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Abstract: FTIR spectroscopy was used to quantitatively assess the secondary structure of proteins in—aqueous
organic mixtures ranging from pure water to a pure solvent. For every such solution/suspensiehetixecontent

of the protein was independently calculated from the amide | and amide Il spectral regions (which gave essentially
identical results). In all cases studied (two unrelated enzymic pretéisezyme and subtilisin; three dissimilar
water-miscible solventsacetonitrile, tetrahydrofuran, and 1-propanol), the protein secondary structure was much
more native-like in pure organic solvents than in most wasetvent mixtures, e.g., 60% (v/v) organic solvents. In

fact, placing lyophilized (or crystalline) proteins in the anhydrous solvents tested had no appreciable effect on the
o-helix content, whereas the latter declined markedly in the 60% (v/v) solvents. This behavior was found to be
kinetically controlled, i.e., to be due to inherent restrictions on protein conformational mobility in anhydrous, in
contrast to aqueouorganic, media.

Introduction organic solvent$,and conventional biophysical techniques for
protein characterization are designed for protein solutions, not

Biochemists often state that organic solvents denature pro-suspensions. .
teins, e.g., “Proteins can be denatured...by certain miscible The burgeoning area of nonaqueous enzymofbg?ngreby .
organic solvents such as alcohol or acetoné..Such conclu- enzymes suspended in neat organic solvents exhibit catalytic

sions, however, rarely come from studies where proteins areZCt'V'ty’ would seerzn tod_conEadlct the notion IdOf protelﬂ
actually examined in “organic solvents such as alcohol or denaturation in such media. However, one could argue that

acetone”; instead, miscible organic solvents are usually addedbecause enzymatic activity in organic solvents usually consti-

to aqueous solutions of proteifsAlthough it is tempting to ttes ke fra_lctlon of that in water, Itis not inconsistent
. . . . with severe, albeit incomplete, denaturation exceeding in fact
presume that if proteins are denatured in agueauganic

. . . . . that in aqueousorganic mixtures. The problem with assessin
mixtures, they will certainly experience that fate, and likely to 9 9 P 9

a greater extent, in pure (neat) organic solvents, this extrapola-oth(e3r) N;zblr? ngem%ngrm;#gi 3'”;?23/(' ;lrlllf?;ldse&&?m;?é?eldneb ﬂedma few
. pp . . . , ili i \'/ i , Adw. i

tion may not be correct. The difficulty of testing it experimen- 391 197" 66 Ghin. 3. T Wheeler. S, L.: Kibanov. A. NBiotechnol.
tally stems from the fact that proteins are insoluble in most Bioeng.1994 44, 140-145). While proteins are indeed denatured when
dissolved in them, such protein-dissolving organic solvents are not suitable
reaction media for nonaqueous enzymolégyonsequently, they were not

® Abstract published irAdvance ACS Abstractdyovember 15, 1996. used in the present study.
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this argument is thet the proteips end solvents qsed' in the amide I amide IIT
examination of protein denaturation in aqueeosganic mix-
tureg are distinct from those employed with enzymes suspended
in organic solvent$ thus making direct comparisons impossible.
Recent advances in Fourier-transform infrared (FTIR) spec-
troscopy have made it a method of choice for quantitatively
investigating the structure alid, e.g., lyophilized, protein3.
In the present work, we extend this methodology to protein
suspensioni organic solvents. Since FTIR characterization
of proteinsolutionsis well established,we have been able to
assess protein structure throughout the entire range of agqueous
organic mixtures, i.e., from pure water to a pure organic solvent,
regardless of solubility. These measurements reveal that
although proteins are denatured in aqueenrgianic mixtures,
their secondary structure remains essentially intact in the
corresponding pure organic solvents.

IR absorbance

Results and Discussion

Two regions of the IR spectrum of a protein, amide | (1600
1700 cn1?) and amide 111 (12151335 cn1?), have been widely
used to quantify the individual elements of the secondary
structure in aqueous soluti6h? The same has been recently
accomplished for solid, e.g., lyophilized, protein sampfés.

While in aqueous solution both tlehelix andg-sheet contents /»\//\,\\ e

are indicative of the intactness of protein structure, for protein ‘,“\ A /Y\\ A \\/\

powders the latter parameter is suspect because it is inflated by WY AV
T 1

4
T T T N\ T T

. ) e ; :
the intermoleculag-sheet formatio¢ Therefore, in the present 1700 1675 1850 1625 1800 1350 1300 1250 1200

study we employed the percentageoshelices, independently
determined from the amide | and amide Il spectral regions wavenumber (Cm'1)

When_eve.r pOS.SIble’ to gauge the degree of de.naturatlon OfFigure 1. IR spectra of lysozyme dissolved in water at pH 1.9 (A),
prOte,'ns In various solvent Systems. Hen egg-whlte lysozyme, suspended in pure acetonitrile as a pH 1.9 lyophilized powder (B), and
a typical and thoroughly investigated protéimas selected as gissolved in a mixture of 60% acetonitrile and 40% (v/v) pH 1.9 water
the main model; acetonitrile, extensively used in nonaqueous () in the amide | and amide Il regions. The solid curves represent
enzymology*1%1twas employed as the organic (co)solvent in the spectra after Fourier self-deconvolution in the amide | region, and
much of this work. the original spectra in the amide Il region. (The results of the Gaussian

The IR spectrum of lysozyme in aqueous solution in the curve-fitting, shown superimposed, are nearly identical.) The dashed
amide | and amide Il regions is depicted in Figure ®A. peaks represent the |nd|_V|duaI Gaussian bands. Note that the spectra
Gaussian deconvolution of this spectrum revealed a protein " the amide I and lll regions are not drawn to the same scale (the IR
a-helix content of 34% (34 2% from amide | and 34 1% absqrbance in the amlde_lll region is _10 times smaller _than in the amide

. . I region). For other experimental details, see the Materials and Methods.

from amide IIl). The same FTIR analysis of the enzyme

Table 1. o-Helix Contents of Lysozyme, Lyophilized from pH

_(5) (a) Prestrelski, S. J.; Arakawa, T.; Carpenter, JAfeh. Biochem. 1.9, in Different Organic Solvents and Their Mixtures with Water
Biophys 1993 303 465-473. (b) Prestrelski, S. J.; Tedischi, N.; Arakawa, -
T.; Carpenter, J. FBiophys. J.1993 65, 661—671. (c) Griebenow, K.; a-helix content, %
Klibanov, A. M. Proc. Natl. Acad. Sci. U.S.A995 92, 10969-10976. : ;
(6) (@) Braiman, M. S.; Rothschild, K. Annu. Re. Biophys. Chem. solvent amide | amide i
1988 17, 541-570. (b) Surewics, W. K.; Mantsch, H. Biochim. Biophys. 100% acetonitrile 25-2 24+ 3
Acta1988 952 115-130. (c) Arrondo, J. L. R.; Muga, A.; Castresana, J.; 60% acetonitrilet 40% HO 13+ 2 11+ 2
Goni, F. M.Prog. Biophys. Mol. Biol1993 59, 23—-56. (d) Jackson, M.; 100% tetrahydrofuran 22 3 c
Mantsch, H. H.Crit. Rev. Biochem. Mol. Biol1995 30, 95-120. 60% tetrahvdrofuras- 40% HO 15+ 3 16+ 1
(7) (a) Singh, B. R.; Fuller, M. P.; Schiavo, Biophys. Chem199Q 100?,A)elfgrgp;ﬂ$‘lra oF 31 c
46, 155-166. (b) Singh, B. R.; Fu, F.-N.; Ledoux, D. Btruct. Biol.1994 60% 1-propanot- 40% HO 12+ 3 c
1, 358-360. (c) Fu, F.-N.; DeOliveira, D. B.; Trumple, W. R.; Sakar, H. 0 1-prop 0
K.; Singh, B. R.Appl. Spectrosclo9d 48, 1432-1441. 2In all experiments, 50 mg of lysozyme was suspended in 1 mL of
s _(81)9%ong£,1A4;1|;£e432tzelsk|, S.J.; Allison, S. D.; Carpenter, II.F2harm. the solvent. At this concentration, lysozyme was soluble in 60%
cl. 5 84, : acetonitrile, 60% tetrahydrofuran, and 60% 1-propanol, and insoluble

(9) Blackburn, S.Enzyme Structure and FunctioM. Dekker: New
York, 1976; Chapter 10.
(10) Schmitke, J. L.; Wescott, C. R.; Klibanov, A. M. Am. Chem.

(i.e., yielded suspensions) in the 100% solvehssll the solvent
percentages are v/v. The water was adjusted to pH 1.9 prior to mixing

Soc.1996 118 33603365, with acetonitrile.° Not determined because correction for the solvent
(11) Including X-ray crystallographic studies in anhydrous acetonitrile; Was impossible due to strong solvent bands in the amide Il spectral

Fitzpatrick, P. A.; Steinmetz, A. C. U.; Ringe, D.; Klibanov, A. Rroc. region.

Natl. Acad. Sci. U.S.AL993 90, 8653-8657. Fitzpatrick, P. A.; Ringe D.; . .

Klibanov, A. M. Biochem. Biophys. Res. Commu®94 198 675-681. lyophilized from that aqueous solution showed some dehydra-

(12) The secondary structure of lysozyme in aqueous solution at pH 1.9, tion-induced, reversibf13 denaturation; thex-helix content

3.1, 4.0, and 5.1 is the sarffeSubsequent lyophilization results in significant . .

secondary structural changes, but the structure of the lyophilized powdersdecnne{j,t0 26:27% (27+ 2% from ?m'de I .Qnd 26 3%

is the same irrespective of the pH of the aqueous soldfistowever, the from amide Ill). However, when this lyophilized lysozyme
extent of lysozyme denaturation in acetonitrilgater mixtures is pH- ~ sample was suspended in anhydrous acetonitrile, its IR spectrum
dependent and less pronounced for lysozyme obtained at neutral pH values
We chose pH 1.9 in this work to demonstrate the effect of protein (13) Costantino, H. R.; Griebenow, K.; Mishra, P.; Langer, R.; Klibanov,
denaturation at different acetonitrile concentrations in water most clearly. A. M. Biochim. Biophys. Actd995 1253 69-74.
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40 case and only 1& 2% in the latter. That there is a significant
A B difference in the protein secondary structure depending on the
* mode of preparation indicates that the situation is under a kinetic,
rather than thermodynamic, control. If the protein suspended
; in 90% acetonitrile is kinetically trapped, then it will be even
: ? $ ) more so in neat acetonitrile. This is consistent with our earlier
20 | % } | % hypothesi& that enzymes retain catalytic activity in anhydrous
{ } solvents due to their structural rigidity in such media (compared
. } to water), resulting in high kinetic barriers preventing the native-
; { % % ¢ like conformation from unfolding.
i As mentioned above, beyond 60% (v/v) acetonitrile, lysozyme

is not completely soluble in the solvent mixture at 50 mg/mL.
Thus, one might consider the following explanation to the

a-helix content (%)

0 — T T ascending portion of the curve in Figure 2. If one assumes that
0O 20 40 60 & 1000 20 40 60 80 100 the dissolved protein is more prone to solvent-induced dena-
acetonitrile in water (%, viv) turation than the suspended protein (due to the loss of stabilizing

Figure 2. Dependence of the-helix content of lysozyme on the protein—protein contacts), then at higher acetonitrile (beyond
concentration of acetonitrile in the medium. Taenelix content was ~ 60%) concentrations there will be less dissolved lysozyme. In
independently calculated from the amide I (A) and amide 11l (B) spectral Other words, thex-helix content increases because the fraction
regions. Each data point represents the mean value of at least fourof the dissolved (and more denatured) protein decreases.
separate measurements; standard deviations are indicated by error bars. We tested, and ruled out, this hypothesis by comparing
Because correction for th_e_wa_terIR abs_orbance_band was not pos_s'b|ElyophiIized lysozyme placed in 60%, 70%, and 95% (v/v)
at 90% and 95% acetonitrile in the amide | region, these data points geetonjtrile. In the first two systems thehelix content is,

are missing. Water added to acetonitrile in all cases had pH 1.9. TheWithin the error of experiment, the sam@1 + 2% vs. 13+

lysozyme concentration was 50 mg/mL, which yielded solutions at . e .
0—60% (v/v) acetonitrile and suspensions at higher acetonitrile contents. 7 FéSPectively whereas the solubilities (at S0 mg/mL protein)

For other experimental details, see the Materials and Methods. vary drastically-100% and<2%, respectively. As far as the
second two mixtures are concerned, the solubilities at 50 mg/

mL lysozyme in both 70% and 95% acetonitrile were found to
be below 2%, while thea-helix contents differed signifi-
cantly—13 4 3% and 20+ 3%, respectively* These observa-
tions demonstrate that the ascending part of the curves in Figure
2 reflects intrinsic properties of suspended lysozyme, not
differences in solubility.

(Figure 1B) indicated no further denaturation; thehelix
content (the first entry in Table 1) was, within experimental
error, the same as for the powder.

The conclusion that neat acetonitrile causes no appreciable
denaturation of the protein was confirmed using crystalline (as
opposed to lyophilized) lysozyme. Tlehelix content of the

crystalline protein sample, 22 2% (amide Ill) to 30+ 2% It was of interest to verify this conclusion by comparing the

(amide 1), remained the same, within the error of experiment, Sécondary structure of dissolved vs suspended lysozyme in the
when the crystals were suspended in neat acetonit2ife- same solvent system (as opposed to 60% and 70% acetonitrile
204 from amide Il and 28 2% from amide |. above). To this end, we took advantage of the fact that another

Next, we measured the-helix content of lysozyme in various organic solvent, methanol, dissolves high concentrations of
water-acetonitrile mixtures, and the results obtained are lysozymel® First, we prepared a saturated solution of lysozyme
depicted in Figure 2. Several noteworthy comments can be in methanol (approximately 35 mg/mL) and measured its IR
made. Parts A and B of the figure (corresponding to indepen- SPectrum. Ther-helix content was calculated (from the amide
dent calculations from the amide | and Il spectral regions, | région) to be 17+ 3%. Second, we placed 80 mg of the
respectively) look very similar, thus further validating our Same lyophilized lysozyme in 1 mL of methanol, measured its
a-helix determination methodology. The dependence of the 'R spectrum, and then subtracted that of the dissolved protein.
a-helix content on the fraction of acetonitrile in the solvent Gaussian deconvolution of the resulting differential spectrum
mixture is an inverted bell-shaped curve; i.e., lysozyme's Yielded ana-helix content of 12+ 1% for the suspended
secondary structure is compromised (sombelicity lost) in ~ €nzyme. Thus, the latter is indeed no less denatured than the
water-acetonitrile mixtures but not in either pure water or dissolved enzyme which is devoid of proteiprotein contacts.
acetonitrile. For example, in 60% (v/v) acetonitrile (the highest Hence, in this system these contacts have no appreciable
acetonitrile fraction where lysozyme is still soluble under our Stabilizing effect on the secondary structure.
conditions), then-helix content is just half of that in the pure It was essential to ascertain whether the behavior depicted
organic solvent (second entry in Table 1). Even visually the in Figure 2 would be expressed with solvents other than
character of the IR spectrum, as well as its Gaussian deconvo-acetonitrile. Consequently, we tested two additional, dissimilar
lution, in 60% (v/v) acetonitrile (Figure 1C) is quite distinct Water-miscible solvents, tetrahydrofuran and 1-propanol. In
from those in water (Figure 1A) and acetonitrile (Figure 1B). €ach case, the secondary structure of lysozyme was examined

To shed light on why lysozyme may be more denatured in Py FTIR spectroscopy in the pure solvent and in 60% (v/v)
water-acetonitrile mixtures than in neat acetonitrile (Figure 2), Solvent. As can be seen in Table 1, in 60% tetrahydrofuran
we assessed the secondary structure of the protein in 90% (v/v)the a-helix content of lysozyme was one-third lower than in
acetonitrile prepared in two different ways. In one, lysozyme the neat solvent. For 1-propanol, the difference was even
was directly suspended in this watesolvent mixture. Inthe  greater-nearly 2-fold.
other, the enzyme was first dissolved in water, and then The serine protease subtilisin Carlsberg has been one of the
acetonitrile was added to the final concentration of 90% (v/v). most researched enzymes in nonaqueous enzyméfSgdy.
The a-helix content was found to B£18 + 3% in the former Therefore, we employed it herein to test the generality of the

(14) Using the amide Il band spectral region. Solvent subtraction in (15) Zaks, A.; Klibanov, A. MJ. Biol. Chem1988 263,3194-3201.
the amide | region proved to be impossible at this acetonitrile concentration.  (16) Chinet al. Reference 3.
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Figure 3. a-Helix content of subtilisin dissolved in water at pH 3.0
(a), suspended in 60% acetonitrite 40% (v/v) pH 3.0 water (b),
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Materials and Methods

Materials. Hen egg-white lysozyme (EC 3.2.1.17; crystallized,
dialyzed, and lyophilized three times) and subtilisin Carlsberg (alkaline
protease fronBacillus licheniformis EC 3.4.21.14) were purchased
from Sigma Chemical Co. and used without further purification.
Acetonitrile, tetrahydrofuran, methanol, and 1-propanol, all from Aldrich
Chemical Co., were of analytical grade or better. KBr powder for IR
spectroscopy was from Spectra Tech.

Protein Lyophilization. Proteins were dissolved in deionized water
at 10 mg/mL, and the pH was adjusted to the desired value. All aqueous
solutions of lysozyme (pH 1.9 and 3.0) and subtilisin (pH 3.0) to be
lyophilized were frozen in liquid nitrogen and applied to a Labconco
Model 8 freeze-drier for 48 h at a pressure of 4@ of Hg and a
condenser temperature 660 °C. Lyophilized protein powders were
stored in a freezer at20 °C in sealed vials over Drierite (Hammond

suspended in pure acetonitrile (c), and as a pH 3.0 lyophilized powder Drierite Co.).

(d). The percentage ai-helices was independently calculated from

Lysozyme Crystallization. Lysozyme was crystallized according

the amide | (stippled bars) and amide Il (lined bars) spectral regions. tg the literature procedufé. To 30 mL of a lysozyme solution (8%,
Errors shown are the standard deviations from the mean of at leastp 1.9) was added the same volume of a NaCl solution (10%, pH

four separate measurements. The enzyme concentration was 50 mgi,g), the solutions were mixed, and crystallization was performed at

mL (a—c) and 1 mg/200 mg of KBr (d). For other experimental details,
see the Materials and Methods.

conclusions reached with lysozyme. Subtilisin’'s secondary

20 °C to result in needle-like crystals within 24 h. For FTIR
measurements, the crystals were collected by suction filtration,
dehydrated by pressing them between layers of filter paper and air-
drying for 1.5 h, and then used immediately.

structure was measured by means of FTIR analysis in various Determination of Protein Concentration. The concentration of

solvent system&’ As seen in Figure 3, the-helix content of
subtilisin is halved upon transition from pure water (bar a) to
60% (v/v) acetonitrile (bar b). It increases by approximately
two-thirds when the lyophilized enzyme is suspended in neat
acetonitrile (bar c) instead. Note that thehelix content of
subtilisin in pure acetonitrile is the same as that of the dry

enzyme (bars c and d, respectively); i.e., the anhydrous solvent

has no denaturing effect.

In closing, this work provides the first direct biophysical
evidence that, somewhat counterintuitively, proteins are more
denatured in aqueou®rganic mixtures than in the correspond-

dissolved lysozyme was determined by measuring its absorbance at
280 nm {Agg0). A calibration curve was established using lysozyme
standards of known concentrations. Samples were placed in the solvents
and agitated for 30 min as described below, and undissolved particles
were removed by centrifugation (10 min, 8000 rpm). P of the
supernatant was measured after a 1:10 dilution with water in a quartz
cuvette of 10-mm path length.

In the case of lysozyme lyophilized from an aqueous solution of
pH 3.0 and suspended in methatfeitthe protein was placed in 5-mL
screw-cap scintillation vials, followed by addition of the solvent. The
resulting suspensions (@0 mg of lysozyme/mL of methanol) were
shaken at 30C and 300 rpm for 16 h. Lysozyme was fully soluble
up to some 30 mg/mL under these conditions. At 40 mg of lysozyme

ing pure organic solvents. This phenomenon can be understoother mL of methanol minor amounts of undissolved protein were

if two effects, simultaneously at play, are considered. On the

observed, and at 80 mg/mL a pronounced suspension ensued. Removal

one hand, as the organic solvent content in the medium is raisedof the undissolved particles by centrifugation was not feasible in the
the tendency of a protein to denature increases. On the otherast two mixtures due to their extreme viscosity. Consequently, both

hand, as the water content in the medium declines, the protein

conformational mobility, and hence its ability to acquire the
thermodynamically dictated conformation, diminisR&sCon-
sequently, although in pure organic solvents the propensity of

were used directly to determine the concentration of dissolved lysozyme
by UV absorbancef\sqs values were corrected for the light scattering

(measured at 320 nm). For the 40 mg/mL lysozyme, approximately
35 mg/mL was found to be dissolved. For the 80 mg/mL suspension,
the concentration of the dissolved protein was found to be similar, 32

a protein to denature is undoubtedly even greater than in, e.g.,mg/mL.

60% solvent (Table 1), its capacity to actually undergo such
denaturation is severely impaired. This explains why enzymes,
paradoxically, may be more catalytically active in pure organic

solvents than in aqueou®rganic mixtures, i.e., why addition

of the natural solvent water is detrimental rather than beneficial.
Also, the interplay of the two effects results in an inverted bell-

FTIR Spectroscopy. FTIR studies were conducted with a Nicolet
Magna-IR System 550 optical bench as described previdtisiytotal
of 256 scans at 2 cm resolution using Happ-Ganzel apodization were
averaged to obtain each spectrum. For all experiments involving
solutions or suspensions, a Spectra Tech liquid cell equipped with CaF
windows was used. Lyophilized protein powders and lysozyme crystals
were measured as KBr pellets (1 mg of protein per 200 mg of RBr).

shaped dependence of the kind shown in Figure 2 and explainsgach protein sample was measured at least four times. When necessary,
how proteins with their conformations kinetically trapped in spectra were corrected for the solvent background to obtain protein
anhydrous solvents defy the notion that the latter should be morevibrational spectra. The latter were analyzed in the amide | and amide
denaturing than their mixtures with water. Finally, as with other Il spectral regions. When the amide | band was analyzed, small water
kinetically, but not thermodynamically, controlled systems, the VaPOr bands present were eliminated from the spectra.

history of enzymes placed in anhydrous media becomes Lyophilized proteins (50 mg) were s_uspended/dlssqlved in1lmL pf
. . . the solvents used. In the case of mixtures of organic solvents with
important for their behaviot®

water, the pH of the water was first adjusted to that from which the
proteins had been lyophilized. After a 30-s ultrasonication, the samples
were stirred for 30 min. In one experiment, lysozyme was dissolved
in water, the pH was adjusted to 1.9, and then acetonitrile was added
to its final concentration of 90% (v/v); the protein concentration in
this case was 24 mg/mL. Lysozyme crystals (80 mg) were soaked in

(17) Griebenow, K.; Klibanov, A. MBiotechnol. Bioeng.in press.

(18) Because water, due to its ability to form multiple hydrogen bonds
including those with proteins, acts as a molecular lubricant in protein
systems: Kuntz, |. D.; Kauzmann, \Wdv. Protein Chem1974 28, 239—
245. Finney, J. L.; Poole, P. IComments Mol. Cell. Biophy4984 2,
129-151. Rupley, J. A.; Careri, QAdv. Protein Chem1991 41, 37—-172.
Gregory, R. B., EdProtein-Sobent InteractionsM. Dekker: New York,
1995.

(19) Klibanov, A. M. Nature 1995 374, 596.

(20) Alderton, G.; Fevold, H. LJ. Biol. Chem 1946 164, 1-5.
(21) Bromberg, L. E.; Klibanov, A. MProc. Natl. Acad. Sci. U.S.A.
1995 92, 1262-1266.
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six consecutive 2-mL portions of acetonitrile, recovered by centrifuga-  (b) Fourier Self-Deconvolution (FSD§?°> was applied to the
tion, and decanted to replace the interstitial water with acetonitrile. unsmoothed spectra to enable quantification of the secondary structure
The IR cuvette was filled with the suspension/solution, and the IR in the amide | region by Gaussian curve-fittth@ using the program
spectra were recorded. Solvent background spectra were obtained byOMNIC 2.1. The parameters chosen (a value of 16 for the full width
measuring the same solvent system in the same cuvette with the samét half-maximum (FWHM) and the enhancement faéter 2.0 in the
spacers. Note that FTIR spectroscopy is among the few spectroscopiccase of subtilisin and = 2.2 in the case of lysozyme) are in the range
methods allowing one to obtain spectra of innomogeneous dispefaions. Of those published:2°2® Note that FSD alters the band shapes, but
The FT calculation excludes IR intensities that do not follow the correct grr]eosseerr:’?srtggg‘ti?]gorz‘:ig]gﬁ‘/giénéﬁPnsif;ée?ir;l—ehﬁsiogfsg\;‘ggz(e;ovsgﬁfﬂon
IoFEtilﬁflelnpSailttir;,S;nd stray light is thus excluded from the contribution to which could result in distorted band ar@&&2s
. . L . . (c) Gaussian Curve-Fitting. The frequencies of the band centers

Suspgnsmns of solid proteins in acetor_ntrlle were measured Using tonq in the second-derivative spectra in the amide | and Il regions
50um-thick spacers. FTIR measurements in tetrahydrofurar_n methanol,Were used as starting parameters for the Gaussian curve-fitting
and 1-propanol, as well as in 90% and 95% (v/v) acetonitrile, were (performed using the program GRAMS 386 from Galactic Industries,
conducted using 2&m spacers. In all other cases, A8rspacerswere  |nc.). The secondary structure contents were calculated from the areas
used. of the individual assigned bands and their fraction of the total area in

All spectra except those obtained in KBr were corrected for the the amide | and Il spectral regiofig!'72° Gaussian curve-fitting was
solvent backgrounds in an interactive manner using the Nicolet OMNIC Performed (i) in the amide |1l region using the original (not resolution-
2.1 softwaré® Subtraction of the kD background was performed as ~ €nhanced) specffa®and (ii) in the amide | region after band-narrowing
described earligic?2 It was confirmed that the subtraction of the strong  ©f the protein vibrational spectra by FSD?*2° The results obtained
water IR absorbance band in the amide | band area with a maximum "' POth regions were in agreement with each other (Figures 2 and 3).

at 1643 cm' was possible using the aforementioned equipment and Ibnar?lilscasl(rals’maogpeiﬁ;tﬁiglsmetrmazifslté?g g]n;gzlt'ggt\}v%;ze (S)?T:Jsginm
15um spacers: spectra of lysozyme in aqueous solution at pH 1.9 ' ' P P

) . frequencies obtained by second derivatization (not shown) and the
recorded with a path length ofi8n (determined from the IR absorbance . o
value of the water band of 1.22 at 1643 Crfor the 10um path Gaussian curve-fitting were below 3 ctn The secondary structure

. . ) . . o content was determined from at least four independently obtained
lengti?®) were virtually identical, including the second derivative

g h ; spectra, the values were averaged, and the standard deviations were
spectra, to those obtained with 451 spacers. For proteins suspended gjculated.

in anhydrous solven.ts, the solvent spectra were subtrac.ted. Subtraction We verified that the parameters chosen for FSD did not influence
of the back_grour_lds in the case of organic solvemter_mlxtures was the result of the Gaussian curve-fitting in the amide | spectral region.
pgrformed inan |nte_ract|ve manner following the prgwpus!y established 14 this end, we selected three representative samples of lysozyme
criteria for subtraction Qf water backgrouﬁ@land_ e_Ilmlnatlon of the lyophilized from pH 1.9 - dissolved in water at pH 1.9, dissolved in

IR bands of the organic solvettt. Since acetonitrile does not have oo, (v/v) acetonitrile, and suspended in pure acetonitrile. The
significant IR bands in the amide | and Il regions, the subtraction is corrected spectra of these samples were resolution-enhanced in the
straightforward. Tetrahydrofuran, methanol, and 1-propanol have no amide | region using FWHM values of 8, 12, 16, 20, 24, 28, and 32
significant IR bands in the amide | region, but relatively strong ones cm .. For each of the FWHM parameters, the enhancement faktors
(compared to those of proteins) in the amide Il region. Therefore, selected were 1.2, 1.6, 2.0, 2.2, 2.6, and 3.0. These ranges include all
correction for the solvents in the latter spectral region is impossible in combinations typically found in the literature for FSD prior to Gaussian
the pure solvents. For reasons unknown, correction for the water curve-fitting (FWHM values of 1330 cn! and k values of 2.6-
absorbance band in the amide | region was not reproducible for 2.8)817?2 Several parameter combinations (e.g., FWHMIL6, k
suspensions of lysozyme in wateacetonitrile mixtures containing 90% = 3.0) resulted in overdeconvoluted spectra, as reflected by side lobes
or more acetonitrile (Figure 2A). However, the subtraction of the and noise. Such spectra were not analyzed by Gaussian curve-fitting.
water-solvent background in the amide 11 region was possible in these The results obtained for the-helix contents of the three lysozyme
cases using the disappearance of the acetonitrile bands as a subtractiocfMPles depending on the parameters used for FSD are summarized in

criterion. This is due to the fact that the IR absorbance of water in the 12Pl€ 2. They show that the-helix content determined in the amide
amide Il region is quite small, I region does not depend significantly on the parameters used for FSD

- ~ when overdeconvolution is avoided. We averaged outcakeelix

The IR spectra of lysozyme lyophilized from an aqueous solution ¢ontents determined for all the different parameter sets used and found
of pH 3.0 and placed in methar®twere corrected using the methanol  the value of 32= 3% for lysozyme in agueous solution, which is similar
background spectrum. Gaussian deconvolution in the amide | region to that (34+ 2%) obtained using an FWHM of 16.0 ardof 2.2.
(see below) afforded aa-helix content of 18+ 3% for a 20 mg/mL Likewise, for lysozyme in 60% acetonitrile, the saméelix contents
solution of lysozyme in methanol. The samehelix content, 17+ of 13+ 2% and 13t 2%, respectively, were obtained using these two
3%, was calculated for the saturated solution (1 mL of methanol added methods of analysis. For lysozyme suspended in pure acetonitrile, the
to 40 mg of lysozyme) containing 35 mg of dissolved lysozyme/mL values were also similar24 £ 3% and 25+ 2%. Thus, Gaussian
of methanol. We then subtracted the spectrum of the saturated curve-fitting is essentially independent of the parameters used for FSD
lysozyme solution from that of the suspension in order to both correct in our cases, in contrast to concerns expressed recéfiths long as
for the methanol background and subtract the contribution of the Overdeconvolution is avoided.
dissolved lysozyme. Gaussian devonvolution of the resulting dif- Band Assignments. (a) Amide I. The band assignment in the
ferential spectrum, representing exclusively the undissolved protein, amide | region followed those in the literat\ff&.252° The assignment
afforded ana-helix content of 12+ 1%.

. o (25) (a) Mantsch, H. H.; Casal, H. L.; Jones, R. N.Spectroscopy of
FTIR Data Analysis. (a) Second Derivatization. All spectra were Biological System<lark, R. J. H., Hester, R. E., Eds.; Wiley: New York,

analyzed by second derivatization in the amide | and amide Il regions 1986; pp 1-46. (b) Kaupinnen, J. K.; Moffatt, D. J.; Mantsch, H. H;
for their component compositidit’4 Second-derivative spectrawere ~ Cameron, D. GAppl. Spectrosc198], 35, 271-276. (c) Yang, W.-J;
smoothed with an 11-point smoothing function (10.67&nie Griffiths, P. R.; Byler, D. M.; Susi, HAppl. Spectrosc1985 39, 282~

287.
(26) Byler, D. M.; Susi, HBiopolymers1986 25, 469-487.

(22) Ohlinger, J. M.; Hill, R. J.; Jakobsen, R. J.; Brody, RB&chim. (27) (a) Casal, H. L.; Kbler, U.; Mantsch, H. HBiochim. Biophys. Acta
Biophys. Actal986 869 89—-98. 1988 957, 11—20. (b) Heimburg, T.; Marsh, DBiophys. J1993 65, 2408

(23) Venyaminov, S. Yu.; Kalnin, N. NBiopolymers199Q 30, 1243~ 2417.
1257. (28) Gane-Tschelnokow, U.; Naumann, D.; Weise, C.; HuchoE&t.

(24) (a) Susi, H.; Byler, D. MMethods EnzymolL986 130, 290-311. J. Biochem1993 213 1235-1242.
(b) Susi, H.; Byler, D. M.Biochem. Biophys. Res. Commu®983 115 (29) Dong, A.; Huang, P.; Caughey, W.Blochemistry199Q 29, 3303

391-397. 3308.
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Table 2. Dependence of the CalculatedHelix Contents of 1671+ 2, 1665+ 1, 1659+ 1, 1646+ 2, 1633+ 2, and 1624+ 2
Lysozyme Lyophilized from pH 1.9, Placed in Watekcetonitrile cm™L. When the main band at 1659 chrand the minor band at 1665

Solvent Systems, on the FWHM of the Lorentzian Function Used  c¢m-were assigned ta-helices (as proposed for acetylcholinesteiise
for Fourier Self-Deconvolution at Different Resolution Enhancement G5ssian deconvolution afforded thehelix content of 214 29431

Factorsk® The B-sheet content (calculated from the areas of the bands at 1695,
a-helix content, % 1633, and 1624 cni) was 174+ 2%, similar to 14% calculated from
EWHM 60% acetonitriler 100% the X-ray dat&! All other bands were assigned to unordered secondary
— watef 40% watet acetonitrile structural elements. Analysis of the subtilisin spectra in pure aceto-
nitrile, in 60% acetonitrilet 40% water (pH 3.0), and in the dry state
8 30+3 nd nd’ afforded components with frequencies very similar to those in aqueous
ﬁ gii g Ei i ggi é solutions._ Consequently, they were assigned the same way.
20 35+ 3 14+ 2 251 2 (b) Amlde M. _The band assignments in the amide Ill region was
24 33+ 2 1441 23+ 0 as published previoushf."1332 For lysozyme, bands at 13193, 1308
28 33+ 2 nd ndd + 2, 13004 2, and 129G+ 2 cnt were assigned ta-helices, those
32 3243 nd no at 1235+ 4 and 1221+ 3 cm! to -sheets, and the remaining bands

- — at 1276+ 4, 1260+ 2, and 1247+ 2 cn'! to unordered secondary
2In all experiments, 50 mg of pH 1.9 lyophilized lysozyme was  stryctures. Note that the averages were obtained from Gaussian curve-
suspended in 1 mL of the solvent. At this concentration, lysozyme fiting of lysozyme in aqueous solution, in lyophilized form, and in

k o L ; .
was soluble in water and 60% acetonitrile and insoluble (yielded a various mixtures of acetonitrile with water (3000%). The results

suspension) in 100% acetonitrile. For other experimental details, see btained in thi K for | . luti 1%
the Materials and Method8The a-helix contents were determined ~ ©OPt@ined in this V\gor or lysozyme in aqueous solution (3 >
by Gaussian curve-fitting in the amide | spectral region after band ®-helix and 20+ 1% f-sheet) and in the lyophilized form (26 3%

narrowing by Fourier self-deconvolution using tkevalue$ of 1.2, oa-helix and 39+ 5% -sheet) in the amide Il region were, within the
1.6, 2.0, 2.2, and 2.6 for each FWHM. The individaahelix contents error limits, the same as those reported earlier for lysozyme at pH 1.9
were averaged, and the standard deviations were calculated. For otheand 2.03:33

experimental details, see the Materials and Methédise water was For subtilisin in aqueous solution at pH 3.0, bands at 1328,
adjusted to pH 1.9 prior to mixing with acetonitrile. Solvent percent- 13144 2, 13044 1, and 1294t 2 cnt! were assigned ta-helices,
ages are in v/v¢ Not determined. the band at 1234 1 cnt was assigned t8-sheets, and the remaining

of the bands for lysozyme in aqueous solution (pH 1.9) was essentially pands between 1290 and 1245 dnwere assigned to unordered
the same as in the work of Doreg al?® The main band at 165Z 1 secondary structuré. Analysis of the spectra of subtilisin in the
cm ' was assigned to-helices (Figure 1). Bands at 16931, 1640 lyophilized form, as well as suspensions of the lyophilized powder in

+ 1, and 1632+ 1 cnr' were assigned tg-sheets. All other bands  pure acetonitrile and in 60% acetonitrile, afforded components at similar
(1683 1, 1673+ 1, 1666+ 1, and 1648+ 1 cn?) were assigned  frequencie$? They were assigned the same way. One additional
to unordered structural elements-turns, random coil, extended  component at approximately 1220 chwas assigned tg-sheets.
chains)®*® The secondary structure content determined by Gaussian . . .
curve-fitting in the amide | region using these assignmentsH{3%6 Acknowledgment. This work was financially supported by
a-helix and 22+ 1% S-sheet) were the same, within the error limits, the U.S. Department of Energy.
as those determined from the amide Il spectral region at pH31.9.
- . JA961869D

When the spectra of lysozyme lyophilized from pH 1.9 in nonaque- - .

ous media were analyzed (Figure 1B,C), new bands at 1621 and 1698 _(31) Neidhart, D. J.; Petsko, G. Rrotein Eng 1988 2, 271-276. The

., . ) ) value of 21% calculated for the-helix content for subtilisin at pH 3.0
cm* were assigned tg-sheets. Bands at such frequencies are often was significantly below the 33% calculated from the header file of the X-ray

assigned to intermoleculgksheets:* Otherwise, the frequencies of  crystal data stored in the Brookhaven protein data bank. However, this
the Gaussian bands found for lysozyme in organic solvents were difference appears to be due to a different pH value used by us compared
virtually the same as for the aqueous solution. The averaged frequenciego Neidhart and Petsko. When we measured the IR spectrum of subtilisin
of the Gaussian bands determined for lysozyme in the acetonitrile ~ Carlsherg at the pH optimum of 7%8Gaussian bands were located at 1693

water mixtures used (Figure 2) were: 1686, 1685+ 2, 167743, T LRt OTL L TORT 0 T R O e mator band at
1668+ 2, 1657+ 1, 1649+ 2, 1640i 2, 1631+ 2, and 1621+ 1 1657 cnt! and the minor band at 1663 chwas 344+ 0%, i.e., in
cm . Except for the above-mentioned two new bands, the rest were agreement with the X-ray structural data. Analysis of the IR spectrum in
assigned as for the aqueous solution. the amide Il spectral region afforded a similafhelix content of 30+
Analysis of the IR spectrum of subtilisin Carlsberg in aqueous 1%, thereby further verifying the band assignment in the amide | region.
solution at pH 3.0 afforded Gaussian bands at 1698, 1683+ 3, (32) Ottesen, M.; Svendsen, Methods EnzymolL970Q 19, 199-215.

(33) Mishra, P.; Griebenow, K.; Klibanov, A. MBiotechnol. Bioeng.
(30) Peaks with similar frequencies were reported in the literature for in press.

second-derivative spectra of an aqueous solution of lysozyme at pH 7.4:  (34) The solubility of subtilisin in organic solvents is below that of

Gorga, J. C.; Dong, A.; Manning, M. C.; Woody, R. W.; Caughey, W. S.; lysozyme. While lysozyme in 60% acetonitrile is still in solution at 50 mg/

Strominger, J. LProc. Natl. Acad. Sci. U.S.A989 86, 2321-2325. mL, subtilisin is not completely soluble under these conditions.




