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ABSTRACT. Fourier transform infrared (FTIR) amide | spectroscopy has not been widely used as a method
to study protein folding. Some thorough studies of thermal unfolding have been carried out; however,
protein unfolding in the presence of the widely used denaturants guanidine hydrochloride and urea has
only recently been reported. Guanidine hydrochloride and urea both absorb strongly in the amide | region,
as does KD. Here, we have used deuterafé@-urea as the chemical denaturant and monitored the
unfolding transition with deuterium-exchanged staphylococcal nuclease (SNas€).inlbese conditions
circumvent all subtraction difficulties as the absorption bands & Bnd denaturant are shifted out of

the amide 'l region [Fabian, H., and Manstch, H. H. (199ipchemistry 3413651-13655]. A very
reproducible unfolding transition is obtained for SNa$&-Urea-induced unfolding of SNase was found

not only to be comparable to previous FTIR thermal unfolding data but also to have a denatured-state
spectrum similar to those of other thermally denatured proteins. The unfolding is approximately two-
state. The infrared spectra in the denatured state show evidence of some r@sstieal structure as

well as other band components not attributable to random structure.

One of the major difficulties in studying the equilibrium be developed. Two such techniques are currently being
between the native and the denatured states of proteins i©ptimized toward the needs of protein denaturation investi-
the relatively low structural resolution of many of the applied gations: high-resolution NMR5(7) and FTIR spectroscopy
techniques. The native-state structure has usually been8—12). By applying NMR 6, 7), it has been possible to
determined by X-ray crystallography, which serves as a solid identify conformations of SNase that remain stable at high
structural platform in the investigation. At present, however, concentrations of denaturants. A tentative equilibrium
no method exists that can give comparable information aboutfolding pathway for SNase has been proposed on the basis
the denatured-state conformation of proteins. The alternativeof these experiments.

is to use a set of different techniques to gather as detailed a |xfrgred spectroscopy can serve as an important comple-
picture of the denatured state as possible. _ ment to NMR results on protein folding. This spectroscopic
Staphylococcal nuclease (SNasepe of the most studied  ethod is mainly based on absorption due to the carbonyl
proteins in the field of protein folding, has been investigated stretching vibration of the peptide backbone, also known as
by a large number of techniques and under many different ihe amide | band. The frequency of this band depends on
denaturing conditions. Several studies report evidence that,q secondary structure of the protein, because the carbonyl
the denatured state of this protein is not a true random coil s¢etch vibration is sensitive to the strength of hydrogen
even under severe denaturing conditiols (Fluorescence  ponging in different secondary structurd8,(14). Numerous
spectroscopy) and gel-filtration studies3) on guanidine gydies have been devoted to empirical band assignment and
hydrochloride- (Gdn_HCI—) denatured SNase, as weII.as Sma}”'quantitative estimation of secondary structu5¢18).
angle X-ray scattering on a fragment of the protein that is gecondary structure content evaluation by FTIR normally
denatured in the absence of denaturad)s Ifave demon- g yery close to that found by X-ray diffraction. One of the
strated that the degree of expansion of the polypeptide Cha'”advantages of using FTIR to study protein folding is the high
is smaller than expected for a random coil polypeptide. Such raproducibility of the spectra, which allows one to detect
data suggest a compact denatured state. __even minor changes in protein conformation. A gradual
_ To better characterize the denatured state and possiblehange in denaturing conditions can be followed between
intermediates, new techniques with different strengths musti,e \well-defined native and the more disordered denatured
state, and changes can be assigned to secondary structures.

' This work was supported by NIH Grant GM54281-01 (B.E.B.), gych data have been obtained for thermal denaturation of

by NSF Grant MCB-9304751 (B.E.B.), and by a graduate fellowship . -
from the Colorado Institute for Research in Biotechnology (N.B.F.). p_mte'ns 0, 12), and more recently for urea unfolding of

* Corresponding author. ribonuclease A§). Although FTIR spectroscopy presently

1 Abbreviations: SNase, staphylococcal nuclease; GdnHCI, guanidine js unable to give the precise location of a particular secondary
hydrochloride; FSD, Fourier self-deconvoluted; amide I, infrared structure, and assignment of bands in the amide | region of
absorbance due mainly to the carbonyl of the peptide bonds of a protein; ! . . ;i
amide I, same infrared absorbance as amide | except protein amidesdenatured as well as the native protein can sometimes be

have been deuterated and the spectrum is acquired@n D problematic, FTIR provides a useful complement to NMR
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since it is not subject to the structural averaging problems 0.030
inherent in NMR. Thus, a global picture of the denatured-

state structure is possible. Thermal denaturation of three  0.025
different proteins has shown very similar denatured states
upon resolution enhancement (@), 12, 19): a major peak
around 1644 cmi, which is assigned to random coil

0.020

Q
structure, and a major shoulder in the high wavenumber § 0.015 1
range, at frequencies normally assigned to turn austieet g 0.010 -
structure. Data presented here further confirm this observa- <
tion for urea-denatured SNase. 0.005
Fabian and Mantscli() demonstrated that an IR spectrum
of ribonuclease A could be obtained B M urea using 0.000 —
deuterated®C-urea and deuterated protein in@ More
recently, the complete equilibrium unfolding of this protein 0005 2 s 1700 1600 1500 1400
has been monitored by this methd8).( With deuterated
13C-urea in RO, the denaturant and water absorption bands Wavenumbers (cm”")

shift away from the amide | region, overcoming the subtrac- Ficure 1: IR spectra of the amide I'fland Il (II) bands of
tion problems normally associated with infrared studies of staphylococcal nuclease in® and deuterated in . The signal-
solvent denaturationl(). We have applied these methods 0-noise ratio of the amide I'flband was 2800:1 in &b and 1300:1

to SN b it t int ti to test thm H,0. The path length is @Gm and the concentration is 20 mg/
0 SNase because it presents an interesting case to test thgy “—y sNase in BO: (- - -) SNase in bO.

abilities of FTIR spectroscopy to elucidate the subtleties of

protein folding. We have also extended the methodology 504 100 mM sodium chloride buffer. Deuteratég- and

by using Fourier self-deconvolution enhancement techniquesizc_rea were prepared by repeated lyophilization from
coupled to curve-fitting analysis to allow the behavior of oycess pO. 13C-urea was obtained from Sigma. H/D
individual components of the amideland to be assessed = gychange of the protein was carried out for 30 min at pH/D
during denaturation. There is much discussion regarding the 1 5 in D,O. The pH was then lowered to 7 and ions were
participation of intermediate2() versus residual denatured-  amoyed by repeated concentration and refilling witfoD
state structure2(l) in the folding pathway of this protein. i, 5 centricon-3 ultrafiltration device. Urea denaturation data
Although the unfolding of SNase appears to be two-state \yere collected at pH 7. H> D exchange was considered
according to our FTIR analysis, the data presented herecompjete due to the shift of the amide Il band (see Figure

provide additional evidence for the presence of residual 1) and the absence of any amide A band resulting from an
structure after the main unfolding transition of SNase. Some N_H stretch near 3280 cr 22).

inferences into the nature of this residual structure can also
be obtained from the frequencies of the components of the
amide [ band that remainni 6 M urea.

CD Spectroscopy Unfolding of SNase, as a function of
the concentration 0fC-urea, or of deuteratédC-urea, was
) ] i monitored by CD spectroscopy as the difference in ellipticity
Calorimetric studies have suggested for a number of yenyeen 220 and 250 NMko — O250). Measurements were
variants of SNase that an intermediate may be formed during,ade with a Jasco 500C spectropolarimeter using a time
unfolding and may be responsible for the observed changes;onstant of 2 s, a sensitivity of 5 mdeg/cm, and a slit width
in mvalues derived from GdnHCI denaturatia?0f. This of 1800um. The protein concentration was approximately
intermediate is belleveq to |nvolv.e loss of thehelix 45 ug/mL (cell path length was 10 mm) for urea unfolding.
structure of SNase, leaving predominatgtgheet structure. Unfolding was carried out as described previoush)(
It is difficult to monitor S-sheet directly with most existing  peasurements were made at 200.1 °C using a Neslab
methods. However, due to transition dipole couplig)( Model RTE 5 circulating bath and a jacketed CD cell.
the main frequency fg8-sheet in the amide | region is shifted  gtandard procedures that have been described previ@dsly (
well awa)é) fr?:m tshﬁjse dtr‘]e Ito Otr}eL typ;nsohf segon(éary 26) were used to evaluate the denaturation data.
structure 8). For SNase the loss of the m eet ban
is easily monitored by FTIR, which should provide a direct o nF;-IISi CSC)?;CK;IZZZZ%ISFS ﬁgescsgt\pger;zé?"éﬁs%;; dzf/):vith a
_method for de_termining the presencegagheet intermediates Hg/Cd/Te detector) continuously purged with nitrogen.
in future studies. Samples were loaded in a Beckman FH-01 cell with LaF
MATERIAL AND METHODS windows and a Gum path length spacer. A total of 256
scans were recorded per spectrum in a single-beam mode at
Protein Preparation W||d_type SNase was prepared from a resolution of 2 cm!. Protein concentration was kept
Escherichia colistrain AR120 kindly provided by Dr. David ~ constant in a given experiment but varied between 20 and
Shortle (The John Hopkins University). The protein was 25 mg/mL in different experiments. Typically, the signal-
purified as previously describe@3). Protein purity was  to-noise (S/N) ratio was 2800:1 inoD samples. At 6 M
monitored by Coomassie Brilliant Blue stained SEBAGE ~ '°C-urea a slightly lower concentration of 15 mg/mL was
and was estimated to be at least 95%. Protein concentratiortsed. FTIR sample preparation was performed as previously
was determined using afpso value of 0.93 foa 1 mg/mL  described 11).
solution of SNase. Urea concentrations were determined by  Analysis of IR SpectraDeuteration of3C-urea shifts the
refractive index measurements against buffed).( All major urea absorption band from 1624 énto 1562 cm*
experiments were performed in a 25 mM sodium phosphate (8, 10), leaving only a slight overlap with the amidebland.
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An over- or undersubtraction of the denaturant spectrum was 0

found not to interfere with the amidé band shape above .2

1620 cnt! and not to change the resolution-enhanced spectra.

However, an inaccurate subtraction can change the overall -4

area of the amidée hbsorption band. To be able to compare g -6

amide | areas and possible changes in absorptivity due to % .g

denaturation, an accurate subtraction procedure must be S

performed {1). First, buffer was subtracted using the 1209 -10

cm ! band due to BO as a reference. Next, a background 12

spectrum of the same molarity &iC-urea was subtracted,

keeping the relative intensities of the amidand amide M7 32 3 1 3 & 7
bands approximately the same in the final spectrum. Finally, {Ureal, M

water vapor was removed by subt_r%ctuﬁ?)( . FiIGURE 2: 2C-Urea unfolding curves for SNase and deuterated
‘To be able to compare the amidealbsorption area at  sNase in HO and DO monitored by CD spectroscopy. Deuteration
different urea concentrations, a subtraction was carried outcauses a shift in the midpoint of unfolding from 2.65 M urea in

such that the featureless region of the spectrum between 210120 to 3.1 M urea in RO. (a) SNase in RO; () SNase in HO.
and 1750 cmt had an absorbance of zero. This essentially Solid lines represent nonlinear least-squares fits to a two-state
- unfolding transition as previously describ&y, AG°,™° (AG° P:°)
am_ounted to subtracting a constant _absorbanc_e fr_om Fheand mvalues obtained are given in the text.
entire spectrum. By performing baseline correction in this
way all peak shapes and relative sizes are unaffected. ThisResyLTS
method of baseline correction is preferable to one in which
the baseline is simply drawn from an absorbance of zero Native-State Spectra in 0 and DO. Figure 1 shows
near the high-energy edge of the amitlednd to the saddle  the amide | band of SNase i@ and the amide band of
between the amide’ land the carboxylate side chain deuterated SNase in,D. Complete deuteration was ac-
absorbance. This latter procedure causes loss of real amideomplished by increasing the pH in the protein solution to
I" intensity that is biased toward the low-energy portion of 10.5 for 30 min. No batch to batch variations were observed
the amide 1 band. In our procedure, overlap of the low- in the amide land amide [lband position, shape, and size,
energy region of the amideé &pectrum with the adjacent indicating that a complete deuteration has been accomplished.
absorbance band of the carboxylate side chains is taken cardhe deuteration causes, as expectdd, (29), an ap-
of in subsequent curve-fitting of Fourier self-deconvoluted proximately 10 cm? shift of the amide | band center as well
spectra. as a change in the band shape. The amide Il band, which is
After subtraction was accomplished, band-narrowing was ascribed to an in-plane-bending vibration of—N in
performed by Fourier self-deconvolution (FSD) and second- combination with C-N stretching 22), experiences a much
derivative methods 1(7). In native-state spectra, peak more severe shift from approximately 1548 ¢nto ap-
positions and areas were obtained by curve-fitting FSD- proximately 1452 cm". A peak at approximately 1574 cth
enhanced spectra with Gaussian band profiles. For allis revealed when the amide Il band shifts; this peak is
spectra, the enhancement factor was kept well below log (S/assigned to the carboxylate stretching vibration of aspartate
N) as suggested previousi\2g). Initially, a resolution and glutamate side chain80). The loss of the amide Il
enhancement factor of 3.3 and a bandwidth at half-height of band at 1548 crt is complete, indicating a full deuteration
19.6 cnmt were used. These bands were then imported into of the amide nitrogens. The tyrosine ring vibration at 1515
less enhanced FSD spectra (resolution enhancement factoem * (30), which is only a shoulder on the amide Il band, is
of 2.4 and bandwidth at half-height of 15.5 ¢ band baseline-resolved in the spectrum of the deuterated protein.
positions were fixed, and iteration was continued until  The influence that H/D exchange has on the structural
convergence between the fitted and actual spectra wasproperties of a protein is not fully understood but the
obtained. By visual inspection the fitted and the original exchange could possibly alter the protein stability as well
spectra appeared identical. as its structure. The CD results show a significant increase
To follow changes in the spectra due to a gradual increasein the unfolding midpoint of the protein from 2.65 0.06
in denaturing conditions, second-derivative methods were M urea in HO to 3.10+ 0.06 M urea in RO (Figure 2).
applied to baseline-adjusted amidébands and are shown However, themvalue in D,O [2.08 + 0.01 kcal/(moiM)]
without further manipulation. The denaturation transition is smaller than in KD [2.34 £+ 0.18 kcal/(moiM)], such
was also monitored by FSD enhancement as described forthat the stability of SNase in 0 (AG° P = 6.45+ 0.13
the native-state spectra with an enhancement factor of 2.4kcal/mol) is only slightly higher than in 0 (AG°,H° =
and a bandwidth at half-height of 15.5 cin Curve-fitting 6.17 + 0.33 kcal/mol). Calorimetric studies of several
was performed by importing bands from less denatured proteins in HO and DO indicate that differences in
curve-fitted spectra and iterating with fixed band positions hydrophobic hydration in BD versus HO account for almost
until the solution was at a minimum or the spectra converged. all of the effects of deuteration on the thermodynamics of
Bands hitting lower limitations for height or width were protein folding 81). An evaluation of changes in structural
deleted during the fitting procedure. Peak positions where features in the native state due to deuteration can be made
a deviation could be observed between the actual and theby estimating the secondary structure distribution of the
fitted spectra were allowed to float in the final set of iterations deuterated and nondeuterated proteins by curve-fitting FSD
in the curve-fitting procedure. Typically, peak positions spectra of the protein (Figure 3). From the band assignment
shifted by less than 1 cm. data of Dong and Caugheg9) for H,O and of Byler and
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Ficure 3: (A) Curve-fitted Fourier self-deconvoluted amidéand

of SNase in DO with a half-bandwidth of 15.5 cm and an
enhancement factor of 2.4. (B) Curve-fitted Fourier self-deconvo-
luted amide | band of SNase i@ with a half-bandwidth of 17.2
cmt and an enhancement factor of 2.5:)(Original spectra;-¢-)
curve-fitted bands.

Table 1: Secondary Structure Assignment of SNase. @ Bnd
H,O
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FicurRe 4: (A) IR spectra of the amidé band between 0 and 5 M
urea in BO. To facilitate comparison between different urea

(A) Curve-Fitted Band Positions and Percent Areas of FSD-Enhanced concentrations, any offset in baseline was corrected by setting the

SNase Spectra in4® and DO, Along with Empirical Secondary
Structure Assignments

H,O D,O

band position area band position area
(cm™) assignmerit (%) (cm™) assignmerit (%)
1689.1 p strand 3.6 1684.3 turn 15
1681.1 turn 6.3 1672.9 tughstrand 8.4
1672.9 turn 10.3 1664.9 turn 9.7
1663.6 Fohelix 11.2 1658.2 ® helix 7.2
1656.5 o helix 15.9 1650.9 o helix 16.9
1648.9 random 14.7 1641.7 random 17.9
1640.3 pstrand 145 1635.2 [ strand 8.9
1631.2 pstrand 23.5 1626.5 fstrand 28.8

(B) Comparison of SNase Secondary Structure Distribution by
IR in H,O and DO with Data from X-ray Crystallography

X-ray® (%) HO (%) D0 (%)
p-sheet 38.7 41.6 41.9
helix 26.8 27.1 24.1
turn 16.6 15.4
unordered 14.7 17.9

a Assignment from Dong and Caughe3gj. ® Assignment from Susi
and Byler (5). ¢ Assignment from Levitt and GreeBJ).

Susi (L5) for D,O, comparable secondary structure estima-

flat 2100-1750 cnT? range to 0 absorbance and adjusting the entire
spectrum accordingly—) 0, 2.5 and 4.0 M;+-) 1.0, 2.8, and 5.0

M; (---) 2.0 and 3.2 M. (B) Second-derivative IR spectra of the
amide | region of SNase between 0B M urea. Seven crossover
points are observed—) 0, 2.5, 3.2, and 5.0 M; (- - -) 1.0, 2.8, and
3.4 M; (--+) 2.0, 3.0, and 4.0 M. (C) FSD-enhanced spectra of the
amide | region of SNase between 0B M urea. ) 0, 2.5, 3.2,
and 5.0 M; (---) 1.0, 2.8, and 3.4 M:+() 2.0, 3.0, and 4.0 M.

secondary structure assignment is also consistent with the
assignment of Levitt and GreeB3) using X-ray data for
SNase (Table 1). We therefore believe that the results show
no evidence of conformational change due to deuteration of
SNase. NMR studies on the ternary complexXCadTp)

of SNase show that NOE interactions obtained y®tand

D,0 solution are consistent with the same structi@4—(

37).

Urea Unfolding in DO Monitored by FTIR Figure 4A
illustrates the changes in the amidéand for SNase due to
13C-urea denaturation inf®. A gradual change toward a
more symmetrical band, centered around the frequency
normally assigned to random coi29), is observed. The
changes in the amidé band occur with an approximate
isosbestic point near 1640 chindicating that the unfolding

tions are found in the deuterated and nondeuterated proteirof SNase approximates a two-state transition. However, the
(Table 1). The values reported here are consistent with isosbestic point is not clean, which could suggest some

previous infrared work on SNasdZ 32). The infrared

deviation from two-state behavior. It is likely that the lack
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of a perfect isosbestic point results from small inaccuracies 120
in subtraction of thé=*C-urea absorption band in different

spectra. Inspection of separate unfolding experiments is
consistent with this possibility. Therefore, there is no x 80
compelling reason to suggest that this transition is not two- 60
state. Substantial loss in absorption occurs between 1640
and 1600 cm!. However, this loss is partially compensated

by an increase in absorption above 1640 §mwhich leads 20
to an overall loss in band area of approximately 10%. Heat

100

40

%change in A

0 &
denaturation of SNase results in a comparable change in the
amide I band shapel@) and a comparable transition in the -207 » P 3 p p P
second-derivative resolution-enhanced spectra. Xie et al. [gdnHC]

(12), hov_vever, report a 28% decrease in the amidmhd ., Ficure 5: Magnitude of the second derivative presented in Figure
area during thermal unfolding. A large decrease in the amide 4p ¢ four wavelengths covering the breadth of the amidiid,
I" area below 1640 cmt with no increase above 1640 cin shown as a function of the concentration of urea. Symbols are as
was observed, in contrast to our urea denaturation resultsfollows: (O) 1626.3 cm*; (A) 1641.7 cmi’; (O) 1652.0 cmi;
The source of these differences is unclear, but they may_(._) 1672.1 cmt, The solid curve has no theoretical significance;
indicate differences in the final denatured state. For urea gé?i\r/r;ﬁsgtiggllyio /39;:;(%?@3@' J,';iﬁ%g:g?\t,gzlae?gﬁg'&;hﬁhsigﬁond
unfolding, the small decrease in absorptivity as a function jncrease in magnitude during unfolding am’ax — A™)/(A" max
of decreasing amounts of structured conformation indicates— A".;;)100 at wavelengths that decrease in magnitude during
that the absorption coefficient of the<€D stretch vibration ~ unfolding. A" is the magnitude of the second derivative at a given
is somewhat dependent on protein structure. This relatively gon_centranondcglgrea}" mex is the maximal magm(tjude foft:]he secong
small decrease in the amidedxtinction coefficient upon dg;:zzﬂz:.an min IS the minimum magnitude of the secon
denaturation, however, should have only a small impact on
guantitative assessment of the denaturation process by curveean be monitored by changes in the original amideand
fitting procedures. or by curve-fitting FSD enhanced spectra. With an FSD
To obtain more detailed information regarding structural enhancement factor of 2.4 and a half-bandwidth of 15.5'cm
changes during denaturation, resolution enhancement washe decrease in the area of the amidband envelope due
performed on all spectra using second-derivative methods.to denaturation is very close to what is observed for the amide
Figure 4B shows the unmanipulated second-derivative I' band itself (about 10%). Higher enhancement factors lead
spectra as a function of increasing urea concentrations.to larger decreases in the area of the amideahd during
Between 0 ad 2 M urea virtually no changes occur in the denaturation, thus presenting problems for quantitation as
second-derivative spectra, which is in good agreement with with the second derivative. The FSD-enhanced spectra show
CD data, where less than 5% of the ellipticity has been lost a similar gradual loss in intensity in some band components
by 2 M urea (see Figure 2). Between 2.5 and 3.5 M urea, and an increase in others during the unfolding transition as
a cooperative transition occurs with smooth changes in the observed with the second derivative (Figure 4C). A number
height of the second derivative in seven resolvable anlide | of approximate isosbestic points are observed, near the
band components separated by seven crossover points. Ifrequencies of the crossover points in the second-derivative
the change in the magnitude of the second derivative is enhanced spectra, indicating that similar band components
monitored as a function of urea concentration at the 1626.3,are being monitored by the two methods of resolution
1641.7, 1652.0, and 1672.1 chicomponents, the changes enhancement. To quantify the unfolding process, bands from
in magnitude occur essentially in parallel during the unfold- curve-fitting were generated using the assumption that band
ing transition (Figure 5). In CD experiments (Figure 2), loss components change gradually in size and shape and to a
in ellipticity continues after the main unfolding transition. lesser extent in frequency during the denaturation process
IR spectroscopy also shows this small postunfolding change(see Materials and Methods). Since denaturation appears
in secondary structure as a further loss in the componentto be a process of smooth change in band components
near 1630 cm* and an increase in the component near 1660 (Figures 4B and 5), initial parameters for fitting each FSD-
cm! (see Figure 4B). This postunfolding change in the enhanced spectrum in the denaturation were taken from the
infrared spectrum can also be seen in the original anfide | final fit to the previous urea concentration. Figure 6 shows
absorption band (see Figure 4A). As was the case for thethe curve-fitted FSD-enhanced amidéand at four illustra-
changes in the original amidedbsorption band, the changes tive concentrations, with Figure 3A showing the initial bands
in the second-derivative enhanced spectra during the ureaat 0 M urea. A gradual change in band size and shape is
denaturation process qualitatively resemble what was ob-seen toward fewer and wider bands. At 6.0 M urea the
served for heat denaturatioh?). curve-fitted spectrum is very similar to the curve-fitted FSD-
Second-derivative resolution enhancement provides aenhanced spectrum of the heat-denatured state of RNase T1
relatively user-neutral means of deconvoluting amide | (9) with a major peak at 1642 crh ascribed to random
infrared spectra. Unfortunately, the magnitude of the second structure and two major peaks in the high-frequency range,
derivative depends on the sharpness of the component banda region normally attributed to turn structure. Figure 7 shows
underlying the amide’ labsorbance envelopé&4). Thus, a comparison between the CD data and percent changes in
following the height of second-derivative components will the intensity of the original amidé &bsorbance band at 1630
not accurately quantitate changes in structure as a proteincm ! as well as the percent changes in the areas of the band
unfolds. For quantitative purposes, the unfolding transition components at 1627 and 1642 chobtained from FSD
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Ficure 6: Curve-fitted FSD-enhanced spectra of the aniidedion

of SNase. Four illustrative concentrations of the denaturation
transition are shown—) Original spectra; (- - -) curve fitted bands.
(A) 2.5 M urea; (B) 3.0 M urea; (C) 3.4 M urea; (D) 6.0 M urea.

curve-fitting analysis. The IR data indicate a somewhat
lower unfolding midpoint urea concentration than the CD
results, the effect being most pronounced for the amide |
absorbance band monitored at 1630 &Cy, = 2.8 M urea
versus 3.1 M urea for CD data). The area of the 1642'cm
band decreases afté M urea, consistent with the previously
mentioned shift toward the higher frequency region in the
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FIGURE 7: Comparison between SNasgéC-urea denaturation
monitored by CD and FTIR. (A) Percent change in the FSD
component band areas at 1627 ¢r(0) and 1642 cm! (») as a
function of urea concentration compared to the ellipticity from CD
data @) as a function of urea concentration. (B) Percent change in
the absorbance at 1630 ci() as a function of urea concentration
compared to CD data as in panel A. For IR data the % change in
area or absorbance i (— Amin)/(Amax — Amin)x100 for band
components that increase in area or absorbance during unfolding
and @max — A)/(Amax — Amin)100 for band components that decrease
in area or absorbance during unfoldirgis the area or absorbance

of the band at a given concentration of uraax is the maximal
area or absorbance of the band, @gh is the minimum area or
absorbance of the band. The lines in panels A (solid for CD data
and 1627 cm! FSD component, dotted for 1642 cthFSD
component) and B represent nonlinear least-squares fits of the data
to a two-state unfolding model as described previoug).(The
midpoint urea concentrations for the unfolding transitioBg,,
derived from these fits are given in the text.

respectively) than the unenhanced band; however, they still
precede the CD-monitored transition. The different com-
ponents, representing diverse secondary structures within the
protein, monitored by FTIR, track closely together (Figures
5 and 7). Since the amide | band monitors all the peptide
bonds in the protein, this synchronicity strongly argues for
a two-state process. The deviation from the CD data may
be due to the substantial difference in protein concentration
(~2 uM for CD, ~1 mM for FTIR) used in the two
experiments.

DISCUSSION

FTIR amide | spectroscopy has not been widely used as a
method to study protein folding. Some thorough studies of
thermal @) and urea8) unfolding by FTIR have been carried

unmanipulated absorbance data (Figure 4A). The FSDout, and preliminary work on protein unfolding in the

component bands at 1627 and 1642 érfollow the CD
transition more closely@,, = 2.95 and 2.94 M urea,

presence of the widely used denaturant GdnHI) (has
been reported. Infrared amide | spectroscopy has some real



FTIR Study of Staphylococcal Nuclease Unfolding Biochemistry, Vol. 37, No. 6, 1998 629

advantages versus other commonly used methods. Since the Using CD methods, we have demonstrated that SNase is
amide | band reports on all of the peptide carbonyls in the more stable to urea denaturation inM@than in HO. Itis
protein, the method can in principle monitor the unfolding of concern that complete deuterium exchange could alter the
process for all parts of the protein simultaneously. Thus, if native structure of the protein, and thus the unfolding process
changes occur synchronously throughout the breadth of thebeing followed in BO versus HO might be different.
amide | band, the unfolding of the protein is two-state. Secondary structure analysis in®land QO (see Table 1)
Methods such as tryptophan fluorescence may only monitor gave similar results, and therefore such an effect appears
unfolding in the immediate vicinity of the probe tryptophan not to be a concern. Thus, we are confident thgD s a

(38) and the large differences in molar ellipticity for different solvent does not cause a substantial perturbation to the
types of secondary structure tend to bias circular dichroism unfolding process being monitored, although differences in
toward monitoring loss ofi-helical structure. Our data for  the hydrophobic effect in fD versus HO may affect the

the urea denaturation of SNase indicate only a small loss inabsolute values oAG°"° (AG°,P°) observed §1).

the extinction coefficient of the amideband associated with Our infrared data for urea denaturation of SNase indicate
denaturation, suggesting that only relatively small differences that unfolding of the wild-type protein is best described as
in extinction coefficient exist for different types of protein a two-state process. The lack of a clean isosbestic point
secondary structure. Reports exist of changes in extinctionduring the unfolding transition in the raw absorbance data
coefficient as large as 30% due to changes in secondarymost likely reflects small inaccuracies in subtractior’ar-
structure {4), which suggests that some secondary structure urea and not a deviation from two-state behavior (Figure 4A).
bias could occur. However, relative to other spectroscopic The synchronous loss and gain in intensity of several of the
probes this is a small effect, and thus infrared amide | underlying band components (Figures 4B and 5) also
spectroscopy appears to offer the potential to follow protein supports a two-state process. An advantage of the infrared
unfolding with little bias throughout the entirety of a protein’s experiment is that it monitors all peptide bonds in the protein.
sequence. Given the recent interest in the role of intermedi- Thus, synchronous change in the underlying components of

ates in the unfolding of protein2@), FTIR should be a useful
tool.

Second-derivative method48) and Fourier self-decon-
volution (28) permit substantial deconvolution of the amide

I band, and therefore the loss of different types of secondary

structure during unfolding can be followed separately. Our
data indicate that this is most straightforward for turn and
pB-sheet structures.
o-helix structure have amide | components that are fairly

close to each other and thus their contributions are more

difficult to deconvolute reliably, at least in the case of SNase.

The main problem with using FTIR spectroscopy to follow
protein folding is the coincidence of the amide | absorption
band with the IR absorption bands of urea and GdnHCI in
water. Previous work with denaturation in GdnHQIO(
indicated that, at wavenumbers above 1660 traccurate
subtraction of the GdnHCI absorbance was difficult. We
attempted to follow the denaturation of SNase by GdnHCI
in H,O quantitatively; however, the results were disappoint-
ing. Although the loss of thg-sheet band near 1631 cin
could be observed reliably, the reproducibility in the high-
wavenumber region was too poor for quantitative work,
particularly at GdnHCI concentrations of 1.5 M or higher.
However, the complete unfolding transition could be moni-
tored in theS-sheet region and gave data consistent with
CD-monitored unfolding of SNase.

Studies with'3C-urea in HO lead to similar problems.

Unfortunately, random structure and

the band indicates that diverse secondary structures through-
out the protein are being lost simultaneously. Data obtained
under similar pH and salt conditions by calorimetBgy;
urea-gradient gel electrophoresif), and CD and tryptophan
fluorescenceZ3) also indicate two-state behavior for wild-
type SNase.

The loss offi-sheet structure monitored by a decrease in
the intensity of the amide spectrum near 1630 crhis the
most prominent change in the FTIR spectrum of SNase
during denaturation by deuterat&€-urea (Figure 4). The
observation that loss @#-sheet structure is almost coincident
with loss of a-helix structure, as monitored by CD spec-
troscopy, supports two-state unfolding of this protein. The
ability to monitor loss of3-sheet relatively unambiguously,
should be particularly useful for future studies with variants
of SNase that have significant changesrivalues relative
to the wild-type protein. Calorimetric studies have indicated
the presence of intermediates for these variants and an
intermediate composed mainly ffsheet has been proposed
(20).

In our FTIR data, there appears to be evidence for a
noncooperative change in the structure after the main
unfolding transition at high urea concentrations (Figures 4A
and 6). This noncooperative loss of structure is not observed
calorimetrically 88), although CD data are consistent with
small structural changes after the main cooperative unfolding
transition (Figure 2). Of particular interest is a consideration
of whether significant residual structure can be detected in

The 13C label shifts the urea infrared absorbance to 1624 amide | spectra obtained after the cooperative unfolding

cm™! in H,O. However, a significant, high-wavenumber

shoulder extends well into the amide | region. In this case,

we had significant subtraction problems in the low-wave-

transition (4 M urea and above). It is clear that a small
amount off-sheet structure remains4aM urea (see Figure
7A) and is slowly lost as the concentration of urea is

number region of the amide | band at urea concentrationsincreased to 6 M. This change ifi-sheet parallels a

above 2.6 M. This situation prevented complete monitoring
of the urea unfolding transition. Fortunately, it has been

continued loss in ellipticity observed aftd M urea (see
Figure 2). Similar behavior is also observed for changes in

demonstrated recently that the infrared absorbance of deuthe CD spectrum of a 131 amino acid fragment of SNase.

terium-exchangeéfC-urea is shifted to 1562 crh (8, 10).
This has allowed the highly reproducible, gquantitative

Between 4 ad 6 M urea, ellipticity attributable t@-sheet
structure is lostg). At 4 M urea the NMR data of Wang

assessment of SNase unfolding presented here to be achievednd Shortle §) suggest that thg-sheets32 ands3 are still
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populated, which would require10% 3-sheet contentat 4 CONCLUSION
M urea. Our infrared data indicate a tofasheet content

of 10.7% &4 M urea, decreasing to 7.6%&M urea. These
data are clearly consistent with noncooperative loss of
residual structure from the denatured state after the major
cooperative unfolding transition. It should be noted that our
infrared data were obtained with fully intact SNase whereas
Wang and Shortle6) used a 131 amino acid fragment of

We have demonstrated that use of deuterium-exchanged
13C-labeled urea allows the complete unfolding transition of
SNase to be monitored by amideitfrared spectroscopy.
The spectra are highly reproducible and can be obtained at
high signal-to-noise ratios. Under these conditions, indi-
vidual components of the absorbance band can be decon-
. . . voluted, allowing the loss and gain of different types of
Epﬁ protthelntthat dois not fpld o thlgtn?tlvle stLate evenin W"’lltter'secondary structure to be followed during denaturation.

us, the two systems give qualiitatively the same resuit. Changes ing-sheet structure produce the most prominent

Even under strongly denaturing conditions (6 M urea), the effects. Data for SNase are consistent with a two-state
amide | absorption band does not collapse to a completely transition under the buffer and pH conditions used for urea
symmetric random coil spectrum (Figure 6D). The major unfolding. The main transition is followed by a noncoopera-
band component is found at 1642 th{44.7% of the total  tive loss of structure. The urea-denatured state of SNase
amide | band area), which has been attributed to random appears to have a significant amount of random structure. A
coil by empirical methods1, 29). Two other significant  small amount of hydrogen-bonded sheet remaids\d urea
components are found at 1659 th(34.5% of total band  at the end of the cooperative unfolding transition and is
area) and 1672 cm (9.7% of total band area). Studies of slowly lost with increasing urea concentration. A shoulder
the heat-denatured state of proteins pOIby IR have shown  in the high-energy region of the amideband is observed
spectra qualitatively similar to this spectrum (2, 19): a at 6 M urea that is tentatively assigned to hydrophobic
peak centered around 1644 chand a shoulder in the high-  clusters in which the main-chain carbonyl is shielded from
frequency range. Torii and Tasumdl) calculated that  hydrogen bonding to solvent. This high-energy shoulder
non-a. and nonB structure in folded proteins can spread over appears to be a common feature in the infrared spectra of
a wide wavenumber region, suggesting that the protein denatured proteins.
conformations causing this high-energy shoulder could be
unordered or turn structures. However, we are observing ACKNOWLEDGMENT

this shoulder in a denatured protein, and it must be keptin  \ye thank John Carpenter at the Pharmacy School

mind that a major factor in determining the frequency of niversity of Colorado Health Sciences Center, for generous
the amide | band is hydrogen bonding. For cyclic peptides ,se of his infrared spectrometer.
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