb),
directly determine protein secondary structures. bovine pancreaﬂ-chymomyosin (Chy), porcine pancreas

This new methodology is complementary to secondary elastase (Elas), chicken egg white lysozyme (Lyso), human
structural methods, such as CD, VCD, and IR absorption erythrocyte carbonic anhydrase (Carb), porcine muscle

triosephosphate isomerase (Trio), bovine pancreas insulin

t We gratefully acknowledge support from NIH Grant R01GM30741- (INS), tyrosine (Tyr), phenylalanine (Phe), tryptophan (Trp),

15. histidine (His), arginine (Arg), cysteine (Cys), proline (Pro),
* To whom correspondence should be addressed. Phone: (412) 624methionine (Met), cystine, and the bromide salt of poly(
8570. Fax: (412) 624-0588. E-mail: aste@pitt.edu. lysine) (PLL, MW = 22 000) and the sodium salt of poly-

* Present address: Section on Metabolic Analysis and Mass Spec- . .
trometry, NICHD, National Institute of Health, 10 Center Dr., MSC (L-glutamic acid) (PGA, MW= 26 500) were purchased

1580, Room 6C208, Bethesda, MD 20892. from Sigma Chemical Co. (St. Louis, MO). Sodium per-
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chlorate was purchased from Aldrich Chemical Co. (Mil- modeling these spectral regions to be sure that any residual
waukee, WI). Potassium phosphates (monobasic and dibasickontributions will not confound our amide spectral modeling.
were purchased from EM Science (Gibbstown, NJ). All Thus, we do not include the spectral region around 1610
compounds were used without further purification. and 1450 cm?.

The proteins were dissolved in 0.010 M aqueous pH 7.0 We model the observed protein Raman spectra, in which
phosphate buffer. All protein and polypeptide concentrations aromatic side-chain contributions have been removed, as a
were 0.50 mg/mL, except for Con A, which was 0.25 mg/ linear combination of PSSRS, weighted by the secondary
mL. Each sample contained 0.15 M sodium perchlorate asstructure abundancies:
an internal intensity standar@X).

The B-sheet form of PGA was prepared by heating the [D] = [R][C] 1)

PGA solution at pH 4.3 to 95C for 5 days. Thex-helical . ) -
and unordered forms of PGA were prepared by maintaining Where thei( x p) data matrix, [D], of the Raman intensities,
the PGA solution at 25C at pH 4.3 and 10.0, respectively. at ther Raman frequencies, for t@protems, is determmed
Theg-sheet form of PLL as prepared by heating the solution PY the product of ther(x c) matrix, [R], of r normalized
to 52°C at pH 11.3 for 3 h. Ther-helical and unordered R_aman spectral intensities at thefrequgnmes for the
forms of PLL were obtained by maintaining the PLL solution différent ¢ secondary structure conformations, with the (

at 25°C at pH 11.0 and 4.0, respective{g2, 23). The x p) protein conformational matrix, [C], containing the
“unordered” forms of PLL and PGA may possess some fractional composition of the different secondary structural

residual local chain orde4). forms, ¢, for the different proteinsp. '
Raman Spectral Measuremenf§he Raman instrumenta- Although we expected the protein spectra to be d_omlnated
tion is described in detail elsewher25. UV excitation at ~ PY the a-helix, f-sheet, and unordered conformations, we
206.5 nm (2.5 mW) was obtained from a Coherent Inc. Cw USed factor analysis (FABQ, 31) to independently determine
intracavity frequency-doubled krypton ion lasd).( The the minimum eigenvectors and eigenvalues which could fit

laser beam was focused into a 1-mm-i.d. fused quartz the protein spectra within the spectral signal-to-noise ratios.
capillary, through which a 20-mL sample solution was We found that the data could be accurately modeled with

recirculated by using a peristaltic pump. The sampling optics ONly three eigenvectors, with the remaining calculated

used a 135backscattering geometry. The total accumulation €igenvectors at the level of the spectral noise.

time was ca. 20 min. As indicated in detail in appendices | and II, we calculated
The ca. 1640-crr H,0 bending band was subtracted from the PSSRS using a least-squares deviation minimization

the protein Raman spectra by using the measured relativemefrl‘Od f'rom the measured data m:?\trix [D] and the matrix
intensity of the water to perchlorate bands. The protein [C]* derived from the known protein secondary structure

Raman spectral baselines were defined to be linear and to°°mPosition matrix [C]. We can then utilize these PSSRS
span the intensities at 1100 and 1800-&mThe protein to calculate the secondary structure of unknown proteins.
Raman intensities were normalized to the 932-tiper-

chlorate band intensity. RESULTS AND DISCUSSION

Spectral Modeling To a good approximation, the protein
amide band resonance Raman spectra can be modeled as Protein Spectra Figure 1 shows the 206.5-nm excited
resulting from the sum of the individual amide resonance Raman spectra of Con A, trypsin, RNase A, cytBSA,
Raman spectral bands contributed by each of the individual Hb, Mb, Chy, Elas, Lyso, Carb, Trio, and Ins. The amide |
amide bonds within the different protein secondary structures. band occurs at- 1655 cnt?, while aromatic amino acid ring
As shown below, this approximation works well for the breathing bands occur in thel610-cnt? region. The amide
spectral modeling. This approximation could become prob- Il band frequency is fairly constant and occurs~at555
lematic in cases where the protein amide Raman bands resulem™. The amide G—H symmetric bending band, which
from the sum of contributions of Raman bands of both shows a variable intensity for different protein secondary
vibrations of individual amide bonds and from the coupled structures, occurs at1390 cnt!. The amide IIl band, which
(delocalized) vibrations of a number of adjacent peptide shows a strong frequency and width dependence on second-
bonds. This would require a more complex model. How- ary structure, occurs in the-1200-1300-cnt! spectral
ever, this case is likely to be rare and is unlikely to occur region. The remaining band at1450 cnt?, which appears
for any but the amide | vibrations, where coupling of adjacent in the protein spectra with variable intensity, is neither an
carbonyl stretching is maximized by dipolar interactions amide band nor an aromatic amino acid band. Its assignment
between carbonyl stretches. is, at present, uncertain.

We modeled the observed 206.5-nm excited protein The amide | band consists of amide carbony=Q
Raman spectra as a linear combination of the individual stretching, with smaller contributions of-N stretching and
spectra of the different secondary structures, weighted by N—H bending. The amide Il and Il bands involve signifi-
their relative compositions. The Raman bands enhanced incant C-N stretching, N-H bending, and €C stretching.
these spectra, excited in resonance with the amider* The G,—H bending band involves&-H symmetric bending,
transitions, mainly derive from the protein backbone amide with a variable amount of €C, stretching 22, 32—37).
vibrations. However, spectral contributions are also observed The Raman spectra demonstrate that the amide Ill bands
from the aromatic amino acids ring vibrations¥610 cnT?) of proteins with lowa-helical content occur at the lowest
(9, 10, 26—28) and from the side-chain groups 1450 cn?) frequencies, e.g., 1250 cifor Con A (2%a-helix), while
(29). While we have numerically removed their contribu- the amide Il bands of proteins with higi+-helical content
tions to the spectra, we do not have sufficient experience in occur at the highest frequencies, e.g., 1300 cfor 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 (cyt c), (e) albumin (BSA), (f)
hemoglobin (Hb), (g) myoglobin (Mb), (h) chymomyosin (Chy),
(i) elastase (Elas), (j) lysozyme (Lyso), (k) carbonic anhydrase
(Carb), (I) triosephosphate isomerase (Trio), (m) insulin (Ins). The
proteins (0.50 mg/mL) were dissolved in 0.10 M aqueous pH 7.0
phosphate buffer solutions containing Na¢(0.15 M), except for
Con, which was 0.25 mg/mL. The 932-ciband derives from
the CIQ;~ stretching band. The spectral resolution is 20 &m Cystine 19.9 mM

Pro 48.2 mM

Raman Intensity

Cys 36.0 mM

Met 19.9 mM

(85% o-helix). Both the frequency and bandwidth of the
amide Il band increase witt-helical content. The intensity

of the 1390-cm! amide G—H bending band decreases as
the proteina-helical content increases. The band at 932

cm! results from the internal standard, perchlorate. FIGURE 2: 206.5-nm excited Raman spectra of phenylalanine (0.36
. . . P . mM), tyrosine (0.38 mM), tryptophan (0.45 mM), histidine (2.41
Amino Acid Side-Chain Raman Specti/e quantitatively  mm, pH = 7.0), histidine (2.41 mM, pH= 2.0), arginine (14.1

determined the magnitude of the spectral contributions of mM), proline (48.2 mM), cysteine (36.0 mM), methionine (19.9
amino side chains to the 206.5-nm excited Raman spectramM), and cystine (19.9 mM) in aqueous solution containing 0.15
by measuring the Raman spectra of amino acids in water.M NaClO,. The peaks indicated by asterisks are from theClO

. . . . 932-cnt?! band.
These agueous amino acid Raman cross sections will not

differ dramatically from those of the side chains within = 14p16 1 displays the average relative Raman intensities
hydrophobic or unique hydrogen-bonding protein environ- (RI = folos) expected in 206.5-nm protein Raman spectra
ments. of the most intense amino acid side chains. We quantitated

The average band intensities observed for each amino aciche relative contribution of each of these bands to the 206.5-
band within a protein will be the product of the occurrence nm Raman spectrum by normalizing its cross section to that
frequency of the amino acid and the Raman cross section ofof the amide 1l band, which, as shown in Figure 1, shows
the band. Some side-chain Raman bands will show signifi- the least spectral variation between proteifishe average
cant environmental frequency dependencies. Thus, thegccurrence frequency for each amino acid side chain in
observed Raman band from a protein containing a numberproteins of known sequenca8g), is also tabulated in Table
of these residues will derive from the sum of these frequency- 1. ¢ represents the differential Raman cross sections of the
shifted overlapping bands. This information can be used to amino acid side-chain bands in aqueous solution,ants
examine side-chain conformation and environment. As the average Raman cross section of the amide Il band
shown below, however, only a few side chains, such as theaveraged over the-helix, 8-sheet, and unordered conforma-
Phe, Tyr, and Trp rings, show significant contributions to tjons, as calculated from their PSSR&(= 50 mbarn
the 206.5-nm Raman spectra. molecule® sr! per amide linkage at 206.5 nm).

Figure 2 shows the 206.5-nm excited Raman spectra of The average amino acid occurrence frequency is 5.0%,
aqueous solutions of Phe, Tyr, Trp, His (gH7.0 and 2.0), while the aromatic amino acids have lower actual occurrence
Arg, Pro, cysteine, Met, and cystine, while Table 1 lists their frequencies of between 1.3% and 3.9%. It is presently
differential Raman cross sections. Phe, Tyr, and Trp all give straightforward to detect the presence of side-chain Raman
rise to intense Raman bands in the 1610-tspectral region, bands with Rl exceeding 2% (i.e., for a band with an intensity
with cross sections of 0.42, 0.63 and 0.76 barn moleéule of 2% of that of the amide Il band), given our 206.5-nm
sr1, respectively. The other Raman bands are generally Raman spectral signal-to-noise ratios for 15-min spectral
smaller, except for Trp, which shows 1550590-cnt?! accumulations. Thus, Tyr, Trp, and Phe will show significant
Raman bands with cross sections~.50 barn moleculé spectral contributions; the RI values of theil610-cnT?!
srt, ring breathing bands are30%. However, these Tyr and

1000 1200 1400 1600 1800
Raman Shift /cm™
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Table 1: 206.5-nm Amino Acid Differential Raman Cross Sections Unordered
and Their Predicted RI ~ 2
w
Raman band (cn) o® (mbarn moleculet sr?) RI® (%) 2.0 ~ 8 % N é
phenylalanine (39
1183 79 6.2 1.0 4
1586 210 16
1606 420 33
ine (3.2) 2 3
tyrosine (3. ® ali 3
1178 170 11 § | o
1209 100 6.4 = 2 3
1601 400 26 c | "
1617 630 40 g5 /\1
tryptophan (1.9 &“
1013 320 8.4 0
1238 180 4.6 B-Sheet s
1348 270 7.1 o e 3
1556 530 14 8 £
1584 440 11 101 ©
1601 170 45 ' 3
1620 760 20 5 s
histidine (2.2), pH= 7.0 o
1162 19 0.9 ——
1327 17 0.7 1200 1400 1600 1800
1452 18 0.9 .
1575 33 1.5 Raman Shift /cm™!
histidine (2.2), pH= 2.0 Ficure 3: Calculated pure secondary structure Raman spectra
1194 48 21 (PSSRS) obtained from aqueous solution 206.5-nm protein Raman
1265 21 0.9 spectra. The regions around 1610 and 1450ane excluded due
1486 51 22 to interference from aromatic amino acid ring vibrations and side-
1633 10 0.5 chain vibrations.
arginine (5.9 - - -
1091 9 1.0 Table 2: Frequencies and Raman Cross Sections of Amide Bands
1176 12 1.4 in Pure Secondary Structure Raman Component Spectra (PSSRS),
1454 13 15 Excited at 206.5 nm
1223 ﬁ i g unordered a-helix [-sheet
i a b i a i a
proline (5.8) fre o® width? freq® o width® fre@ o® width
1335 0.3 0.03 amide!l 1665 56 60 1647 32 53 1654 48 66
1410 1.3 0.14 amide Il 1560 71 91 1545 22 64 1551 57 66
. amide Il 1267 65 93 1299 24 87 1235 53 62
cysteine (1.9 =
1402 24 0.09 C,—H® 1386 57 66 1386 23 86
1431 0.95 0.03 aUnits, cnt?. ® Units, mbarn moleculé sr*. ¢ Bending band.
methionine (2.8
1410 _ 2.4 0.12 Table 1 shows that Arg, Pro, Cys, Met, and cystine have
cystine (<0-<8(')52 001 Raman band cross sections below 16 mbarn moletate?,

with resulting RI< 2%; thus, they will negligibly contribute
aThe numbers in parentheses are frequency of occurrence of aminot0 the average 206.5-nm protein Raman spectrum.

acid residue in primary structures of 1021 unrelated proteins of known
sequencedg). " o is the differential Raman cross sections of these ~ Quantitatve Determination of the Protein Secondary
amino acids in aqueous solutioiRlI is relative intensity: R fo/ Structure As discussed in the Experimental Section, we
v whereo,y is the average Raman cross section of the amide Il band calculated the PSSRS of thehelix, ﬁ-sheet, and unordered
in these PSSRS spectrum. . .
conformations from the measured protein UV Raman spectra
(Figure 1) and their known protein secondary structures.
Trp bands are best studied with 229-nm excitation, where Figure 3 shows the calculated PSSRS spectra, while Table
they show significantly increased cross sections, compared? lists their calculated frequencies, differential Raman cross
to those of other chromophores in proteins. sections, and bandwidths. As discussed above, the underly-
Of all of the other amino acid side chains, only protonated N9 assumption (tested by factor analysis) is that these three
His has an Rl above 2% for 206.5-nm excitation. Protonated Sécondary structures dominate the 206.5-nm excited amide
His (pH = 2.0) shows two dominating bands at 1194 and UV Raman spectra. The PSSRS spectra are thus the
1486 cnl, with Raman cross sections of50 mbarn  calculated “average” Raman spectra of each secondary
molecule® srl. If all the His residues in a protein were Structure averaged over the 13 proteins studied, and we may
protonated, these bands would have RI values slightly above€XPect some variation from that observed for a specific
2%. In contrast, neutral His shows bands at 1575, 1162, Peptide in a particular secondary structure.
1327, and 1452 cmt with RI < 2%. His residues should PGA and PLL Spectta We can compare the PSSRS
show larger cross sections with excitation at slightly longer spectra to spectra of PLL and PGA samples which were
wavelength. treated to force them to predominantly assume the unordered,
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Ficure 4: UV Raman spectra of 1.8M poly(L-glutamic acid)
(PGA) and 2.3uM poly(L-lysine) (PLL) in water at 206.5-nm
excitation, containing NaCl©(0.15 M) as an internal standard.
The 932-cmi! band derives from CI@ 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: phk 4.0, 25°C. a-Helix
form: pH = 11.0, 25°C. §-Sheet form: pH=11.3. See text for
details.

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

unordered a-helix p-sheet
fred o width? fre? ¢ width? freq@ o width?
amidel 1665 56 60 1647 32 53 1654 48 66
amidell 1560 71 91 1545 22 64 1551 57 66
amide lll 1267 65 93 1299 24 87 1235 53 62
C,—H¢ 1386 57 66 1386 23 86
aUnits, cnt?. P Units, mbarn moleculé sr%. ¢Bending band.

o-helix, ands-sheet forms, shown in Figure 4. As observed

Chi et al.

by the amide | band (1655 ct), while the amide Il bands
(1554 cn1l) are relatively weak. No bands appear in the
ca. 1400-cm* C,—H bending band region. The amide Il
band at~1290 cnt! is very broad and appears to be
composed of overlapping subban@9,(40). The amide Il
band of thea-helical PSSRS occurs at a frequency similar
to that of PGA, which is, however, ca. 15 chlower in
frequency than that of PLL. The PSSRS amide | and I
bands appear to be downshifted 4%0 cnT! compared to
those of PGA and PLL.

Theg-sheet PSSRS spectrum is similar to thafefheet
PLL, with similar relative intensities for the amide | (1667
cmY), 1l (1560 cnt?), and Il (1250 cm?) bands and the
Cy—H bending band (1400 cm). However, the amide |
and G—H bending PSSRS bands are broader than those of
PLL. This presumably results from the smaller distribution
of B-sheet geometries in the PLL oligopeptide.

In contrast, thegg-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 tjfesheet confor-
mation (vide infra).

Krimm and Bandekar’s normal-mode calculatior&)(
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, thehelix geometry
difference and its weaker hydrogen bonding, compared to
that in thep-sheet structure, shifts the calculateehelix
amide | frequency from 1655 to 1674 cifor the 3-sheet
(37, 39, 40).

Figure 3 and Table 2 indicate a significant amide band
Raman cross section conformational dependence. For ex-
ample, thea-helix amide Il and Ill band Raman cross
sections are the lowest among these three secondary struc-
tures due to the decreased oscillator strength o~th@0-

for the protein spectra, these polypeptide Raman spectra areim amidez—u* transition in theo-helix structure, since

dominated by the intense amide | (1650 d&jm amide I
(1554 cn1?), and amide Il (between 1250 and 1290 ¢n
bands and the £&-H bending band (1398 cmy). Table 3

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

lists the band frequencies, bandwidths, and Raman crossstructural composition of the PGA and PLL samples. This

sections of the PGA and PLL amide bands.

calculation determines the best fit of the linear sum of PSSRS

The calculated unordered PSSRS spectrum is essentiallyspectra, and the composition is given by the relative
identical to the unordered PGA and PLL spectra; the largest contribution of each of the PSSRS spectra to the calculated

intensity occurs for the amide Il band, with similar smaller
intensities for the amide | (1665 cry) and Il (1265 cm?)
bands and the 1394-cth C,—H bending bands. The
unordered PSSRS amide Ill and thg-€H bending bands

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.

are broader than those that in PGA and PLL, presumably The PGA and PLL unordered samples are calculated to

because of the distribution of geometries which exist in this

be 90% and 78% unordered, respectively, with the remainder

ill-defined secondary structure conformation. The amide | S-sheet form. The residual features in the amide Il and Il
band seems to be less sensitive to this distribution, since itand G,—H bending regions most likely derive from a shift

is somewhat narrower than those of PLL and PGA. The
C.—H bending band occurs8 cnit lower in frequency in
the PSSRS compared to that in PGA and PLL. The

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-

frequency alterations presumably result from the side-chainary structure differs somewhat from that of the average

dependence of the Raman frequencies.
The a-helix PSSRS spectrum is similar to the PGA and

protein unordered conformation.
For thea-helix forms of PGA and PLL, we calculate 88%

PLL a-helix Raman spectra. These spectra are dominatedand 72%ca-helix conformations, respectively. We observe
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Ficure 5: Measured PGA and PLL Raman spectra and residuals e
calculated from the best fit using the PSSRS. The calculated percent 1200
relative abundances of the dominant secondary structural forms are
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. . . FIGURE 6: 206.5-nm excited measured protein Raman spectra in
broad troughs in the residuals on the low-frequency side of pH 7.0 water used for modeling and their residuals.

the amide 11l band as well as a broad peak for the amide |
band. These residuals probably reflect differences in struc- The model we are using is very robust for determining
ture between an “average proteim*helix structure and that  secondary structure composition. For example, Figure 7
which occurs in these oligopeptides. shows the impact on the calculated residuals if Mb composi-

The best fits for the PGA and PLE-sheet samples give tion were varied by changing the relatiwehelix ands-sheet
nonphysical negative abundance values. If the compositioncompositions compared to that calculated for the native
value is constrained to be positive, we calculate 4% and 59%protein. As thex-helix composition decreases by 15% and
B-sheet structures, respectively. For PGA, we were alreadythe -sheet composition increases by 1598, over the
suspicious thaB-sheet structure did not dominate. spectral region 11061800 cn1? increases by 2-fold. The

Calculation of Protein Secondary Structureg/e utilized initial ¥2 measures the deviation of the PSSRS fit from the
the PSSRS to calculate the fractional secondary structuremeasured spectrum and includes a lack of complete modeling
abundances of the proteins studied and also examined th€such as specifigs-turn spectra, for example) and the
precision of fitting of the resonance Raman spectra. We contribution of random spectral noise. The increagéd
subtracted bands from Trp, Tyr, and Phe from the observedderives directly from a lack of fitting and the appearance of
Raman spectra on the basis of the known composition. Wewell-defined features, such as the troughs around 1240, 1400,
also subtracted the Raman spectrum of water on the basisand 1560 cmt® and the peaks around 1310 ¢in The amide
of the relative intensities of the water band compared to that | band region shows the least change in residuals because
of the internal standard perchlorate intensity. Due to lack of the similarity of amide | band spectra for threhelix and
of confidence in reliable subtraction of the aromatic amino g-sheet forms.
acid bands at-1610 cnt?, we neglected the spectral region The fact that the fits are excellent for all of the proteins
around 1610 cmt. In addition, we neglected the spectral in Figure 6, and that the residuals are small and do not show
region around the 1450-cthband. We used least-squares distinct features, indicates that our model encompasses the
criteria to determine the best secondary structure compositionmajor secondary structural elements of these proteins and
for each protein. Figure 6 shows the measured proteinthat 206.5-nm excitation selectively enhances only amide
spectra used for spectral modeling and the residuals that resulbands, except in the spectral regions which were numerically
from subtracting the calculated from the measured spectra.excised.

Except for cytc, the residuals are everywhere less than  The largest residuals occur (Figure 6) for the small,
10% of the measured Raman band intensities. In addition, “topologically challenged” protein, cyt (45), which has no
no recognizable peaks or troughs are evident in the residuals5-sheet structure but has numerous distorted conformations
Table 4 compares this calculated protein secondary structuresuch ass-turns. Cytc shows the largest deviations in the
composition to that determined by X-ray crystallography. calculated secondary structure abundancies (Table 4). The
The difference in fractional abundances between X-ray two small residual peaks at 1240 and 1300 &mrobably
crystallography and UV Raman results is listed\asx. The derive fromp-turn structures, for which we have not yet
correlation coefficientr{) is also listed in Table 4. The determined the PSSRB:turn amide Ill bands are known
correlation coefficients are = 0.96 for a-helix, r = 0.92 to occur at 1240 crmt and/or at higher frequencies of 1265
for p-sheet,r = 0.90 for unordered, and= 0.93 overall. 1290 cnt? (46—48). The inability to incorporate cyt 5-turn
Thus, the fractional abundances calculated from the PSSRSstructures would cause the calculation to incorrectly assign
UV Raman spectra are close to those determined by X-ray3-sheet and unordered conformations. We will experimen-
crystallography 15, 41—44). tally characterize th@-turn Raman spectra soon.

T
1400
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Table 4: Fractional Abundances of Protein Secondary Structure Determined by X-ray Crystallography and UV Raman Spectra

a-helix (%) f-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 77 +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 g-sheet 0 59 41
PLL random 0 22 78
rd 0.96 0.92 0.90 0.93 (overall)
o® 0.084 0.075 0.082 0.082 (overall)

2 Fractional abundances of protein secondary structure determined by X-ray crystallogriamgtional abundances of protein secondary structure

determined by UV Raman spectfeDifference of fraction abundances

between UV Raman spectra and X-ray réstitselation coefficient

between the two fraction abundances determined by UV Raman and X-ray reStgtsdard deviation between the two fraction abundances determined

by UV Raman and X-ray results.

XZ
0.37
0.45
0.73

a% B% Aa% AB%
75 2 0
70 7 5
85 12 -10
60 17 -15 +15

.10 1

Raman Intensity

T T T T 1
1400 1500 1600 1700 1800

Raman Shift /cm-
Ficure 7: Calculated myoglobin residuals at different calculated

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

1300

1200

1100

Comparison of IR, CD, and UV Raman Secondary
Structure DeterminationsThe UV Raman secondary struc-
ture determination methodology described here is comple-
mentary to CD, VCD, and IR absorption spectroscd®~(

18). The information content should be similar to that of

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 a factor of about 3; thiehelix 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 secti@. ( 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

CD since the total number of spe<_:tra| featur_es IS ap- number of observed spectral bands.
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 ang@-sheet conformationd2—17). Thea-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 thex-helix. The CD spectrum of a short
o-helical segment is different from that of a long helix. In

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-
tional 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 typically
measured for relatively dilute protein solutionsQ.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 @#9—-61), as shown in Table 5, where we

contrast, the resonance Raman spectrum involves more locahave essentially identical correlation coefficientsdenelical
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Table 5: Comparison of UV Raman Method and Various CD k_Jy 1C, 10, and/or%SN' The isotopically substituted peptid_e
Methods for Estimating Protein Secondary Structure: Correlation  linkage bands shift away from those of the other peptide

Coefficient ¢) between the UV Raman, CD, and X-ray Results linkages.
method a-helix pB-sheet unordered

UV Raman 0.96 0.92 0.90 ACKNOWLEDGMENT

PG 0.96 0.94 0.49

\"/'g; 8-8? 8-?2 8-;5 We thank Drs. Pushing Li, Petr Pancoska, and Richard

SKd 0.96 0.75 0.60 W. Bormett gnd Prpfs. Xingfu Chen and Paul W. Rasmussen

LLe 0.96 0.85 0.79 for helpful discussions.

CCAf 0.93 0.71 0.73

oo o oo o APPENDIX I: CALCULATION OF PSSRS

SOM 0.85 0.62 0.66 SPECTRA BY LEAST-SQUARES METHOD

GH 0.92 0.72

EEZR e;?g‘ 8-3; 8-22 SupposdR,, Rg, andR, are the three predicted component

Brahrﬁ@ ' 0.99 0.98 spectra for thex-helix, 5-sheet, and unordered conformations,

Bolotina et al 0.83 0.34 respectivelyD1, Dy, ..., D1z are 13 protein spectra, ar@,

a PG, Provencher and Glockndig). ® HJ, Hennessey, and Johnson is the fr§Ctiona| compositipn for thith component i,n the
(58). ©VS, Manavalan and Johnsdbgj. ¢ SK, Shubin et al.§4). ¢ LL, nth protein. In the_ caIc_:gIann _reported here, the region from
van Stokkum et al. §3). 'CCA, Perzel et al.§2). 9SC, Sreermana 1100 to 1800 cm! is utilized, with a data interval of 2 cm.
and Woody 49). "BPN, Bohm et al. §1). ' SOM Andrade et al.50). Thus each spectrum has 351 points. Matrix [X§ the

I GF, Greenfield and Fasma61j. k Chen et al. §0). ' Chang et al.43)

™ Brahms and Brahms5g). " Bolotina et al. 7). transpose of matrix [X]. Each spectrum hatata points at

different frequencies. A bold letter represents a vector. The

predicted protein spectr®{;) at theith wavenumber points
structure preditions and superior correlation coefficients for will be

pB-sheet and unordered conformations.

There are numerous additional advantages for the use of , .
UV Raman to quantitatively determine protein secondary Dy = Riacaj + RiﬂCﬂJ + RiuCui i=12,..,13 (1)
structure. The inherent vibrational resolution permits us to
potentially resolve conformation at particular amide linkages \yherei is theith wavenumber. The difference between the

within a protein. For example, selective amide, N, *O, measured protein spectrum and its predicted spectrum at the
and N-D isotopic substitution would shift the amide bands i, yavenumber is given asD;;:

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 proteinsAD; = D; — D' = Dy — (RCy + RsCp + R,Cy) (2)
in micelles where the light scattering confounds CD mea-
surements9). 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.

To find the besR,, Rg, andR, (Ra, Rg, 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,

CONCLUSIONS throughout 13 proteins and all spectral regions (ahta
points are included) equal to zero.

We have directly determined the average amide band o ) )
resonance Raman spectra of thehelix, S-sheet, and The derivative of_ the square of the difference with respect
unordered secondary structures and have demonstrated a ne¥® R Ris, andRy, is
methodology to determine protein secondary structure. This
method simultaneously utilizes the amide I, 1, and Il bands 9
and the G—H amide bending vibration. The sensitivity —ZZ(Dij — RoCy — RsCs — R.C,)’=0
should be superior to standard methods such as electronic R T4
CD, since the different secondary structural spectra have . i
richer spectral details than do the CD spectra. Furthermore, K=o, p,u; j=1,2,..,13;1=1,2,..,351 (3)
the spectra are immune from the light-scattering artifacts that
plague CD measurements7). It is possible to examine  For the derivative with respect R, we will see
proteins in micelles and other scattering medi€) (

The spectral richness of UVRR is comparable to that of
VCD (14, 19, but the Raman spectra can be measured at > (D) = ReCoy = RyCy —RLCYCy =0 (4)
much lower concentrations with much higher S/N ratios. In ]
addition, there is no interference by the water solvent which 2
limits and complicates IR and VCD spectroscopy. Riazcaj + Riﬁzcajcﬁj + Riuzcajcuj - ZCajDij ()

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 Then, repeating the calculation for the derivative with respect
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to R, Rr, we will see
R CuCsi + Ry Y Cs” + RyY C5Cy = > CyD;
J ] ] ]

Ri(xZCajCRj + RiﬁzcﬁjCRj + RiuZCujZ = zCujDij
] ] ] ]

Let
[R] = (R, Rg RW i=1,2,..,351 (8)
(zC(XJDII’ ZCﬂJDu’ XCUI ij Z overj (9)
ZCOLZ ZCOLJCﬁJ zCaj uj
]
[A] = |2 CaiCy zCﬁJ Zcﬁj y (10)
T T ]
> CuCy > CiCy DGy
] ] ]
| |
Thus, combining eqs-57 with eqs 8-10, we obtain
[RI[A] =[B] (11)
[CI"=(Cy Cy Cy)  i=1,2,..,13 (12)

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

[C] =[C,, Cy ..., Cid (13)
To compare egs 10, 12, and 13,
[A] =[C][C] (14)
Similarly, we let
[D] = (D, Dy, ... Dy) (15)
and combine egs 9, 12, 13 and 14:
[B] = [Di[C]" (16)
Thus, upon examining egs 13 and 15,
[RICIIC]" = [DIICl” 17)
Multiplying by {[C][C;]™} ~* on both sides,
[R1=[BIA] *=[DJICIVICICI} * (18)

[CI{[C] [C 1} ! is the pseudo-inverse of the component
matrix [C].
For the component spectra matrix [R] [3%13],

[R]"=[Ry, R, ...R] i=1,2..,351 (19)

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

[D]T =[D,, D,, ...,D]] i=1,2 ..,351 (20)

Furthermore, upon examining eqs-130, we can see
= [DJ[Cc1{[ClC]} !

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

[R] (21)

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

SupposeR,, Rg, andR, are the PSSRS Raman spectra of
the a-helix, -sheet, and unordered forms, respectively.
is the measured first protein Raman spectrutg, Cs1, and
Cu1 give thea-helix, 8-sheet, and unordered compositions
of protein 1. ThenR,, Rg, Ry, andD; are expressed as
below:

R’ = (Ruas Rewr 1R (1)
Rs" = Ry Ry - Rp) 2
o = Ruy Roy 2R (3)

The calculated spectrum of the protein 1 is shown as

DlT = (D11, D3y, -, D) (4)
D* = R,Cys + RsCpy + RCyy (5)
AD,=D,* =D, =D;* = R,Cy; — R[fcﬁl —R.Cy (6)

To calculate the best-fiCy1, Cg1, and Cyy, the deviation
between the measured spectrudi and the calculated
spectrunD;* is minimized by setting the sum of derivatives
of (ADy)?, given by eq 6, equal to zero.

Z(Dll Rl(x ol Rﬁcﬁl Rlu ul) _0

0C 145
k=a,p,u (7)
Z(Dl* — RuCor = RgCp — RICWR =0 (8)
ZDil* Ria = CalZRi(xz - CﬁlzRia.Ri,B - CulzRiqRiu
)

Repeating the calculation of derivative with respect g C
and G, we obtain

zDil* Rg= Cﬁlz RaRig — Cﬁlz Riﬁz - Culz RisRi
(10)
zDil*Riu = CalZRiaRiu - CﬂlzRiﬁRiu - CulzRiu2

(11)
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Matrixes [A], [B], and [G] are as follows:
IZRf 2 RaCy Zmul
(Al =| 2 RaRy IZR/;Z 2RRu| (12)
2 RaRu 3 RyCu Zaf

| |

Combining egs 911 and using matrix notation, we obtain

[Ci" = [Cuy, Cpyy Cul (13)
[B]" = [> DisRer D DisRps D DicRJ (14)
[B] =[A][C] (15)
Actually, matrix [R] is the PSSRS matrix.
matrix [R] = [R,, Rs R\ (16)
According to eqs 11 and 16,
[A] = [RI"[R] (17)
Similarly,
[B] =[RI'[D,] (18)
and
[RI"[D4] = [RI"[RI[C]
Premultiplying{[R]"[R]} ~* on both sides,
[Ci] = {[RI"[R]} [R]"[D] (19)
{IRI"[R]} YR]" is the pseudo-inverse matrix of PSSRS

matrix [R].
Thus, with matrix notation,

it [R][C4] = [D4l,

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

Therefore, the best-fiC,1, 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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