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ABSTRACT. The structure and stability of a hybrid protein composed of N-terminal human and C-terminal
E. colithioredoxin domains were investigated by NMR, fluorescence, and circular dichroism spectroscopy.
We demonstrate that the chimeric protein is correctly folded and exhibits the common thioredoxin
architecture. However, the stability of the hybrid protein toward thermal and chemical denaturation is
clearly reduced when compared with both parent proteins. Altogether, our data indicate that the interface
between the two folding units of thioredoxin is tolerant toward changes in exact interdigitation of side
chains, allowing for the formation of the unique overall thioredoxin fold. Further, the gene encoding the
human-E. coli chimera was tested in vivo whether it supports the assembly of filamentous phages. No
complementation of a thioredoxin-deficieBt coli mutant for the replication of the phages M13 or fd

was observed, suggesting that parts of the overall protein structure in the N-terminal domain are crucial
for this activity.

Recognition between segments of polypeptide chains isintrachain 25) domain interfaces. It was shown that domain
of fundamental importance for the understanding of signaling interfaces within a single protein or between different
via protein—protein interactions, protein folding, and also proteins are remarkably alike, exhibiting amino acid com-
protein design. To dissect and understand the complexity of positions more similar to those on protein surfaces than in
specific interactions within proteins, numerous mutagenesis protein cores. Despite this wealth of data, several aspects of
studies have been carried out, resulting in a large body of molecular recognition are still obscure, and studies on well-
data relating the specific packing of amino acid residues in defined model systems are invaluable in determining the
the hydrophobic cores of natural proteins to protein stability factors that govern the structure, stability, and kinetics of
(1—4). Likewise, protein design efforts, that initially were association for each individual protein. For a variety of
marred by their inability to yield proteins exhibiting native- reasons, thioredoxin has long been employed as such a model
like, well-ordered tertiary structure§<{7), are now encom-  system. Three-dimensional structures of thioredoxins from
passing design strategies that pay serious attention to sidaifferent organisms have been determined, either by X-ray
chain packing &, 9). This has led to a burst of successful crystallography or by NMR (26—35), and equilibrium as
generations of novel, well-folded, and stable proteit3( well as kinetic folding studies have been carried di,(
13). 36—40). All thioredoxins share very similar three-dimen-

Intrachain domairrdomain interfaces constitute an ideal sional structures, comprising a central core of fivstrands
template for studying the physical and chemical determinants surrounded by fouo-helices. For example, the rms differ-
linking structure and stability. In this regard, results obtained ence for the backbone atoms between oxidized human and
with complementary protein fragments have contributed E. coli proteins is~1.6 A (30), despite an only moderate
substantially to our understanding of protein folding and degree of sequence identity of 25%1). For theE. coli
design (4—20). In addition, analysis of protein structures thioredoxin, it was shown that fragments comprising two
in the PDB @1) provides crucial information with respect subdomains can reassemble into a native-like structiife (
to structural determinants for intercha@2(-24) as well as 42, 43, providing evidence that these subdomains might exist
as independent folding units. Moreover, interactions across
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E. coli thioredoxins that correspond to theSecoli folding min at ambient temperature. Peak fractions were pooled, and
subdomains and characterize its structure, stability, and5—6 mg of protein was folded at room temperature against
function. 2 L of buffer at each step by the following dialysis scheme:
We cloned and expressed a chimeric humin coli 2 M GdnHCI, 0.1 M sodium phosphate buffer (pH 7) for 2
protein and characterized its global architecture and ther-h; 1 M GdnHCI, 0.1 M sodium phosphate buffer (pH 7) for
modynamic stability. Structural characterization of the 1 h; 0.5 M GdnHCI, 0.05 M sodium phosphate buffer (pH
chimeric protein reveals that no gross conformational changes’) for 1 h; 0.05 M sodium phosphate buffer (pH 7) for 2 h.
within the thioredoxin fold occurred. Specifically, those parts The last dialysis step was repeated overnight. Protein was
of the structure that contain the human amino acid sequenceconcentrated and applied to a Superdex-75 column in 50 mM
are very similar to the human structure, whereas thoseSodium phosphate buffer (pH 7). The folded hybrid protein

containing theE. colisequence resemble tBecoli structure.

elutes as a single major peak corresponding to a retention

Indeed, this hybrid can be viewed as consisting of two folding Volume of a monomer. A minor contaminarnt§%) elutes

units: the N-termingBa3aa motif derived from the human
sequence and the C-termin@a motif derived from thek.

just after the void volume, well away from the folded
monomeric form of the hybrid. Mass spectrometry of the

coli sequence, which reassemble into the thioredoxin fold Peak fraction yielded masses of 11 680.2 and 11 549.2 at a
when located on the same po|ypept|de chain. The Stabmty ratio of 55:45. These experimental masses agree well with
toward denaturants as well as the thermal stability of the the expected values of 11 680.2 and 11 548.8 for thetMet
hybrid protein is, however, reduced compared to the parentand Met- forms of the protein. The presence of the two
thioredoxins. It appears that the interface between the two different species in approximately equal proportion is also

folding units of thioredoxin is tolerant toward changes in
exact interdigitation of side chains, allowing for the formation
of the unique overall fold. Elucidation of the structural details
at the hybrid interface will have to await the determination
of the high-resolution three-dimensional structure.

MATERIALS AND METHODS

Construction of the Hybrid Thioredoxin Gerlghe human

apparent from the HSQC spectrum (Figure 2), in which
doubling of a substantial number of resonances is observed.
In particular, note the labeled peaks for E47. Similar
observations were made previously for the human thioredoxin
(29).

NMR MeasurementdH-1>°N HSQC spectra47, 48 were
recorded on a Bruker DMX500 spectrometer equipped with
an , y, 2-shielded gradient triple resonance probe at 25
°C. Atotal of 128x 512 complex points in the indirectt)

thioredoxin gene was derived from an expression systemand acquisition ¥H) dimensions, respectively, with total

comprising a cDNA clone45) and theE. coli gene from
the plasmid pBHK846). Using the internaHhal restriction
site (corresponding to amino acids A67, P68) in Ehecoli
gene and an engineerddhal site at the corresponding

acquisition times of 64 ms in both dimensions were collected.
Samples contained~1 mM hybrid protein in 100 mM
sodium phosphate buffer and 0.02% NaN

Circular Dichroism Measurement<Circular dichroism

position in the human gene (A66, S67P) from the expression measurements were carried out on an AVIV-60DS spec-
plasmid @1), we assembled the gene sequence of the hybrid tropolarimeter (AVIV Instruments Inc.) equipped with a

gene by ligation of the N-termin&lcd —Hhal human portion
to the C-terminaHhal—Xba E. coli portion. The resulting
gene was inserted first into a plasmid withl& promoter

thermostatic cell holder. The spectropolarimeter was cali-
brated with ¢-)-10-camphorsulfonic acid, and measurements
were performed with a bandwidth of 1 nm, response time

and for high expression purposes into pET11a (Novagen, of 0.5 s, and scan speed of 20 nm/min. Far-UV spectra were

Madison, WI).

Expression and Purification of Thioredoxin Varian®ells
were grown at 37C either in Luria-Bertani medium or in
a modified minimal medium for uniform =99%) N
labeling with *>NH,CI as the sole nitrogen source, and
induced for expression in mid-log phase. Human Endoli

recorded over 186260 nm in 0.1 and 0.5 cm cells, and near-
UV spectra were obtained over 24840 nm in a 0.5 cm
cell. Each spectrum (the average of 4 scans) was corrected
for the appropriate solvent-blank. Raw data were expressed
as molar ellipticity in units of degn?-dmol*. Experiments
were carried out at 20C in 10 mM potassium phosphate

thioredoxins were purified according to previously published buffer (pH 7) for protein concentrations covering the range
proceduresZ8). Cells derived fran 1 L of culture expressing  of 5—130 uM. No changes in CD data were observed,
the hybrid protein were suspended in 80 mL of B-PER demonstrating that no significant protein aggregation occurs.
(bacterial protein extraction reagent, Pierce, Rockford, IL)  Steady-State Fluorescence Measuremeflisorescence
containing 5 mM benzamidine (Sigma Chemical Co., St. spectra were obtained on a PTI spectrofluorometer equipped
Louis, MO) and sonicated at°’€. The insoluble recombinant  with a temperature-controlled water bath. Measurements were
protein was washed by resuspension in 70 mL of buffer performed with a scan speed of 120 nm/min and data
containing 50 mM Tris-HCI (pH 8.2), 10 mM EDTA, and 2 intervals of 1 nm. Emission was measured in the ratio mode
mM DTT. In both cases, the insoluble fraction was pelleted and corrected for the appropriate solvent-blanks, as well as
by centrifugation at 200@Pfor 30 min at 4°C. The final for wavelength-dependent bias of the optics and detection
pellet was solubilized in 5 mL of 50 mM Tris-HCI (pH 8), system. An excitation wavelength of 295 nm was used in
7.5 M GdnHCI, 5 mM EDTA, and 10 mM DTT to yield a  all experiments to avoid tyrosine absorbance. The emission
protein concentration of about 20 mg/mL. Thirty milligrams spectrum averaged over four scans was characterized by the
of protein was applied to a Superdex-75 column (HiLoad position of the intensity maximum and the fluorescence
2.6 cmx 60 cm, Amersham Pharmacia Biotech, Piscataway, intensity integrated over the range of 3085 nm. All the

NJ) equilibrated in 50 mM Tris-HCI (pH 84 M GdnHCI, experiments were performed at 26 in 10 mM potassium

5 mM EDTA, and 1 mM DTT and at a flow rate of 3 mL/  phosphate buffer, pH 7.
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Chemical and Thermal Denaturation MeasuremeBtgi- whereR is the gas constant (1.987 ed#¢g'-mol™1) andT
librium (un)folding induced by GdnHCI was monitored by is the absolute temperature (K). Employing egs3lallows
steady-state fluorescence and far-UV circular dichroism for one to recover the thermodynamic parameters of the (un)-
three proteins, i.e., humag, coli, and hybrid thioredoxins.  folding reaction by fitting routines applied to either the raw
Each sample was dissolved in potassium phosphate bufferdata, X, or (un)folding profiles,f, (39). The effect of
containing the desired amount of GdnHCI. Protein concen- denaturing conditions on the characteristics of the native,
tration was estimated by absorbance using a Hewlett-PackardXy, and unfoldedXy, states needs to be addressed. During
8452A diode array spectrophotometer. The molar extinction chemical denaturation, monitored by both fluorescence and
coefficient at 280 nm was calculated from the tryptophan far-UV CD, the pre- and post-transition baselines were
and tyrosine composition and the standard values of 5690essentially flat. Hence, th&y and Xy parameters were
and 1280 M*-cm™! reported for those amino acid49, 50. assumed to be independent of GdnHCI concentration. For
These estimates were supported by measurements of théluorescence data, this assumption is supported by experi-
protein concentration by means of amino acid analysis. mental results, which reveal that the emission of the indole
Ultrapure GdnHCI was purchased from US Biochemicals Inc. fluorophore in solution shows no significant change with
and used without further purification. The concentration of GdnHCI concentration 52). Thermodynamic parameters
GdnHCI in the sample was determined by refractive index were extracted from the Gibbs energy function:
measurements using an AO Abbe refractometer. Experiments . o
were carried out for protein concentrations of 4 and:M AG, = AGHzo — mMGdnHCl] 4)
No changes in recovered transition curves were observed
demonstrating that no significant protein aggregation is
present.

Thermal denaturation was monitored by measuring the far-
UV molar ellipticity at 222 nm. Data were collected as a
function of temperature with a scan rate of@/min over
the range of 26100 °C in 10 mM potassium phosphate
buffer, pH 7. The concentrations of hybrid protein were 10,
20, and 4QuM, and for the human protein, concentrations
of 10 and 20uM were used. The concentration Bf coli
thioredoxin was 2@M, and its (un)folding profile was used ;=
as a reference to compare the present results with those _ _
reported previously40). In addition, temperature-induced ©y+myD) =[O +myT) = (By + mDIfy ()
unfolding curves of human protein were acquired for a and the slopes of those dependences were denotet as
variety of GdnHCI concentrations b&lo4 M (see below).  andmy, respectively. Equation 5 (including a combination
The drift in ellipticity of buffer—GdnHCI mixtures was  of eqs 1-3) was fitted to the raw data, using the Levenbern
monitored over the entire temperature range for GdnHCI Marguardt algorithm implemented in the commercial pro-
concentrations of 0.5 and 2 M. gram Origin (Microcal). Thermodynamic parameters were

The analysis of (un)folding curves was performed in extracted from the Gibbs energy function:
accord with the procedure reported previously in considerable
detail @0, 5]). The apparent fraction of unfolded molecules, AG(T) =

WhereAGp, ; is the free energy in the absence of denaturant

andm is the measure of the dependence of free energy on
denaturant concentration, [GdnHCI]. For the thermal dena-

turation monitored by far-UV molar ellipticity®, the pre-

and post-transition baselines exhibited a distinct linear change
with temperature, which necessitated attention. Specifically,

the data were calculated assuming that there is a linear
dependence of the ellipticity on temperature for the native

and unfolded conformations:

fu, was extracted from raw data, assuming the two state T B B T
model: AHm(l T +AC|(T—T,) —Tln T (6)
Xy — X with AC,, AHm, and Ty, being the temperature-independent
fo=y—"x 1) heat capacity, enthalpy change, and midpoint temperature,
N v respectively.

Bacterial Strains and Phage3he thioredoxin-deficient
strain of E. coli A307 (53) was generously supplied by
Marjorie Russel and transformed with the expression plas-
mids for E. coli, human, and hybrid proteins. The ability of
the resulting strains to support filamentous phage growth was
tested for M13 and fd. One hundred microliters of serial
dilutions of phage supernatants in PBS (pH 7.4) was mixed
with 200 uL of fresh E. coli cells bearing the different
thioredoxin plasmids (OF, ~ 0.5) and 4 mL of top agar.

£ IPTG (final concentration of 1 mM) and ampicillin (5@y/
K, = v (2) mL) were added, and the mixture was plated and grown
1-1y overnight. Plaque formation was assessed for four different
dilutions.

In eq 1, the experimental parameter (e.g., fluorescence
intensity, ellipticity, etc) measured under given denaturing
conditions (e.g., GdnHCI, temperature, etc) is denoteX, as
while Xy and Xy are values of theX characteristic in the
native and unfolded conformations, respectively, under
identical experimental conditions. The equilibrium constant,
Ku, and the free energy chang&Gy, for the (un)folding
reaction were calculated using the basic equations

and
RESULTS AND DISCUSSION

Xy — X . . : : . .
AG, = —RTInK, = —RTIn( N ) (3) Design of the Thioredoxin HybridThe amino acid
X=Xy sequences of humakg, coli, and chimeric proteins and the
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A i 20 20 position i_s slightly N-_terminal to the bo_undary of the two
{ | | subdomains ofE. coli thioredoxin (amino acids 73/74),
Human MVKQTESKTAFQEALDAAGDKLVVVDFSATWCGPCK previously identified by proteolytic cleavag&?, 40. In the
E.coli SDKIIHL-TDDSFDTDV-LKADGAILVDFWAEWCGPCK E. coli structure, residues 5%3 are a-helical, whereas
40 50 60 residues 6670 form a 3¢-helix (27). In the human structure,
| | | a P A residues 5862 form a helical turn, followed by aa-helix
Human MIKPFFHSLSEKY - SNVIFLEVDVDDCQDVASECEV for residues 6369 (30). Inspection of both structures
E.coli MIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYC'*I suggested that most residues at the newly created domain
70 interface in a chimera might be accommodated without
A severe steric clash. In particular, the seven amino acids
T CeTSAT AT, forming/-strand 2, Leu22 to Ser28 of the human Sequence,
v share three identities and two conservative changes with the
80 90 100 equivalent positions if. coli. In addition, we reasoned that
the replacement of the two larger residues lle23 and Leu24
by the smaller Val residues would perhaps weaken the
interface to some degree, but not disrupt it. Residues on the
: two a-helices,02 anda4, involved in helix-helix packing,
I also exhibit similar characteristics in the two parent mol-
| ecules and the hybrid. In th colistructure, lle41 interacts
i A with Leu99, lle45 with Leul03, and Tyr49 with Leul07. A
' pivotal hydrophobic contact in the human structure is formed
B, B:l B B.| o, !1 B, |Bs Bo., between Leu45 and lle101. In the hybrid interface, these
I
I

contacts would be replaced by Phed@®u99, Leu45
Y Leu103, and Tyr49Leul07.

C Structure Assessment of the Thioredoxin Hybrid by NMR.
We expressed and purified the hybrid thioredoxin to homo-
geneity, defined conditions for its folding in vitro, and
characterized its structural properties. Figure 2 shows the
IH-15N HSQC spectrum of uniformly®N-labeled protein.
As can be appreciated, the spectrum exhibits all the hallmarks
of a well-folded polypeptide, displaying significant dispersion
of cross-peaks and narrow line widths. Comparison with the
equivalent spectra of human afd coli thioredoxins 40,
55) reveals that those resonances arising fromEheoli
portion of the protein exhibit similar chemical shifts to their
counterparts in thé&. coli spectrum while those from the
human portion (in brackets) are similar to the equivalent ones
in the human spectrum. Naturally, some small differences
exist, as well as more pronounced changes for residues at
the interface. Since chemical shifts are extremely sensitive
parameters reporting on a particular structural environment
around the associated atoms, a qualitative assessment of
Ficure 1: Design of a hybrid protein composed of the N- and  structural identity and similarity can be carried out. For all
C-terminal domains of human aiid coli thioredoxins, respectively. three proteins, the observed similarities are enough to

(A) Alignment of the primary sequences of human (top) &d . .
coli (bottom) thioredoxins. The primary sequence of the hybrid conclude that the overall three-dimensional structure of the

protein is underlined. Conserved residues between humaiEand hybrid protein is similar to the human aid coli structures
coli thioredoxins are shown in boldface letters. Amino acids Ala66 with respect to secondary structure elements and fold. A

and Pro67 of the human thioredoxin and Ala67 and Pro6E.of structure of the hybnd protein based on molecular mode"ng

coli thioredoxin correspond to the restriction endonucleaséisigd ; P A .
in the DNA sequence. The human protein contains the mutations !S shown in ribbon representation in Figure 1B. The modeling

Cys62Ala, Cys69Ala, and Cys73Ala. Residue 108 in the hybrid 1S based on the respective structures of the parent proteins
protein is Val instead of Ala. (B) Schematic representation of the and energy minimization of the resulting chimera. Initial
secondary structure elements in the thioredoxin fold (top) and assessment of the model based on NMR parameters indicates
structure of the hybrid protein based on molecular modeling that indeed the fold agrees with the experimental observa-
(bottom). tions. A detailed evaluation of the interface in structural terms
will, however, have to await the determination of a refined
subdomains of the thioredoxin fold are displayed in Figure structure of the hybrid protein.
1. The crossover point between the two different amino acid  Circular Dichroism and Steady-State Fluoresceniger-
sequences is located at position Ala66 (human numbering)ther assessment of structural features of thioredoxins was
within helix a3 (human structure), that runs approximately carried out by circular dichroism and fluorescence spectros-
perpendicular to the direction of the five-strand2gheet. copy. Figure 3 displays near- and far-UV CD spectra of all
This helix can be viewed as constituting the bridge between three proteins under native conditions. As can be appreciated,
the N- and C-motifs of the thioredoxin foldb4). This an unusually large ellipticity in the near-UV range is

N-folding unit I C-folding unit
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FIGURE 2: 1H-15N HSQC spectrum of the hybrid thioredoxin composed of humanEnecbli domains. The protein concentration~sl
mM in 100 mM sodium phosphate buffer (pH 6) at 25. Selected cross-peaks are labeled with the amino acid type and position in the

human (in brackets) anf. coli portions of the hybrid protein sequence (see Figure 1). The two cross-peaks observed for Glu47 arise from
the N-terminal heterogeneity of the protein, i.e., the Meaind Met- forms, respectively.
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Ficure 3: Near-UV (A) and far-UV (B) circular dichroism spectra of thioredoxin proteins: humgn E. coli (O), and hybrid @).

Measurements were carried out atZDin 10 mM potassium phosphate buffer at pH 7. Other experimental conditions were as described
under Materials and Methods.

observed for th&. coli protein, which is absent in the human exposed to solvent. This may explain why the near-UV CD
and hybrid proteins (Figure 3A). The most straightforward spectra of the human and hybrid proteins exhibit features
explanation for this finding relates to the number of aromatic associated with a symmetric, fluctuating environment. The
residues in the above proteins and their locations within the far-UV CD spectra of the thioredoxins are shown in Figure
three-dimensional structures. For instariee;oli thioredoxin 3B. Clearly, the CD spectrum of the hybrid protein is very
contains two tryptophan residues, i.e., Trp28 and Trp31, similar to theE. colione, with the human spectrum exhibiting
which are close in sequence and space. Furthermore, Trp2&omewhat larger ellipticity in the 220 nm region (Figure 3B).
is immobilized in the structure and therefore might be Despite those small differences, the far-UV CD data are
responsible for the large ellipticity. The two other thio- consistent with the known content of overall secondary
redoxins, i.e., human and hybrid, contain only a single structure in the human art. coli proteins, and the hybrid
tryptophan, Trp31, which is located on the reactive site loop, protein will contain similar amounts. The intrinsic fluores-
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Wavelength (nm) Ficure 5: Equilibrium GdnHCI denaturation curves for thioredoxin
proteins: human4), E. coli (O), and hybrid @). The (un)folding
transition was followed by the intrinsic fluorescence excited at 295
nm. Raw data were converted to the fraction of unfolded molecules
and plotted against GdnHCI concentration. Superpositions of the
(un)folding profiles monitored by fluorescenca)(and far-UvV
molar ellipticity at 222 nm 4) are shown for human thioredoxin.
The solid lines represent nonlinear least-squares fits of the data to
. . the two-state model. The recovered thermodynamic parameters are
cence of the three thioredoxins also closely resemble eachsummarized in Table 1. All measurements were carried out at 25
other (Figure 4). Specifically, the emission spectra of the °C on samples containing 4 and AM protein in 10 mM potassium
folded proteins are centered around 340 nm, and unfolding Phosphate buffer, pH 7.

by GdnHCI results in a large increase in the fluorescence

quantum yield and a 10 nm red shift of the emission spectra. taple 1: Thermodynamic Parameters of the GdnHCI-Induced
Overall, evaluation of all the data from NMR, fluorescence, (Un)Folding of Thioredoxin Proteins at Z& in 10 mM Potassium

and CD experiments allows us to conclude that no gross Phosphate Buffer, pH#7

Ficure 4: Intrinsic fluorescence of thioredoxin proteins: human
(»), E. coli (O), and hybrid @). Excitation was at 295 nm, and
the spectra were recorded at 25 for samples containing 20M
protein in 10 mM potassium phosphate buffer, pH 7. The inset
shows normalized emission spectra of unfolded proteins in 6 M
GdnHCI.

conformational changes within the thioredoxin fold have AGee© m [keal AAGS?
occurred in the hybrid protein. thioredoxin  C,®(M)  (kcakmol™) (mol-M)~] (kcakmol=?)
Denaturation by Chaotropic Agent$he stability of the human 2902 7.2+05 25+0.2

hybrid protein toward chemical denaturants was probed by E.coli ~ 25+0.2  7.9+£04 3.2+ 0.2 -
tryptophan fluorescence and far-UV circular dichroism.  hvbrid ~ 1.9£02  3.9+£04  2.0+0.2 :2-gi 8-2
Figure 5 displays the (un)folding profiles generated for - -
human,E. coli, and chimeric thioredoxins in the presence a_The error in the va_lues of rec_overed parameters is_less than 10%
fincr ing amounts of GdnHCI. As shown for the human as Judged by the quality of the_ fit _and repeat_e_d experlm@rﬁ:s_m-
0 C_ easing o S 0 ; centration of GdnHCI at the midpoint of transitioghStandard Gibbs
protein, the CD profiles superimpose perfectly on those free energy in the absence of denaturdmifference in standard free
derived from fluorescence, indicating that the formation of energy between hybrid and human (first row)Ercoli (second row)
the coillike environment of the Trp residues (fluorescence) thioredoxin proteins.
and the disruption of native secondary structure (far-UV CD)
occur under identical conditions. Simple two-state fits of the extrapolated Gibbs energy is higher than that of the human
individual curves yield denaturant concentrations at the protein (Table 1). In fact, thenvalue is assumed to be
midpoint of the transitionsCy, of 1.9, 2.5, and 2.9 M proportional to the solvent-exposed surface area upon
GdnHCI for the hybrid, E. coli and human proteins, unfolding of a protein%6), and a smalhvalue is thought
respectively. The extrapolated Gibbs free energy in the to be correlated with a more compact denatured st&fe (
absence of denaturamhGy, o, has values of 3.9, 7.9, and or an increased population of folding intermediat&8, 9.
7.2 kcal mot™ (see Table 1). The steepness of the unfolding Since the three-dimensional structures of the humangand
curves is clearly different for all three proteins, and recovered coli proteins closely resemble each other, the accessible
m-values, characterizing the dependence of the free energysurface area upon unfolding is expected to be also very
on denaturant concentration, are also not identical. The mostsimilar. In this regard, calculation of the accessible surface
cooperative transition is observed for thecoli protein with area for the unfolded chains using the methodology of
anm-value of 3.2 kcal (moM) 1, whereas both the human Creamer et al. §2) yields quite similar upper values of
and the hybrid proteins exhibit smallexrvalues of about 14 909, 14 780, and 15 05%4or human E. coli, and hybrid
2.2 kcal (moiM)~1. Comparison the (un)folding profiles thioredoxin, respectively. Given the noticeable difference in
generated for the parent proteins illustrates the well-known the mvalues of the two parent proteins, it seems likely that
fact that a highe€y, is not necessarily an indication of higher the present equilibrium experiments hint at different putative
thermodynamic stability: For example, tle coli protein intermediates on the folding pathway of these thioredoxins.
has a lowerCy than the human protein, although the Further support for the notion that folding intermediates may
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Ficure 6: Thermal denaturation curves for thioredoxin proteins: humagnE. coli (O), and hybrid protein@®). Both raw data (A) and

the apparent fraction of unfolded molecules (B) are displayed. The recovered thermodynamic parameters are summarized in Table 2. Other
experimental conditions were as described under Materials and Methods.
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Ficure 7: Effect of GAnHCI on the thermal denaturation of human thioredoxin. Both raw CD data collected for GAnHCI concentrations
belov 4 M (A) and effect of the unfolding enthalpyAr,) on the transition temperatur&,() for each of the above transitions (B) are
shown. The data refer to the GdnHCI concentration in molar units. Linear extrapolation of the data in panel B yields an apparent heat
capacity AC) of 1.18 £ 0.04 kcal (molK)~%.

be present is provided by results obtained for a mutant obtained for all three proteins are displayed in Figure 6. As
chimeric protein, in which Gly70 was substituted by valine. can be appreciated, the hybrid thioredoxin exhibits the lowest
Unfolding profiles of this variant exhibit a lower apparent midpoint temperaturelg, = 76 °C) followed by theE. coli
midpoint denaturation concentration of about 1 M GdnHCI, (T, = 89 °C) and the humanTg = 91 °C) proteins. The
accompanied by a distorted sigmoidal transition (data arevalue obtained for theE. coli protein agrees well with
not shown). This finding strongly suggests the presence of previous results 40). The unfolding curve for human
an equilibrium unfolding intermediate during the chemical thioredoxin precluded the extraction of an ellipticity value,
denaturation of the hybrid protein. Overall, GdnHCI de- Oy, for the unfolded protein (Figure 6) due to the high
naturation clearly demonstrates the reduced thermodynamicvalue. Additional melting experiments in the presence of
stability of the hybrid protein compared with both parent varying amounts of GdnHCI were carried out to provide
proteins. This is readily understood from the predicted estimates for the unfolded ellipticity (Figure 7A). These
structural imperfections of the chimeric interface. Interest- experiments also provided independent estimates for the
ingly, the (un)folding curve of the hybrid protein resembles temperature-independent heat capadi§,, in the absence
more the one observed for the human thioredoxin, than thatof denaturant for the human protein. SpecificallA@, value
of the E.coli protein. In particular, the steepness is very of 1.18 kcal (molK)~! was calculated from the linear
similar. This may reflect the dominance of the N-terminal dependence of the unfolding enthalgzsl, on the transition
domain in the formation of any putative folding intermediate. temperatureT,, obtained for different GdnHCI concentra-
Thermal Denaturation of Thioredoxin Proteingnfolding tions (Figure 7B). Unfolding curves were analyzed assuming
of the thioredoxins induced by temperature was monitored a two-state transition, and the recovered thermodynamic
by far-UV molar ellipticity at 222 nm. Melting curves parameters are listed in Table 2.
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Table 2: Thermodynamic Parameters of the Thermal (Un)Folding cis-proline (residues #477) and the loop at th_e end of
of Thioredoxin Proteins in 10 mM Potassium Phosphate Buffer at ~ -strand 5 (residue 92). These two loops are positioned across

pH 72 a cleft, opposing the active site. In the present hybrid, these
AHn AC, [kcal parts compris&. coli sequences, and if only specific primary
thioredoxin Tm (°C) (kcal mol?) (K-mol)™ sequences were important, one would have expected the
human 91.2+ 0.3 99+ 4 1.59 hybrid to exhibitE. colilike activity. This was observed for
E. colP 88.7+0.1 116+ 4 1.71 anAnabaena E.coli thioredoxin chimera, in which the first
hybrid 75.7+0.1 731 1.58 one-third of the sequence wasabaenaderived, and the

aThermodynamic parameters are calculated by fitting the thermal second two-third<€. coli-derived, but not for the reverse
denaturation curve followed by far-UV circular dichroism to a two-  orientation 61). We tested the present hybrid thioredoxin

state model. The error in the values of the recovered parameters is lesg, 5 trx deletion strain. transformed with plasmids containing
than 5% as judged by the quality of the fit and repeated experiments. '

b The values ofAH, = 107 andAC, = 1.46 were obtained from E. CO”_trX' humantrx, and the hy_bridrx ge_nt_as. No plaque
calorimetry measurementsThe value of 1.18 was extracted from the ~formation was observed for strains containing the human or

slope of theAH vs Ty, (see Figure 7B)? Theoretical value oAC, = the hybridtrx gene after transfection with M13 or fd. All
1.34. three proteins were made in essentially equal amounts in the
different transformants as judged by SBBAGE of cell

Thermal denaturation, like GdnHCI denaturation, again extracts. Since the humatE. coli thioredoxin hybrid
reveals a reduced thermodynamic stability of the hybrid contains a considerably smaller portionEafcoli sequences
protein compared to both parent thioredoxins. It should be than theAnabaenaE. coli chimera, it is most likely that
noted, that the temperature unfolding curve for Ehecoli the inability to support flamentous phage assembly is due
protein exhibits a pronounced slope in the pre-transition to subtle differences across the hybrid interface, despite
region, similar to that observed previousB9j. The effect retaining the crucial cis-proline and the overall thioredoxin
of temperature on the baselines of both the human and hybridfold. Since the precise nature of the involvemengofcoli
proteins is clearly less pronounced, and appears to be similaithioredoxin in filamentous phage assembly is unknown, other
(Figure 6A). Given the uncertainty in interpretation of the causes for the loss of activity of the hybrid protein cannot
linear change in ellipticity before and after an unfolding be ruled out. The elucidation of the high-resolution three-
transition, we can only speculate as to the origin of this dimensional structure of the hybrid hunta. coli thio-
phenomenon in thioredoxins. Possible explanations mayredoxin will be necessary to substantiate our hypothesis.
involve partial unfolding qf the proteins, changes from We_zll- CONCLUDING REMARKS
folded to molten globule-like states, changes in the contribu- ) ] ) )
tion of aromatic side chains, or other conformational effects.  USing & variety of spectroscopic techniques, we demon-
Generally, thermal denaturation is assumed to be associatedtrate that the present humah. coli thioredoxin chimera
with the disruption of intrachain hydrogen bonds, whereas adopts the common thioredoxin fold. This illustrates, at least
hydrophobic interactions become stronger with increasing for the case presented here, the structural tolerance of an
temperature 9). In fact, unfolding by temperature will mternal protein mterfage. EIumdayon of the subtle cc_)nfor—
depend on the balance between different interactions con-mational changes which most likely are present in the
tributing to the protein stability. It thus may be possible that Packing of residues at the hybrid interface will require further
the pronounced slope on the folded side of the thermal h|gh7resolut|_on structural stud|e_s. The overall stability of the_
unfolding transition in thioredoxins arises from partial NYybrid protein toward chaotropic agents and temperature is
unfolding of the protein, counteracted by an increase in "€duced, compared to both parent molecules, albeit not
hydrophobic interactions. A possible area in which such local drastically. This is most likely due to imperfections in side-
unfolding or increased flexibility prior to complete unfolding €hain packing at the interface. Interestingly, some of the
may occur, may comprise the connecting helix between the qualitative fea_ltures ot_)served in the unfolding curves suggest
N- and C-terminal domains in the protein, although other that the hybrid protein resembles more closely the human
regions could also contribute. In this regard, the strong thioredoxin than thee. coli protein. Whether this simply
similarities between the features observed for the hybrid "€flects the fact that a larger portion of the amino acid
protein and the human parent suggest that they mightS€duence is derived f_rom the hqman one or whether md_eed
originate from rearrangements involving the common, N- the N-terminal domain is dominant in imparting certain
terminal domain. At the present time, there is no straight- features on the folding pathway is unclear at the present time.
forward explanation for the steeper baseline observed for Future studies using the humag. coli hybrid protein as a
the E. coli protein. However, since no accompanying changes starting molgc_ule for developlng'strategles to evo_Ive amore
in the near-UV CD melting curve were observ@d) they stable protein interface may provide answers to this question.
probably do not involve the cluster around Trp28, which is ACKNOWLEDGMENT
buried in the protein structure.

Biological Actwity of Thioredoxin ProteinsAlthough
human thioredoxin is active as a general protein disulfide
reductase48, 49, it is incapable of supporting filamentous
phage assembly ifE. coli (28). Based on the proposed
interaction area between thioredoxin and other proteis (
as well as mutagenesis data3], the crucial structural REFERENCES
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