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Abstract

This study was carried out to investigate the structural perturbation of the protein�s local structure by the denaturants under non-
denaturing conditions. Crystal structure of CutA from an archaeon Pyrococcus horikosii (PhoCutA), a heavy-metal binding protein,

was determined at 1.6-Å resolution in the presence of 3 M guanidine HCl (GdnHCl). Native PhoCutA has a large number of short

intramolecular hydrogen bonds and salt bridges on the protein surface, of which greater than 90% of hydrogen bonds and all salt

bridges were retained in 3 M GdnHCl. Hydrogen bonds that disappeared in the GdnHCl crystal structure were mainly located on

the protein surface, especially around the structurally perturbed loop, suggesting interactions between peptide groups and GdnHCl.

Only a few GdnH+ ions were observed in the crystal structure, although none at the surface, of the protein. Two GdnH+ ions were

observed in the center of the trimeric structure, replacing water molecules, and were hydrogen bonded with Asp84 and Asp86 of

each chain. The exterior loop from Tyr39 to Lys44, including Trp40–Trp41, was perturbed structurally. Decreases in temperature

factors were observed in b strand 5 and the N terminus of helix 3. These results suggest the specific bindings of GdnH+ with some

acidic residues and the non-specific bindings around Trp residues and peptide groups on the protein surface and that binding of

GdnHCl to the native protein is limited, resulting in local structural perturbation.

� 2004 Elsevier Inc. All rights reserved.
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Protein structure is now known as an ensemble of

many fluctuating micro-states. Increased temperature

or chemical denaturant can alter this ensemble even be-
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Table 1

Data collection and refinement statistics

Data collection

Space group P3

Cell dimensions (Å) a = b = 53.2, c = 59.7

Beamline BL38B1

Resolution (Å)a 40–1.60 (1.66–1.60)

Wavelength (Å) 0.9000

Rsym (%)a,b 3.9 (22.1)
a
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proteins [1,2]. The molecular basis for denaturation by

these reagents has been generally attributed to direct li-

gand binding [3–8] or the effects of the denaturants on

the structure and dynamics of solvent water molecules

[3,9–13]. Unfolding of proteins by denaturant is driven

by the increased surface area upon unfolding [14,15].
These denaturants can influence not only the protein

stability, but also the ensemble of the native structure.

In this regard, high resolution structure analysis would

be informative, although only a few studies have used

X-ray diffraction or NMR to probe the effects of dena-

turants on protein structure [16–20].

Hyperthermophilic proteins show high tolerance to

denaturants due to a drastically slow unfolding rate
[21], which makes them suitable for elucidating the effects

of denaturants on native proteins under non-denaturing

condition. Here we attempted to deduce the structural

implications from the crystal structure in the native state

and 3 M GdnHCl, i.e., the interaction of the denaturant

with the native protein and perturbation of the protein

structure by the bound denaturant. We chose a hyper-

thermophilic protein, PhoCutA, as a model protein,
since it maintains an apparent native structure in 8 M

GdnHCl. CutA is a protein that appears to be related

to divalent cation homeostasis and is found universally

from bacteria to mammals [22–27]. This study reports

the crystal structure of the protein in 3 M GdnHCl,

where many proteins undergo a major conformational

transition from the native to unfolded state.

Completeness (%) 99.6 (100.0)

Observed reflections 94387

Unique reflections 24828

I/r (I) 19.9

Multiplicitya 3.9 (3.8)

Refinement and model quality

Resolution range (Å) 20–1.6

No. of reflections 24850

R-factorc 0.214

Rfree factor
d 0.253

Total protein atoms 1726

Total ligand atoms 16

Total water atoms 125

Average B-factor (Å2) 21.1

Rms deviation from ideality

Bond lengths (Å) 0.017

Bond angles (�) 1.703

Improper angles (�) 22.70

Dihedral angles (�) 1.119

Ramachandran plot (%)

Residues in most favored regions 95.2

Residues in additional allowed regions 4.8

Residues in generously allowed regions 0.0

a The values in parentheses refer to data in the highest resolution

shell.
b Rsym ¼

P
h

P
ijIh;i � hIhij=

P
h

P
ijIh;ij, where ÆIhæ is the mean

intensity of a set of equivalent reflections.
c R-factor ¼

P
jF obs � F calcj=

P
F obs, where Fobs and Fcalc are

observed and calculated structure factor amplitudes.
d Rfree-factor was calculated for R-factor, with a random 10%

subset from all reflections.
Materials and methods

Spectroscopic techniques. Expression and purification of PhoCutA

was in principle followed by Tanaka et al. [26]. To compare the effects

of GdnHCl on thermophilic and non-thermophilic proteins, purified

and concentrated PhoCutA or Escherichia coli CutA were diluted in

50 mM Tris–HCl (pH 8.0) buffer containing various concentrations of

GdnHCl (0–8 M). After 1 month, tryptophan fluorescence emission

and CD spectra were measured. Tryptophan fluorescence emission

spectra were measured in an RF-5300PC spectrofluorophotometer

(Shimadzu, Japan; quartz cuvette, 1-cm path length, 295-nm excitation

wavelength) and were recorded from 300 to 440 nm at 1-nm sampling

intervals. Far-UV CD spectra were measured in an AVIV circular

dichroism spectrometer (Proteiron, USA): path length, 1.0 mm; reso-

lution, 0.2 nm; and average time, 4 s. The results are expressed as the

mean residue ellipticity (h).
Crystallization of PhoCutA in 3 M GdnHCl. Purified PhoCutA was

dialyzed against 6 M GdnHCl, 20 mM Tris–HCl (pH 8.0) for more

than a week and then concentrated to 20 mg mL�1. Crystallization of

PhoCutA was performed by the oil-batch method [28]. Three micro-

liters of concentrated PhoCutA in 20 mM Tris–HCl (pH 8.0), 6 M

GdnHCl was mixed with an equal volume of 100 mM acetate buffer

(pH 4.0), 20% (w/v) polyethylene glycol 4000, and 200 mM ammonium

sulfate, on 96-microwell plates, then covered with 10 lL of paraffin oil,

so the final mother liquor contained 3 M GdnHCl. Diffraction-quality

crystals were obtained 1 day after setup.

Diffraction data collection and processing. Diffraction data to a

resolution of 1.6 Å were collected on the beamline BL38B1 of SPring-8

(Harima, Japan) under cryogenic conditions with 0.9 Å radiation. The
diffraction data were indexed, integrated, scaled, and merged by using

the HKL2000 program package [29]. The crystal of PhoCutA in 3 M

GdnHCl was found to belong to space group P3 with unit cell

parameters a = b = 53.2 and c = 59.7 Å.

Structure solution and refinement. The structure of PhoCutA in 3 M

GdnHCl was determined at 1.6-Å resolution by the molecular

replacement method with the program AMoRe [30], using the struc-

ture of Se-Met-substituted PhoCutA (PDB code, 1j2v) as a search

probe. The complete atomic model with a total of 101 residues

including side chains was rebuilt manually with the molecular graphics

program O [31].

Positional and individual B-factor refinement was carried out with

the program CNS [32]. To monitor the refinement, a random 10%

subset of all reflections was set aside for calculation of the free R factor

(Rfree). Topology and parameter files for the guanidine molecule were

obtained from the Heterocompound Information Center of Uppsala

(HIC-Up) on the Uppsala website [33]. Because the guanidine mole-

cules were found on the crystallographic 3-fold axis of symmetry, the

occupancies of all atoms of the guanidine were set to 0.33. After

iterative cycles of refinement and manual model fitting, water mole-

cules were automatically located by peak-searching on the SIGMAA-

weighted mFo–DFc map [34], and some of the water molecules, which

occupied irrelevant positions, were deleted on the basis of the real-
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space correlation coefficient and/or the maximum density level, using

the procedure in the program CNS [32]. The crystallographic R values

(Rfree values) finally converged to within 21.4% (25.3%). The stereo-

chemical quality of the final refined models was analyzed with the

program PROCHECK [35]. Figures are produced with MOLSCRIPT

[36]. The parameters regarding the data collection and reduction are

shown in Table 1.
Results and discussion

Spectroscopic study

In GdnHCl-free solution, the tryptophan fluores-

cence spectrum of PhoCutA had a peak at 342 nm. No

red-shift of tryptophan fluorescence was observed even

in 3 or 8 M GdnHCl solutions (Fig. 1), indicating that

denaturation, which would cause exposure of buried try-
ptophans to the aqueous environment and hence result

in red-shift in fluorescence emission, did not occur.

However, the fluorescence intensity was increased at

higher GdnHCl concentrations, suggesting that the fluo-

rescence quenching of some tryptophan residues was re-

lieved by GdnHCl.

The mean residue ellipticity at 222 nm of PhoCutA in

various GdnHCl concentrations showed no changes in
secondary structure even at 8 M GdnHCl (CD data

not shown). This preservation of CD intensity indicates

that PhoCutA has a rather rigid secondary structure. We

incubated PhoCutA in 8 M GdnHCl for a month and

found that the secondary structure was still maintained

(CD data not shown).

Crystal structure of PhoCutA in 3 M GdnHCl

To analyze the effects of GdnHCl on the structure of

PhoCutA, we crystallized PhoCutA in a solution con-

taining 3 M GdnHCl. Purified PhoCutA was dialyzed

against 6 M GdnHCl for a week and then subjected to

crystallization trials after concentration to 20 mg mL�1.

The oil-batch method [28] was used for crystallization,

so the final concentration of GdnHCl was 3 M. The
crystal structure of PhoCutA in 3 M GdnHCl was deter-

mined at 1.6-Å resolution by the molecular replacement
Fig. 1. Tryptophan fluorescence spectra of PhoCutA in 0 M (—), 3 M

(� � �� � �), 6 M (– Æ–), and 8 M (–––) GdnHCl.
method using native PhoCutA (PDB code, 1j2v) as a

search model.

The overall structure of PhoCutA in 3 M GdnHCl is

identical to the native structure (Fig. 2A). PhoCutA has

a large number of intramolecular hydrogen bonds in the

native state, of which 92.5% and 83.8% of hydrogen
bonds with distances 63.0 and 63.3 Å were retained

in 3 M GdnHCl. The hydrogen bonds that disappeared

from the structure in 3 M GdnHCl were located mainly

on the surface (Fig. 2B), suggesting interactions between

peptide groups and GdnHCl. However, no electron den-

sity of GdnHCl around the peptide groups was

observed.

Crystal structure of the native PhoCutA shows that
the protein has seven ion pairs per monomer (Glu24–

Arg68, Glu99–Arg25, Glu63–Lys66, Glu64–Lys101,

Glu71–Arg68, Asp60–Arg58, and Asp84–Arg82), whose

distances are all 63.0 Å, and which are all located on the

protein surface. All these ion pairs were present even in

3 M GdnHCl, in spite of their location at protein sur-

face. The average RMS deviations of residues that par-

ticipated in ion pairs were 0.27 and 0.71 Å for side chain
and Ca atoms, respectively, although those of Glu, Asp,

Lys, and Arg, which cannot contribute to ion pairing,

were 0.49 and 2.12 Å for side chain and Ca atoms,

respectively.

GdnH+ binds to the peptide groups and hence com-

petes with intramolecular hydrogen bonds. Being ionic,

GdnH+ weakens ion pairs due to electrostatic stabiliza-

tion of the charges. The observed marginal effects of
GdnHCl on the intramolecular hydrogen bonds and

ion pairs in PhoCutA indicate that these intramolecular

interactions are unusually stable, suggesting that the

crystal structure of PhoCutA is suitable for discussion

about the effects of GdnH+ on the protein surface under

non-denaturing condition.

Perturbation of side chains of Trp residues by GdnHCl

Although CD shows no apparent changes, there are

local perturbations in the PhoCutA structure by 3 M

GdnHCl, consistent with the fluorescence data. As de-

scribed above, some surface hydrogen bonds are lost in

3 M GdnHCl. A local structural difference in the main

chain was observed in a loop from Tyr39 to Lys44 in

the presence of 3 M GdnHCl (Fig. 3), as demonstrated
by perturbation of electron density in the loop region

of Tyr39–Lys44. Nevertheless, positions of other resi-

dues were quite clear. Relative values of temperature fac-

tor (B-factor) were increased around the loop (Fig. 4).

These results indicate that the main-chain mobility of

this region is higher than the rest of the protein. Accord-

ing to Nozaki and Tanford [37], tryptophan is five times

more soluble in 6 M GdnHCl than in GdnHCl-free solu-
tion; the greatest difference in solubility among the ami-

no acids they measured. Aromatic amino acids have been



Fig. 2. Crystal structure of PhoCutA in 3 M GdnHCl. (A) Superposition of the trimeric structure of PhoCutA in 3 M GdnHCl (magenta) and

without GdnHCl (blue). (B) Hydrogen bonds disappeared from the PhoCutA structure in 3 M GdnHCl. Hydrogen bonds with distances 63.0 Å

disappeared in 3 M GdnHCl structure are shown with red ball-and-stick styles, and 63.3 Å are shown with blue.

Fig. 3. Superposition of the PhoCutA monomer structures in 0 (blue) and 3 M (red) GdnHCl. (A) Ca traces of complete monomer chains. (B) Ca
traces and side chains of the loop from Tyr39 to Lys44 (magnified view of the boxed area in A).
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implicated as the major binding sites for GdnHCl [37,38].
Our fluorescence and crystal structure results reflect the

effects of GdnHCl on surface tryptophans. CH–p inter-

actions [39] can contribute to the interaction of Trp with

GdnHCl, although little electron density due to 3 M

GdnHCl was observed near the Trp residues. The ab-
sence of electron density suggests that binding of
GdnHCl to the loop, possibly Trp residues, is neither

stoichiometric nor specific, yet is sufficient to cause struc-

tural perturbation of the loop. Specific binding of

GdnHCl with a Trp residue via hydrogen bond forma-

tion has been observed in the crystal structure of hen



Fig. 4. Superimposed plots of the main-chain B-factors for the Pho

CutA structures in 3 M GdnHCl (solid line) and without GdnHCl

(dotted line). The plotted values are relative to the average of all

values.
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lysozyme with 1.2 M GdnHCl [17]; however, to the best

of our knowledge, this is the first report of structural per-

turbation via effects of GdnHCl on the surface Trp
residues.

Specific binding of GdnH+ to Asp residues and main chain

In the refined structure, two GdnH+ ions were lo-

cated in the center hole of the trimer, precisely on the

crystallographic 3-fold axis (Fig. 5A). The SIGMAA-

weighted mFo–DFc electron density map around the
GdnH+ molecule was illustrated in Fig. 5B. The specific

binding site of GdnH+ ions is present in one folded pro-

tein and is not introduced by crystal packing. The nitro-

gen atoms of the two GdnH+ ions interact with a total

of nine oxygen atoms: Od1 and Od2 in Asp86 and O

in Asp84 in each of the three monomers (Fig. 5). The

distances between a nitrogen and Od1 and Od2 in

Asp86 and O in Asp84 are 2.85, 3.04, and 3.10 Å,
Fig. 5. The bound GdnH+ molecules. (A) Direct GdnH+ binding site in the s

residues are shown in ball-and-stick style. (B) The early SIGMAA-weighted m

at 3.2r. Because the GdnH+ model is not included in the model refinement, the

displayed.
respectively. In the absence of GdnHCl, these oxygen

atoms are hydrogen bonded with water molecules. There

is considerable precedent for this coordination, since in

the structures of protein complexes with GdnHCl re-

ported so far, some of the nitrogen atoms of GdnHCl

interact with oxygen atoms [16–20]. The atomic B-factor
values of GdnH+ and its interacted atoms of protein

molecules are summarized in Table 2.

The overall B-factors of ribonuclease A and hen lyso-

zyme have been reduced in denaturants [16,17,19]. On

the contrary, those of PhoCutA in 3 M GdnHCl were al-

most the same as in the native structure. The atomic

B-factors in the vicinity of the GdnH+ binding site are

relatively low (Fig. 4), as is the case for hen lysozyme
crystallized in 1.2 M GdnHCl [17] and for ribonuclease

A crystallized in 0.7 M GdnHCl [16]. The relatively

low B-factors in the region around Asp86 suggest that

binding of GdnHCl to this site is rather specific. The

B-factor values for Asp86–Trp95 which locate in b
strand 5 and the N terminus of helix 3 were markedly re-

duced by GdnHCl (Fig. 4). The observed low B-factor

around Asp86 in 3 M GdnHCl suggests the stabilization
of this region by the bound GdnH+ ions.

Although the gross structure is unaltered by 3 M

GdnHCl, local structures are altered as described above,

most likely reflecting an alteration of the conformational

ensemble toward more disordered local structures. The

present results indicate a possibility that optimized

charge–charge interactions provide structural determi-

nants for enhanced stability of proteins from thermo-
philic organisms [40,41].

GdnHCl binding

As described above, there are two modes of GdnH+

bindings: the specific bindings of GdnH+ with some

acidic residues and non-specific bindings around Trp

residues and peptide groups on the protein surface. It
tructure in 3 M GdnHCl. The two molecules of GdnH+ and the nearby

Fo–DFc electron density map around the GdnH+ molecule contoured

map is less biased by the GdnH+ model. The final refined model is also



Table 2

B-factor values of GdnH+ and its interacted atoms of protein

molecules

Molecule name (molecular number)a Atom B-factor (Å2)

GdhH+ molecules

GdnH+(1001)a

C 31.66

N1 30.94

N2 30.71

N3 30.08

GdnH+(1002)a

C 29.01

N1 32.52

N2 32.87

N3 33.27

GdnH+(1003)a

C 28.80

N1 29.82

N2 30.21

N3 29.53

GdnH+(1004)a

C 32.35

N1 35.89

N2 36.16

N3 36.25

Counterpart atoms

Asp86 (chainA)a Od2 20.52

Asp86 (chainA)a Od1 21.20

Asp84 (chainA)a O 15.58

Asp86 (chainB)a Od2 21.33

Asp86 (chainB)a Od1 22.65

Asp84 (chainB)a O 14.79

a The number of GDNH+ in parantheses (1001–1004) and the chain

name (A and B) correspond to those given in deposited PDB file

(IUMJ).
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is evident that binding of GdnHCl to the native protein

is limited, resulting in local structural perturbation.

Binding of denaturant molecules is structure- and con-

centration-dependent ([15,42], Arakawa and Timasheff,

unpublished results) with a greater binding at higher

denaturant concentrations and for the unfolded state.

Since the PhoCutA seems to maintain the native struc-

ture up to 8 M GdnHCl, a low number of GdnH+ bind-
ing is expected. The electron density of GdnHCl was

observed only in the center hole. Binding of GdnHCl

around Trp residues and peptide groups was inferred

from the perturbation of electron density of the Trp res-

idues and from the loss of surface intramolecular hydro-

gen bonds. In relation to the denaturing action, binding

of GdnH+ can be defined as preferential interactions.

Preferential interactions are a measure of both solute
binding, ranging from stoichiometric and tight bindings

to transient retardations of solute diffusion by the pro-

tein surface, and water binding. A rather large binding

of GdnH+ to the native protein has been observed by

equilibrium dialysis or isopiestic equilibrium measure-

ments [15,42–44]. The absence of extensive site binding

of GdnH+ ions observed here suggests that most of
the bindings observed by preferential interaction mea-

surements reflect those of transient ones. Therefore,

the perturbation of electron density of Trp residues

and the loss of surface hydrogen bonds are most likely

due to the transient bindings of GdnHCl.
Conclusion

The following structural features were observed by

comparing the crystal structures of the protein in 0

and 3 M GdnHCl: relatively small number of structur-

ally perturbed residues, breakage of only about 10% of

the large number of short intramolecular hydrogen
bonds (distance shorter than 3.0 Å), complete conserva-

tion of salt bridges on the protein surface, and binding

of two GdnH+ ions in the cavity of the protein trimer.

The effects of the denaturant on the structure of PhoCu-

tA and binding of GdnH+ were rather limited; specific

binding around an acidic residue and non-specific bind-

ing around tryptophan residues and surface peptide

bonds involved in hydrogen bonding.
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