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Abstract: The effect of urea on  the crystal structure of hen  egg- 
white lysozyme has been investigated using X-ray crystallogra- 
phy. High resolution  structures have been determined from 
crystals grown in the presence of 0, 0.7, 2, 3, 4, and 5 M urea 
and  from crystals soaked in 9  M urea. All the  forms  are essen- 
tially isomorphous with the native type I1 crystals, and  the de- 
rived structures exhibit excellent geometry and RMS differences 
from ideality in bond distances and angles. Comparison of the 
urea complex structures with the  native enzyme (type I1 form, 
at 1.5 A resolution) indicates that  the effect of urea is minimal 
over the  concentration  range  studied.  The mean difference in 
backbone conformation between the native enzyme and its urea 
complexes varies from 0.18 to 0.49 A. Conformational changes 
are limited to flexible surface  loops  (Thr 69-Asn 74, Ser 100- 
Asn 103), the active site loop (Asn 59-Cys  go), and  the C-terminus 
(Cys 127-Leu 129). Urea molecules are bound to distinct sites 
on  the surface of the protein.  One molecule is bound to  the 
active site cleft's C subsite, at all concentrations, in a  fashion 
analogous to  that of the N-acetyl substituent of substrate and 
inhibitor sugars normally bound to this site. Occupation of this 
subsite by urea  alone  does  not  appear to induce the  conforma- 
tional changes associated with inhibitor  binding. 
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The interaction between denaturants  and  the 3-dimensional 
structure of proteins is of current  interest, especially in terms 
of protein  stability and folding. Knowledge of the events that 
take place at  the onset of denaturation will provide important 
insights into  the heterogeneous nature of protein stability and 
the relative susceptibilities of proteins to different types of de- 
naturant. Many chemical agents are known to disrupt the folded 
conformation of a  protein, but one of the most commonly used 
denaturants is urea. 

Urea is a  strong hydrogen bonding solvent that acts primar- 
ily  by diminishing hydrophobic  interactions in the close-packed 
interior of proteins (Tanford, 1968). Most studies concerning 
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the interactions and effects of urea on proteins have been car- 
ried out using spectroscopic methods. Until recently, this ap- 
proach was sufficient to define the overall effects of urea on the 
conformation of the protein in solution  but was unable to give 
detailed structural  information about the precise nature of urea 
interaction with the entire molecule. Urea binds to hen  egg-white 
lysozyme (HEWL)  in  solution (Warren & Gordon, 1970; 
Howarth & Lian, 1984; Makhatadze & Privalov, 1992).  Never- 
theless, HEWL is remarkably resistant to urea denaturation, and 
in the presence of up  to 8 M urea,  structural changes are slight 
and associated only with the nonhelical portions of the protein 
(Hamaguchi, 1958; Barnes et al., 1972). 

Crystals of HEWL can be grown from solutions  containing 
quite high concentrations of urea (Berthou & Jolles, 1973). Pre- 
liminary crystallographic analyses of such co-crystals and urea- 
soaked native crystals have demonstrated large intensity changes 
reflecting  possible structural alterations within the protein  (Berthou 
& Jolles, 1973; Snape, 1974; Snape et al., 1974). To investigate 
the structural basis  of urea interaction with HEWL, we have de- 
termined high resolution crystal structures for  HEWL over a 
wide range of urea concentrations and have compared these 
structures in an  attempt  to correlate the effect of increasing urea 
concentration with perturbations of the 3-dimensional structure 
of the enzyme. 

Results 

Increasing urea  concentration (0.7-5 M) had little effect on the 
dimensions of the tetragonal  unit cell, except in the case of the 
9 M soaked crystals where the cell  volume  was  reduced by about 
8% (1.2 A change in a and 6 ,  1.9 A change in c). However, in- 
creasing concentration did have a  substantial effect on crystal 
size, as although it is possible to  obtain crystals in up  to 7 M 
urea, high resolution data could only be collected for the co- 
crystal complexes up  to 5 M urea. 

The refined structures are of  high quality as assessed from  the 
refinement parameters in spite of the presence of molar concen- 
trations of urea (Table 1). Increasing urea concentration affects 
the flexibility of some of the surface side chains,  promoting 
disorder-to-order  transitions, most likely through  the provision 
of  additional hydrogen bonding partners in the urea complex 
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Table 1. Crystallographic dafa and refinement statistics 

Condition 

Native  HEWL 
HEWL + 0.7 M urea 
HEWL + 2.0 M urea 
HEWL + 3.0 M urea 
HEWL + 4.0 M urea 
HEWL + 5.0 M urea 
HEWL + 9.0 M urea 

Maximum Number  of 
resolution unique 

(A) reflections 
- 

1.49 
I S O  
1.62 
1.61 
1.75 
1.92 
1.56 

~ 

~ 

a Up  to  maximum  resolution  quoted. 

15,803 
14,881 
12,922 
11,534 
9,038 
7,527 

I 3,466 

VO Number  of 
Completeness water 

of data‘  RIrmmb  molecules 

93 11.90 112 
92  9.14 111  
92 8.68 94 
91 9.39 104 
84 9.24 94 
89 15.04 108 
93 8.39 86 

Number of 
urea 

molecules 

707 

Crystallo- 
graphic 

R;factor‘ RMSD of 
(8 A-maxa)  bonds 
F r  20 ( F )  (A) 

18.7 0.013 
19.2  0.014 
19.8 0.015 
18.4 0.018 
17.8 0.015 
17.2  0.016 
19.3 0.018 

structures.  This  “ordering” is accompanied by a  reduction in the 
side chain’s thermal  parameters  (B-factors)  compared  to  the na- 
tive structure.  The way urea  acts  to  reduce  the  overall  surface 
mobility of the  protein is reflected in the  average  B-factor value 
for  the  enzyme, which is significantly lower  in the urea com- 
plexes. The most  noticeable  stabilization occurs at surface  loops 
that  are  poorly  ordered in the  native  structure.  Urea  does  not 
have  any  disordering  or  destabilizing  effect  on  either  the  over- 
all or local regions of  the crystal structure of HEWL even at high 
concentrations.  Changes  in the accessibilities of  disulfide bonds, 
affected  at high urea  concentrations in solution,  are negligible 
(Barnes et al., 1972). Reassuringly,  there is no evidence of  co- 
valent modification of the  protein-in  particular  the  carbamyl- 
ation of free  amino or sulfhydryl  groups, which would  be seen 
if  the  urea  solutions used  were “contaminated” with cyanate 
(Stark  et  al., 1960). 

The presence of urea molecules that  can be clearly defined in 
the  electron  density  maps is dependent  on  urea  concentration. 
In the 0.7 M structure  only 3 molecules are seen compared  to 

a total of 9  in  the 9 M complex.  The  first molecule (urea 250) 
lies on  the  dyad axis  between the  C-terminal  carboxyl  and its 
symmetry-related  partner. I t  is positioned so that  the  carbonyl 
oxygen lies along  the axis, making  hydrogen  bonds  to  the  ends 
of  Arg 14 and  Arg 14# (symmetry-related molecuIe) -one of the 
NH2 groups  hydrogen  bonds  to  the  main-chain CO of Ala 10 
and  the  C-terminal oxygen of Leu 129, whereas the  other makes 
identical  contacts in the  symmetry-related molecule  (Fig. IA). 
The second  urea molecule (urea 251) also lies on  a  dyad axis with 
the  carbonyl  group of the  urea  orientated  along  the axis, hydro- 
gen  bonding  to  the OY1 of Thr 43 and its  symmetry-relat,ed 
partner (Fig. 1B). The  final  urea  molecule  (urea 252) lies in 
HEWL’s  active  site  cleft-more precisely  in subsite C, the 
“acetamido-specific” binding pocket, where  it  mimics the  inter- 
actions of the N-acetyl group present on  both  substrates  and in- 
hibitors of lysozyme (Blake et al.,  1967a;Strynadka & James, 
1991). The  molecule is bound between the  main-chain CO of 
Ala 107 and  the  main-chain  NH of Asn 59. In  addition, it hy- 
drogen  bonds via an  NH2  group to the N‘ group of Trp 108 

C 14* 

. 

LN57 
LEU66 

Fig. 1. Environments of the 3 urea  molecules  present  in  all  the  urea  complexes.  Only  the  relevant  interactions  are  shown.  The 
urea  molecules  are  drawn  with  black  bonds  and  the  symmetry-related  molecules  are  shaded.  The  dashed lines represent  hydro- 
gen  bonds. A: Urea 280. B: Urea 251. C: Urea 252-subsite C urea. 
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Fig. 2. Environments of the urea molecules present at concentrations greater than 4 M. Only the relevant interactions are shown. 
The urea molecules are drawn with black bonds and the symmetry-related molecules are shaded. The dashed lines represent hy- 
drogen  bonds. A: Urea 253. B: Urea 254. C: Urea 255. D: Urea 256. E: Urea 257. F: Urea 258. 

and to the main-chain CO of  Gln 57, as well as  to a water mol- 
ecule that is bound to  the  N'l  group of Trp 63 (Fig. 1C). 

In both  the 2 M and 3 M complexes no additional urea mol- 
ecules can be  clearly defined although ureas 250-252 are less mo- 
bile than in the 0.7 M structure. Five additional urea molecules 
can be assigned to peaks in the electron density of the 4 M struc- 
ture.  Three of these are located at or near the C-terminus  (urea 
253, 255, 256), one in the active site cleft (urea 254), and  one 
near Ser 24 (urea 258). These urea molecules interact with the 
enzyme via multiple hydrogen bonds made primarily to the pep- 
tide groups but also with certain side chains and water molecules 
(Fig. 2). In the 5 M structure, all these urea molecules are pres- 
ent,  apart from the  one bound to  the NH of Gly 117 (urea 255). 
Finally, the  9 M soaked structure possesses all the urea molecules 
seen  in the  4 M map, but, in addition,  a molecule (urea 257) can 
be clearly assigned to  the Pro 70 loop region on  the 2-fold axis 
(Fig. 2E). The relative positions  of the 9 molecules in the 9 M 
urea-soaked structure  are shown in Figure 3. 

A global comparison of the structures shows that they are very 
similar and  the RMS differences (RMSD) between them are 
small (Table 2). When the urea complex structures (0.7-5 M) are 
compared with the native structure,  the  major differences in 
backbone conformation occur around  the crystal contact  loop 
regions Thr 69-Asn  74 (2-fold axis) and Ser 100-Asn  103, where 
the structure is  flexible and poorly defined. As mentioned above, 
these loop  conformations are stabilized in the presence of urea. 
More significant however, is a shift that occurs at the C-terminus 
at  urea concentrations  greater than 0.7 M. In the 2-9 M struc- 

tures, the C-terminal  dipeptide rotates toward the N-terminal 
helix and  the body of the enzyme with an axial displacement for 
the C-terminal carboxylate of about 2.0 A. This shift allows the 
rotated  C-terminal  dipeptide to be stabilized through  favorable 
interactions with the urea molecule (urea 250) located on  the 
dyad axis near  Ala 10 (see Fig. 1A). 

257 " . 

253 

Fig. 3. Location of the 9 urea molecules in the 9 M urea-soaked com- 
plex. The diagram was produced using the  program  MOLSCRIPT 
(Kraulis, 1991). 
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Table 2. RMSD between the native and urea 
complex structures 

RMSD (A) 

Structure Main chain only All atoms 

+0.7 M urea 
+2.0 M urea 
+3.0 M urea 
+4.0 M urea 
+5 .O M urea 
+9.0 M urea 

0.18 
0.21 
0.23 
0.24 
0.31 
0.49 

0.51 
0.85 
0.67 
0.66 
0.62 
0.86 

The  9 M urea-soaked  structure exhibits slightly more  main- 
chain differences. The  majority of these are due to a  “compact- 
ing” of the  structure in response to the 8% reduction in unit cell 
volume that occurs at this  high urea concentration. The only ma- 
jor backbone  difference  occurs between Asn 59 and Cys 80, 
where the deviation from the native structure varies from 0.6 A 
to as much as 1 .O A. The most dramatic change in this  loop is 
a  peptide  flip that occurs between Arg 73 and Asn 74, a region 
that molecular dynamics simulations have shown to be highly 
flexible (Post et al., 1986). Although the appearance of the urea 
molecule (urea 257) bound near Pro 70 accompanies this main- 
chain shift, it is unclear whether it binds after  the  conforma- 
tional  change has taken place or whether the shift occurs as a 
direct consequence of the urea molecule’s presence. When the 
side chains are compared,  the  orientation of Trp 62 seems to be 
the most sensitive to urea  concentration.  The ring atoms of 
Trp 62 are gradually shifted in response to increasing urea con- 
centration so that, in the 9  M complex, the mean shift of the ring 
atoms is about 1 A. Although  this movement is similar to one 
that occurs on inhibitor  binding, urea does not elicit the global 
changes in conformation associated with substrate  binding. 
These  observations contrast  the effects of urea in solution 
(Lumb & Dobson, 1992). Urea seems to have a minimal effect 
on  the bound waters in the co-crystal structures (0.7-5 M) and 
only reduces the number seen in the 9 M urea-soaked  structure 
slightly (see Table 1). Although the overall water structure of 
each complex appears to be unique, the positions of certain bur- 
ied water molecules are conserved even at high concentrations 
of urea.  The positions of these molecules are also highly con- 
served in the structures of  C-type lysozymes from other species 
(Blake et al., 1983). 

Discussion 

The detailed crystallographic studies of lysozyme-urea com- 
plexes show that contrary to previous suggestions (Snape et al., 
1974), no significant conformational changes occur at high urea 
concentrations.  This apparent  conformational stability is not 
surprising when one considers HEWL’s resistance to urea de- 
naturation (Hamaguchi, 1958). However,  it remains possible 
that in the crystallization process we are inadvertently favoring 
the “native” conformational state because to grow sizeable co- 
crystals at high urea  concentrations,  it is necessary to increase 
the protein  concentration and lower the crystallization temper- 
ature (Berthou & Jolles, 1973). 

Even though the enzyme shows no signs of denaturation, we 
have been able to describe the urea binding sites on  the protein 
in some  detail and observe subtle conformational changes that 
take place within the crystal structure  on exposure to urea. All 
these changes are  at regions on  the surface  of the molecule that 
are known to be relatively flexible. Surprisingly, the effect of 
increasing urea  concentration is to stabilize these flexible parts 
of the molecule and  to allow a relaxation of the crystal-packing 
contacts. Because the dynamics  of the surface residues and loops 
are greatly influenced by solvent, it appears  that  the majority 
of  perturbations seen here result from urea’s disruption of the 
solvent structure. 

Recent calorimetric studies suggest that urea interacts with po- 
lar residues of proteins in both  the folded and unfolded  states 
(Makhatadze & Privalov, 1992). Here, urea interacts with the 
enzyme via multiple hydrogen bonds made primarily to pep- 
tide groups and polar side chains. In contrast to results from 
a similar crystallographic study of denaturant binding to a- 
chymotrypsin (Hibbard & Tulinsky, 1978), none of the urea 
binding sites on  HEWL  are particularly hydrophobic in nature. 
Further detailed experimental studies on proteins less resistant 
to  denaturation  are needed to get a better insight into the mo- 
lecular mechanisms of urea’s action. 

Experimental  procedures 

Crystals of the HEWL-urea complexes  were grown by batch and 
hanging drop methods (Berthou & Jollks, 1973; Wilson et al., 
1991). Co-crystallization trials were carried out at room temper- 
ature, 13 “C and  4 “C in the presence of urea (0.5-7 M). The 9 M 
urea soaking studies were performed using native crystals as de- 
scribed by Snape et al. (1974). A commercial sample of HEWL 
was  used throughout  (HEWL 3x crystallized from Sigma), and 
all urea solutions were freshly prepared from analytical grade 
urea (Fisons). X-ray diffraction data were  collected from the na- 
tive and urea-complex crystals using a Siemens Area Detector 
with  CuK, X-rays generated by a  rotating anode  and colli- 
mated by a  graphite  monochromator. All the crystals belonged 
to the tetragonal space group P43212 with 1 molecule  per asym- 
metric unit. Data were processed with the  XENGEN package 
of programs to give a scaled set  of intensities (Howard et al., 
1987) (Table 1). 

The  atomic  co-ordinates of the tetragonal type I1 form of 
HEWL (Blake et al., 1967b), recently refined by Acharya  (un- 
publ. results), were used as a  starting  point for  the refinement 
of our native structural data. Refinement of the HEWL-urea 
complex data was carried out using XPLOR (Briinger, 1990) 
with the refined native co-ordinates as a  starting model. In  the 
final  stages, after  the R-factors  had converged, bound water 
molecules were included and urea molecules  were modeled into 
appropriate peaks in the electron density maps using the  struc- 
tural parameters determined by Caron  and Donohue (1963) 
(Table 1). 

The native and urea-complex coordinates will  be deposited in 
the Brookhaven Protein Data Bank. 
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