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there was an increase in thermal stability in D2O rel-
ative to that in H2O, which was manifested as an in-The secondary structure and thermal denatur-
crease of about 57C in the temperature for initial lossation (in H2O vs D2O) of recombinant human factor
of infrared bands assigned to native structural ele-XIII in aqueous solutions were investigated using in-
ments and for appearance of bands due to intermo-frared and circular dichroism (CD) spectroscopies.
lecular b-sheet. In addition, the midpoint of the ther-The infrared amide I spectrum of the protein in H2O
mally induced transitions in infrared spectra weresolution at 257C exhibited an absorbance maximum
about 2.57C higher in D2O than in H2O. Based on thenear 1642 cm01, indicating the presence of a predomi-
infrared analysis, the thermally denatured state ofnantly b-sheet structure. Quantitative analysis re-
the protein in both H2O and D2O contains predomi-vealed that the native protein contains 13–16% a-he-
nantly intermolecular b-sheet. The broad, poorly re-lix, 41–49% b-sheet, 29% b-turn, and 10–14% extended
solved absorbance that spans the region between thestrand structures. The presence of a strong low-
intermolecular b-sheet bands was assigned to an en-wavenumber b-sheet band at 1641 cm01 and a weak
semble of heterogeneous structural elements (in-high-wavenumber b-sheet band at 1689 cm01 indi-
cluding unordered), none of which is populated to acated that the b-sheet structure of the protein is pre-
high enough degree to result in a distinct infrareddominantly antiparallel. Quantitative analysis of the
band. Results from CD spectroscopy support theseCD spectrum using the SELCON method indicated a
conclusions about the structure of the denatured, ag-secondary structural content of 10% a-helix, 40–50%
gregated protein. q 1997 Academic Pressb-sheet, 20–35% b-turns, and 20–35% unordered ele-

ments, which matches that determined by X-ray crys-
tallography. The apparent discrepancy with the con-
tents of unordered element determined by infrared

Factor XIII (FXIII),2 a transglutaminase (protein-spectroscopy is reconciled by considering that CD
glutamine:amine g-glutamyltransferase, EC 2.3.2.13),spectroscopy and X-ray crystallography assign ex-
is a zymogen important in the coagulation process. Thetended loops and strands to unordered elements,
active enzyme catalyzes covalent cross-linking betweenwhereas infrared spectroscopy recognizes these as

distinct structured elements. During heating above fibrin molecules (1, 2) and of fibrin to fibronectin and
607C, a pair of new infrared bands appeared at 1626 thrombospondin (3, 4), which stabilizes the blood clot
and 1693 cm01 for the protein in H2O and 1619 and and attaches it to the site of injury, respectively. The
1683 cm01 in D2O, indicating a formation of intermo- protein exists as two forms, a tetramer from plasma
lecular b-sheet aggregates. The intensities of the new and a homodimer found in platelets and the placenta
bands increased as a function of temperature, con- (5). The homodimeric form, the subject of the current
comitant with an intensity decrease in bands for the study, has been expressed to high yield in yeast and
native protein structural elements. As expected, purified (6), and the protein’s structure and thermal

1 To whom correspondence should be addressed. Fax: (970) 351- 2 Abbreviations used: rFXIII, recombinant factor XIII; FT-IR, Fou-
rier transform infrared; CD, circular dichroism.1269.
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214 DONG ET AL.

detector. Protein samples, both in H2O and D2O, were prepared instability have been well characterized (7, 8). The two
a heatable cell (P/N 20500, Graseby) with CaF2 windows and a 6-mma subunits are noncovalently associated (9). The X-ray
spacer. For each spectrum, a 256-scan interferogram was collected incrystal structure, resolved to 2.8 Å, shows that each a single beam mode with a 4 cm01 resolution. Reference spectra were

chain of the protein is folded into four sequential struc- recorded as 256-scan interferogram under identical scan conditions
with only the corresponding buffer in the cell. Protein spectra weretural regions: b-sandwich, core, b-barrel 1, and b-bar-
obtained according to previously established criteria and double-sub-rel 2 (7). The core is a mix of a-helix and b-sheet and
traction procedure (12, 22). The resultant spectra were smoothedthe secondary structures of the other three domains is
with a 7-point Savitsky–Golay smooth function to remove the white

predominantly antiparallel b-sheet (7). Thermal dena- noise. Second-derivative spectra were obtained by the derivative
turation studies with fluorescence spectroscopy and dif- function of Omnic software (Nicolet). The inverted second-derivative

spectra were obtained by factoring by01 and then baseline correctedferential scanning calorimetry documented that each
as previously described (18). Fourier self-deconvolution was carriedsubunit consists of three thermally labile domains and
out using a half-bandwidth (full-width at half-height) of 25 cm01 andtwo extremely thermally stable domains (8). Of great- an enhance factor (K value) of 2.7. Curve-fitting to second-derivative

est interest for the current study is the observation and Fourier self-deconvoluted spectra was performed as previously
that the thermal denaturation of the labile domains, described (23, 24). For the thermal denaturation experiments, the

chosen temperature at which a spectrum was acquired was controlledat near neutral pH, is irreversible because of the forma-
within 0.37C using a custom-built Peltier cell temperature controller.tion of protein aggregates (8).
Spectral acquisition at a given temperature required approximatelyThis background of structural and thermal stability 5 min (i.e., dwell time at the given temperature). The average heating

data makes recombinant Factor XIII (rFXIII) an excel- rate between spectral acquisition temperatures was about 0.57C/min.
lent model protein for the purpose of the current study, Circular dichroism spectroscopy. The far-UV CD spectra were
which was to use infrared and circular dichorism (CD) recorded with an Aviv Model 62DS spectrometer (Lakewood, NJ) in

the wavelength range of 185–260 nm using a pathlength of 10 mm.spectroscopies to determine the secondary structure of
Spectra were background corrected and converted to mean residuethe protein in solution and to compare thermally in-
ellipticity (deg cm2/dmol). CD spectra (185–260 nm) were deconvo-duced structural transitions and stability in H2O- and luted using SELCON, as previously described (25). Spectral acquisi-

D2O-based buffers. Infrared (10–14) and CD (15–17) tion at a given temperature required approximately 20 min and the
heating rate between these temperatures was about 1.57C/min.spectroscopies have been used extensively in studies of

Determination of midpoint of thermal transitions. The plots ofsecondary structural composition of proteins. More-
the transitions in infrared spectroscopic absorbances as a functionover, infrared spectroscopy has been used to study ther-
of temperature were fitted with a sigmoidal function (SigmaPlot).mal denaturation and aggregation of several proteins
The inflection point in the plot was taken as the midpoint of the

(18). However, in all cases, except a study on ribo- transition.
nuclease A (19), these transitions have only been ana-
lyzed for proteins prepared in D2O. It has long been

RESULTSknown that deuteration increases the thermal stability
of proteins (20, 21). Therefore, it was of interest to com- Infrared spectra of rFXIII. Figure 1 shows the in-

frared spectra of rFXIII (20 mg/mL) in H2O solutionpare thermally induced structural transitions in the
two solvents by Fourier transform infrared (FT-IR) recorded at various temperatures. At temperatures be-

low 557C, the spectra of rFXIII in the conformationallyspectroscopy. Finally, since we found that the ther-
mally induced protein aggregates (formed at pH 8.0) sensitive amide I region, which is due predominantly

to the C | O stretching vibration of the protein back-were optically transparent, we were also able to use CD
spectroscopy to corroborate the infrared spectroscopic bone, have absorbance maxima at 1642 cm01, indicat-

ing a predominantly b-sheet structure (10, 12, 22, 26).assessment of the structure of the final thermally dena-
tured/aggregated state of the protein. This result is consistent with those reported by X-ray

crystallographic analysis (7). As temperature increased
to above 557C, the amide I absorbance maxima wereMATERIALS AND METHODS
red-shifted about 14 cm01 to near 1628 cm01, indicatingProtein preparation. Recombinant human Factor XIII expressed
the formation of intermolecular b-sheet aggregate (18,in Saccharomyces cerevisiae (6) was generous gift from ZymoGene-

tics, Inc. (Seattle, WA). For the H2O solution, the lyophilized protein 27–30). After cooling the sample from 75 back to 257C,
was dissolved in 10 mM Tris–HCl buffer, pH 8.0, containing 0.1 mM the amide I absorbance maximum shifted about 2 cm01

EDTA at concentration of 20 mg/mL and dialyzed against same further to a lower wavenumber near 1626 cm01, indi-buffer at 47C overnight to remove stabilizing additives (i.e., sucrose
cating an irreversible thermal denaturation and theand glycine) present in the lyophilized formulation. For D2O solution,
retention of protein aggregates. The thermally inducedthe protein was first dissolved in 10 mM Tris–HCl/H2O buffer, pH

8.0, containing 0.1 mM EDTA and dialyzed against same buffer to spectral changes in the amide I region were accompa-
remove stabilizing additives. After dialysis the protein solution was nied by similar changes in the amide II region, which
mixed with D2O (99.9 at.% D, Sigma) at 1:2 ratio and lyophilized arise mainly from an out-of-phase combination of N–using a Labconco 4.5 freeze drier. The sample was then rehydrated

H in-plane bending and C–N stretching vibrations ofin 10 mM Tris–HCl/D2O, pD 7.9, at a concentration of 20 mg/mL.
peptide linkages (31).Infrared spectroscopy. Infrared spectra of rFXIII were measured

with a Magna-IR 550 spectrometer (Nicolet) equipped with a dTGS To characterize the secondary structure of rFXIII
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215STRUCTURE AND THERMAL DENATURATION OF rFXIII

in its native state, two independent mathematical
band-narrowing procedures, namely Fourier self-de-
convolution and calculation of the second-derivative,
together with curve-fitting analysis were carried out.
Figure 2 shows the curve-fitted Fourier self-deconvo-
lution and inverted second-derivative spectra of
rFXIII at 257C. Both methods revealed amide I band
components ascribed to extended strands (1628
cm01), b-sheet (1689 and 1641 cm01), a-helix (1655
cm01), and b-turn (1661, 1674, and 1680 cm01) struc-
tures (22, 32). The concomitant appearance of a
strong low-wavenumber b-sheet band at 1641 cm01

and a weak high-wavenumber b-sheet band at 1689
cm01 suggests that rFXIII contains predominantly
antiparallel b-sheet structure (10, 31, 33). This result
is consistent with the X-ray crystallographic analysis
of the protein (7). Quantitative analysis of the amide
I spectra revealed that rFXIII contains 13–16% a-
helix, 41–49% b-sheet, 29% b-turn, and 10–14% ex-
tended structures (Table I). To further analyze the
effects of heating on rFXIII’s structure in H2O, Fig.
3A presents an overlay of the second-derivative spec-
tra of rFXIII in the amide I region, which were gener-
ated from spectra acquired during heating. At tem-
peratures between 25 and 557C, the secondary struc-
ture of rFXIII remains relatively unchanged. As
temperature increased to 607C and above, an inten-
sity decrease in the 1641, 1655, 1674, and 1689 cm01

bands, accompanied by an intensity increase in the
1626 and 1693 cm01 bands, was observed. These ther- FIG. 2. The curve-fitting analysis of infrared spectra of native
mally induced spectral changes suggest a major rFXIII at 257C. (Top) The curve-fitted Fourier self-deconvoluted spec-
structural transition from native a-helix, turn, and trum. (Bottom) The curve-fitted inverted second-derivative spec-

trum. Detailed parameters are listed in Table I.

intramolecular b-sheet to intermolecular b-sheet ag-
gregates (27–30, 34, 35). At 75–857C, intermolecular
b-sheet accounts for about 48% of total secondary
structure. Interestingly, there was not a new band
observed near 1648 { 2 cm01, a region assigned to
unordered (random coil) elements (12, 22), during
thermal denaturation. The assignment of amide I
components at 1648 { 2 cm01 to unordered structure
for proteins in H2O solution was made from the em-
pirical studies of more than 60 different proteins
(Protein Infrared Database;3 12, 19, 22). The lack of
a major contribution from a band component near
1648 cm01 can be interpreted reasonably to the lack
of a substantial amount of unordered elements in the
denatured state. The spectrum recorded at 257C,

FIG. 1. Infrared spectra of rFXIII in 10 mM Tris–HCl/0.1 mM
after cooling from 857C, exhibits a similar spectralEDTA (pH 8.0) recorded at various temperatures. (Top curve) The
pattern as the spectrum recorded at 857C with thespectra of rFXIII at 25, 35, 45, 55, 60, 65, 70, 75, and 857C. Arrows

represent the direction of intensity changes as temperature increase. exception of a 2 cm01 red shift of the strong low-wave-
(Bottom curve) The spectra of rFXIII at 25, 85, and at 257C after
cooled from 857C. The spectral contributions of the liquid and gaseous

3 Protein Infrared Database by Dong, A., Carpenter, J. F., andwater have been subtracted as described under Materials and
Methods. Caughey, W. S. (http://www.univnorthco.edu/chemist/aichun/irdata.htm).
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216 DONG ET AL.

TABLE I The close correlations between the formation of inter-
molecular b-sheet aggregates and the disappearance ofRelative Areas and Assignments of Deconvoluted Infrared

Amide I Band Components of Recombinant Human the native b-sheet structure in rFXIII in both H2O and
Factor XIII in H2O at 257C D2O solutions during the course of thermal denatur-

ation are shown in Fig. 5 as plots of the intensity values
Relative area (%)a for bands at 1641 and 1626 cm01 in H2O and at 1638

Frequency and 1619 cm01 in D2O as a function of temperature. The
(cm01) IR-SDb FSD/CF c Assignment overall thermally induced changes were very similar in

both solvents. In both cases, a native b-sheet structure1628 9.8 14.1 Extended strand
was converted to an intermolecular b-sheet aggregate.1641 37.5 31.2 b-Sheet

1655 13.0 16.0 a-Helix However, the protein was considerably more stable in
1661 9.7 10.4 Turn D2O than in H2O. The onsets for the thermally induced
1674 12.3 12.4 Turn transitions are between 55 and 607C in H2O and be-1680 6.7 6.5 Turn

tween 60 and 657C in D2O. The midpoints of the transi-1689 11.0 9.4 b-Sheet
tions are 62.9 and 65.47C, respectively, in H2O and D2O.

a Area of the band near 1614 cm01 assignable to side chain vibra- Circular dichroism spectra of rFXIII. CD spectra of
tion is not included in calculation. rFXIII were measured in order to verify the secondaryb Infrared second-derivative, the method of Dong et al. (23).

structural composition and thermal behavior of the pro-c Fourier self-deconvolution/curve-fitting, the method of Susi and
tein. Unlike infrared spectra, CD spectra are unaf-Byler (10).

number b-sheet band (Fig. 3B). Thus, the process of
thermal denaturation and aggregation of rFXIII at
pH 8.0 is irreversible, which is consistent with earlier
fluorescent spectroscopic and differential scanning
calorimetric results (8).

To determine whether the solvent system used affected
the thermal denaturation process, we also examined the
thermal denaturation of rFXIII in D2O solution. Figure
4A shows an overlay of second-derivative spectra of
rFXIII (20 mg/mL) in D2O solution at various tempera-
tures. The amide I band assignments for rFXIII in D2O
are made on the basis of earlier studies of other proteins
in this solvent (10, 11, 26, 32). For the spectrum of the
native state at 257C, the bands near 1685 and 1638 cm01

can be assigned to b-sheet; the band near 1653 cm01 to
a-helix; the band near 1668 cm01 to turns; and the shoul-
der at 1628 cm01 to extended strands. As temperature
increased, an intensity decrease at the 1639 cm01 band
(native b-sheet structure), concomitant with an intensity
increase at the 1619 cm01 band (intermolecular b-sheet
aggregate), was observed. It is noteworthy that both the
native and the thermally denatured states exhibited a
high-wavenumber b-sheet band near 1683 cm01, which
in the native protein can be assigned to intramolecular
antiparallel b-sheet and in the denatured state to inter-
molecular b-sheet of protein aggregates. At temperature
above 707C, the bands at 1619 and 1683 cm01 become
dominant features of the spectra. The remaining compo-
nents fused together and became a broad band centered
near 1645 cm01. The spectrum recorded at 257C, after
cooling from 857C, exhibits a similar spectral pattern as

FIG. 3. The second-derivative infrared spectra of rFXIII in H2O atthe spectra recorded at 857C with the exception of a 2
various temperatures. (A) The spectra of rFXIII at 25, 35, 45, 55, 60,cm01 red shift of the strong low-wavenumber b-sheet 65, 70, 75, and 857C. Arrows represent the direction of intensity

band (Fig. 4B). Thus, as in H2O, thermal denaturation changes as temperature increase. (B) The spectra of rFXIII at 257C
(—), 857C (----), and at 257C after cooling from 857C (rrrrrr).and aggregation of the protein in D2O is irreversible.
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217STRUCTURE AND THERMAL DENATURATION OF rFXIII

does not revert, but is similar to that found at elevated
temperature, indicating that the denaturation and ag-
gregation were irreversible.

Finally, as seen with infrared spectroscopy (Fig. 7),
the CD spectra of the thermally denatured protein in
H2O and D2O had only minor differences (Fig. 8). The
negative band near 217 nm is broadened and more in-
tense in H2O than in D2O. Furthermore the crossover
is blue-shifted in H2O relative to that seen in D2O. More
importantly, the intense negative band at 217 nm is
consistent with structures composed largely of b-sheet
(17, 37) and supports the infrared spectroscopic deter-
mination of a predominantly intermolecular b-sheet
content of the denatured protein in both solvents.

DISCUSSION

Secondary structure of native rFXIII. Both infrared
and CD spectroscopies indicated that the secondary
structure of native rFXIII in H2O is predominantly b-

FIG. 4. The second-derivative infrared spectra of rFXIII in D2O at
various temperatures. (A) The spectra of rFXIII at 25, 35, 45, 50, 55,
60, 65, 65.5, 66, 70, 75, 80, and 857C. Arrows represent the direction
of intensity changes as temperature increase. (B) The spectra of
rFXIII at 257C (—), 857C (----), and at 257C after cooled from 857C
(rrrrrr).

fected by deuteration of the protein (24). At 257C,
rFXIII displays a far-UV CD spectrum with a single
negative maximum at 211 nm and a positive band near
196 nm (Fig. 6). This type of pattern is consistent with
a protein having a large b-sheet content along with
small amounts of a-helix (36). Quantitative analysis of
the spectrum using the SELCON method of Sreerama
and Woody (25) indicated a secondary structural con-
tent of 10% a-helix, 40–50% b-sheet, 20–35% b-turns,
and 20–35% random or unordered elements.

During thermal denaturation of 20 mg/mL protein in
H2O buffer, as the temperature increased, the negative
band shifted to 217 nm and became more intense (Fig.
6). A negative band at 217 nm is consistent with a
structure composed almost entirely of b-sheet (17, 37)

FIG. 5. Temperature-dependent intensity changes of the amide Iand supports the infrared spectroscopic measurements components assigned to the native b-sheet structure and intermolec-
indicating increased intermolecular b-sheet formation. ular b-sheet aggregates. (Top) rFXIII in H2O. (Bottom) rFXIII

in D2O.Upon cooling from 707C back to 257C, the spectrum
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218 DONG ET AL.

FIG. 7. Comparison of the second-derivative spectra of thermally
denatured state of rFXIII in H2O and D2O at 857C.

issue can be resolved by considering how the three
methods assign structural definition to a given struc-
tural element. First, it is unusual that CD spectroscopy
finds such a high proportion of so-called random struc-
ture. Its presence is suggested by the low relative inten-
sity of the 195-nm positive band (Fig. 6), which is
greatly reduced relative to the negative band at 213
nm. These spectral features indicate that a strong neg-

FIG. 6. The far-UV CD spectra of rFXIII in H2O recorded at various ative component must occur near 200 nm. The batho-
temperatures. (Top) The spectra of rFXIII at during heating from 25 chromic shift of the negative band from the canonicalto 707C. (Bottom) The spectra of rFXIII at 25, 70, and at 257C after

value of 217 nm for b-sheets (17) further supports thiscooled from 707C.
argument. Second, with X-ray crystal structures the
regions assigned to random or unordered elements are
those that do not meet the criteria for assignment forsheet, which agrees well with the structure determined

by X-ray crystallography (7). However, there are some
apparent discrepancies in the percentages of secondary
structural types determined by FT-IR spectroscopy rel-
ative to those seen with X-ray crystallography and CD
spectroscopy. Deconvolution of the CD spectrum using
SELCON (25) shows that rFXIII contains approxi-
mately 10% a-helix, 40–50% b-sheet, 20–35% b-turns,
and 20–35% random or unordered elements. These val-
ues agree well with those determined by X-ray crystal-
lography (7, 38). In contrast, the infrared spectroscopic
data (Table I) indicates that there is about 13–16% a-
helix, 41–49% b-sheet, 29% b-turn, and 10–14% ex-
tended structures. There is no indication of random or
unordered elements, because there is not an infrared
component in the region of 1648 { 2 cm01, which is
usually assigned to such elements (12, 22).

Thus, the major discrepancy is the apparent lack of
random or unordered components in the secondary FIG. 8. Far-UV CD spectra at 807C of rFXIII thermally denatured

in H2O and D2O.structure as determined by FT-IR spectroscopy. This
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219STRUCTURE AND THERMAL DENATURATION OF rFXIII

helices, b-sheets, or turns (cf. 39). In particular, turns by FT-IR spectroscopy during thermal unfolding and
subsequent aggregation were very similar in H2O andare assigned to residues that are not part of the a-helix
D2O (Figs. 3 and 4). In both solvents, heating inducesor b-sheet assignments and for which the Ca backbone
an irreversible loss of bands ascribed to native a-helix,bends sharply at each of these residues (a1 in the range
b-sheet, and turn structures, which can be attributed0907 to 907). Visual examination of the X-ray crystal
to unfolding of the thermal labile regions in the N-structure reveals several extended strands and large
terminal b-sandwich and the molecular core (7, 8).loop regions bridging helices and sheets, which would
There is also a concomitant irreversible increase in thenot be recognized as turns based on these criteria, and,
absorbance of bands due to intermolecular b-sheet inthus, assigned to unordered elements (7). Apparently,
protein aggregates. These transitions are similar toCD spectroscopy also recognizes these structures as be-
those noted in previous studies of thermal denatur-ing unordered.
ation of numerous proteins, which have structuresIn contrast, these extended strands and loops do not
ranging from predominantly a-helix to predominantlygive rise to a distinct band for random or unordered
b-sheet, in D2O (18, 27–30, 34, 35). In these studies,elements in the infrared spectrum. There are two fea-
the spectra for thermally denatured proteins weretures in the infrared spectrum that could account for
characterized by a strong low-wavenumber b-sheetthis observation. First, in addition to the two promi-
band between 1628 and 1615 cm01 and a weak high-nent b-sheet bands at 1641 and 1689 cm01, there is a
wavenumber b-sheet band between 1695 and 1680weaker feature at 1628 cm01, which is still within the
cm01, which were due to intermolecular b-sheet in pro-frequency range usually attributed to b-sheet (Fig. 3).
tein aggregates.This band can be assigned to the extended strands (32)

Also, the intervening spectral region was character-and accounts for about 10–14% of the secondary struc-
ized by a single broad absorbance centered around 1645ture, which is consistent with the X-ray crystal struc-
cm01 in D2O, which has been attributed to random coilture (7). Second, there is a spectral feature at 1661
(27–30, 34, 35). With rFXIII, in both H2O and D2O, wecm01 accounting for about 10% of the secondary struc-
also found that a single, broad absorbance separatesture (Fig. 3; Table I), which is typically assigned to 310-
the prominent intermolecular b-sheet bands (Fig. 7).helix or Type III turn structures (22). The X-ray crystal
The broad absorbance spans the spectral range fromstructure does not display any significant amount of
about 1640 to 1685 cm01 in H2O and from 1630 to 1675310-helix, suggesting that the band at 1661 cm01 is due
cm01 in D2O and encompasses regions usually assignedto loops or distorted turns. This would not be surpris-
to b-sheet, random, a-helix, and turn structures. Thereing, because often bands in the 1660–1685 cm01 are
are not any apparent, clearly resolved bands in thisassigned to turns. Thus, given these infrared band as-
region. The lack of resolution is further emphasized bysignments and the apparent assignment of loops and
the finding that in this region of the fourth-derivativeextended strands to unordered elements by CD spec-
spectra (data not shown) no distinct bands were re-troscopy and X-ray crystallography, the secondary
solved in the spectrum of the sample denatured in D2Ostructural compositions given by three methods are
and only a weak band for a-helix at about 1655 cm01

very similar.
in the spectrum for the sample denatured in H2O was

Thermal denaturation of rFXIII. Many previous resolved. Similarly, the CD spectra of the thermally
studies have found that thermal denaturation of pro- denatured proteins in both solvents are indicative of
teins occurs at temperatures several degrees higher in high b-sheet contents (Fig. 8). However, there are spec-
D2O than in H2O (20, 21). It has been known for decades tral differences worth noting. In the CD spectrum for
that hydrogen bonds involving deuterium are stronger the H2O sample, the negative band is more intense and
than those formed by hydrogen (40, 41). By exchanging broadened than that seen in the spectrum for the D2O
the protons of polypeptide and protein backbones to sample. Furthermore, the cross-over wavelength is
deuterons, the hydrogen bonding strength in the mac- blue-shifted in the CD spectrum of the H2O sample and
romolecule is significantly increased, which, in turn, the 192-nm positive band is more intense and sharp
increases the conformational stability of polypeptides than that seen in the CD spectrum of the D2O sample.
and proteins (21, 22, 42). With rFXIII, the increase in These differences indicate that in the H2O sample, un-
stability in D2O relative to that in H2O was manifested like the D2O sample, there is some helical structure
as an increase of about 57C in the temperature for ini- present, consistent with the FT-IR spectroscopic re-
tial loss of infrared bands assigned to native structural sults.
elements and for appearance of bands due to intermo- Based on our infrared and CD spectroscopic results,
lecular b-sheet (Fig. 5). In addition, the midpoint of the we assign the broad relatively undefined absorbance in
thermally induced transitions in infrared spectra were the center of the infrared amide I spectra of the ther-
about 2.57C higher in D2O than in H2O. mally denatured protein to an ensemble of poorly de-

fined structural elements (cf. 30), none of which is pop-However, the overall structural transitions detected
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15. Hennessey, J. P., Jr., and Johnson, C., Jr. (1981) Biochemistryulated to high enough degree to result in a distinct
20, 1085–1094.absorbance band in the second derivative spectra (Fig.

16. Manning, M. C. (1992) in Biocatalyst Design for Stability and7). Clearly among these elements would be some frac-
Specificity (Himmel, M. E., and Georgiou, G., Eds.), ACS Sympo-tion that could be considered as unordered or random, sium Series, 516, pp. 33–52.

but also a highly heterogeneous mixture of helix, coil, 17. Towell, J. F., III, and Manning, M. C. (1994) in Analytic Applica-
and turn structures. In conclusion, conducting the ther- tions of Circular Dichroism (Purdie, N., and Brittain, H. G.,

Eds.), pp. 175–205, Elsevier, New York.mal denaturation of rFXIII in either H2O or D2O results
18. Dong, A., Prestrelski, S. J., Allison, S. D., and Carpenter, J. F.in similar final structures in which only the intermolec-

(1995) J. Pharm. Sci. 84, 415–424.ular b-sheet elements are clearly defined.
19. Yamamoto, T., and Tasumi, M. (1991) J. Mol. Struct. 242, 235–

244.
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