
Intriguingly, the time course of extinc- 
tion varied in our study, depending on 
whether the agent was predator- or area- 
related. Spider populations on islands with 
predators never increased above initial (in- 
troduction) sizes. In contrast, among pred- 
ator-free islands, spiders on small islands 
frequently showed rapid population growth 
initially, even sometimes outstripping 
growth on large islands (22). Nonetheless, 
all those populations eventually became ex- 
tinct, in contrast to some on large islands 
which have now persisted for 12 years since 
the initial introduction. Given possible 
variation in both natural and human-in- 
duced immigration rates, such differences 
allow insight into the temporal dynamics of 
species preservation. 
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Demonstration of Positionally Disordered Water 
Within a Protein Hydrophobic Cavity by NMR 

James A. Ernst, Robert T. Clubb, Huan-Xiang Zhou, 
Angela M. Gronenborn,* G. Marius Clore* 

The presence and location of water of hydration (that is, bound water) in the solution 
structure of human interleukin-lp (hlL-1p) was investigated with water-selective two- 
dimensional heteronuclear magnetic resonance spectroscopy. It is shown here that in 
addition to water at the surface of the protein and ordered internal water molecules 
involved in bridging hydrogen bonds, positionally disordered water is present within a 
large, naturally occurring hydrophobic cavity located at the center of the molecule. These 
water molecules of hydration have residency times in the range of 1 to 2 nanoseconds 
to 100 to 200 microseconds and can be readily detected by nuclear magnetic resonance 
(NMR). Thus, large hydrophobic cavities in proteins may not be truly empty, as analysis 
of crystal structures appears to show, but may contain mobile water molecules that are 
crystallographically invisible but detectable by NMR. 

W a t e r  of hydration (that is, bound water) 
has long been known to play an important 
structural and functional role in proteins 
(1 ). In particular, buried water molecules 
may stabilize protein structure by acting as 
bridges between protein hydrogen bond do- 
nors and acceptors, whereas surface water 
molecules located at the active site partic- 
ipate in catalysis and ligand recognition. 

Laboratory of Chemical Physics, National Institute of Di- 
abetes and Digestive and Kidney Diseases, National In- 
stitutes of Health, Bethesda, MD 20892, USA. 

'To whom correspondence should be addressed. 

Experimentally, bound water can be detect- 
ed either in the crystal state by x-ray and 
neutron diffraction or in solution by NMR 
spectroscopy. Only positionally ordered wa- 
ter molecules can be detected in crystal 
structures, as the observed electron density 
represents a linear superposition of all the 
atomic positions during the course of the 
experiment (which typically lasts many 
hours). Thus, the detection of a water mol- 
ecule at a given location in the crystal 
structure, although independent of its resi- 
dency time, requires that the potential of 
mean force at this point has a well-defined 
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local minimum such that a water molecule 
always returns to the same position, thereby 
giving rise to observable electron density 
(2). If this is not the case, the resulting 

human interleukin-1 (3 (hIL-1 (3), a (3 sheet 
protein with a (3-trefoil fold (12) whose 
structure has been solved by both crystal- 
lography ( 1  3) and NMR (14). 

Through-space interactions between al- 
i~hat ic  Drotons of 13C-labeled hIL-1B and 

E-NH, group of Lys, or the guanidino group 
of Arg) followed by chemical exchange with 
water (4, 5). Over 200 cross-peaks could be 
detected, 95 of which could be attributed to 
a direct NOE or ROE interaction with 
bound water because the relevant  rotei in 

electron density will be smeared and, as a 
result, undetectable. In this light, it is not 
surprising that water molecules observed in dound water were detected with the Lse of 

two-dimensional (2D) 12C-filtered HzO- 
nuclear Overhauser enhancement (N0E)- 
'H-13C and H,O-rotating frame Over- 
hauser enhancement (ROE)-'H-13C het- 

protons were more than 5 A from any ex- 
changeable groups. The locations of these 
protons abstracted to the directly bonded 
carbon atoms and superimposed on the 
backbone of hIL-1 (3 are shown in Fig. 2. All 
the observed NOEs are negative in sign, 
indicating that the residence times of the 

crystal structures are almost invariably hy- 
drogen-bonded either directlv or indirectlv 

u 

by means of a hydrogen-bonded water net- 
work to polar backbone or side chain groups 
of the protein (1, 3). The detection of water 
molecules bv NMR. on the other hand, 

eronuclear single quantum coherence 
(HSQC) spectra recorded at several mixing 
times and temperatures (1 5). These exper- 
iments use low-power 'H pulses (70 to 100 
Hz) to selectively invert the water reso- 
nance and are verv sensitive because the 

does not reiuire uniform ordering but is 
dependent only on the spatial proximity of 

- 
bound water molecules have to be greater 
than -500 ps. Moreover, once the residence 

water protons to protons of the protein and 
the lifetime of the bound water (4,  5). 

time exceeds the rotational correlation time 
(in this case, -8 ns) by a factor of 2 3 ,  the 
NOE intensities will be independent of res- 
idence time. 

. . 
Although the interiors of proteins are 

generally well packed (6), the packing is 
not always perfect, which results in the 

slowly relaxing water is never saturated ( 16, 
17). Each experiment consists of two inter- 
leaved data sets in which the 'H water 
magnetization lies either parallel (+z) or 
antiparallel (-z) to the magnetization of 
the protein 'H resonances, which are 
aligned along the +z direction before the 
NOE and ROE mixing times. The differ- 
ence between the two data sets provides a 
protein-water NOE or ROE difference spec- 
trum that contains cross-peaks arising solely 

Analysis of the three independently 
solved x-ray structures of hIL-l(3 ( 1  3) re- 
veals the presence of 26 conserved water 
molecules. defined as water molecules 

presence of cavities (7). In addition, cavi- 
ties have been generated artificially by re- 
placement of larger side chains with smaller 
ones (8, 9). Although water molecules have 
been observed crystallographically in polar 
cavities, there is onlv one exam~le of or- 

common ;o all three structures whose ox- 
ygen atoms have an average atopic root 
mean square displacement of 1 A or less. 
Of these, 19 were potentially identifiabl: 
by NMR (that is, they are less than 5 A 

dered water molecules in a small hydropho- 
bic cavity (1 0). Indeed, all the hydrophobic 
cavities generated in T4 ly2ozyme ranging 
in volume from 34 to 215 A3 appear to be 
empty in the corresponding crystal struc- 
tures (8). Likewise, analysis of the crystal 
structures of a series of cavity-generating 
mutants in ribonuclease A showed that cav- 
ities with an apolar character are empty (9). 
These observations seem to be supported by 
recent measurements of solubilitv and vaDor 

from interactions between protein and wa- 
ter protons ( 1  6,  17). An example of two 
regions of the 60-ms mixing time of the 
H,0-NOE-'H-'3C HSQC difference spec- 
trum recorded at 35°C is shown in Fig. 1. 

Cross-peaks in these spectra may arise 
from either a direct through-space interac- 
tion between 13C-attached protein proJons 
and water Drotons se~arated bv 6 A or 

away from nonexchangeable protein pro: 
tons that themselves are further than 5 A 
away from potentially exchangeable pro- 
tons), and 10 were actually observed (ma- 
genta in Fig. 2).  These 10 water molecules 
are all involved in bridging backbone hy- 
drogen bonds, and 7 of them were previ- 
ously detected in 3D 15N-edited ROE 
spectra (5, 14). 

pressure, which suggest that it is unlikely 
that single water molecules enter small. 

by an indirect pathway involving an NOE or 
ROE between 13C-attached Drotons and ex- 

Most interactions with bound water in 
our experiments involved methyl groups. 
This is a result of their favorable spectral 
properties, namely narrow lines and high 

- 
nonpolar cavities in proteins (I 1 ). Here, we 
present an NMR analysis of bound water in 

changeable protons of the protein (such as a 
hydroxyl group of Ser, Thr, and Tyr, the 

Fig. 1. Portions of the methyl (A) 
and methylene and methine (B) 
regions of the H,O-NOE-'H- 
I3C HSQC difference spectrum 

sign. Note that the sign of the 
cross-peaks in the sum refer- 
ence spectrum depends on the 
number of carbon atoms direct- 

of i3C-i5N-labeled hlL-p re- 
cording at 35°C with a mixing 
time of 60 ms. The signs of all 
the cross-peaks are the same 
as those in the sum reference 

. ~ I C I " O I  - 
ly bonded to the carbon of inter- 

Ll,812b~0e, 4 
est, with carbon atoms bonded 

e%/ ~, to even and odd numbers of O 6  81,62/f &- koX9 
carbon atoms giving rise to 1 L6 62T80&-L&1QlX9F6;',F6; 
cross-peaks of opposite sign. 1.5 0.5 

e ngV56yl >,"=.. 0 I 2 
spectrum, which indicates that v47 62 

V41P the NOES are all negative in 6 V132%\ : :gy2 

0 
. p .  

1106.82 
M95 E - -1122y2 

'd156y2 

0' 

Positive and negative cross- 'H (m) 'H (f-4 
peaks are shown as continuous and dashed contour lines, respectively. Only be excluded. The asterisk in (B) indicates the location of the cross-peak arising 
cross-peaks involved in direct NOEs with water are labeled. For the remaining from the y-methine group of Leui0, which is below the contour level shown in 
cross-peaks, an indirect mechanism involving an NOE with an exchangeable the figure. Abbreviations for the amino acid residues are as follows: E, Glu; F, 
proton less than 5 A away followed by chemical exchange with water cannot Phe; I ,  Ile; L, Leu; M, Met; P, Pro; Q, Gln; and V, Val. 
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intensities (attributable to the presence of 
three protons). In addition, however, we 
did see a number of NOEs and ROES in- 
volving methylene protons. These included 
some NOEs to the P- and y-methylene 
protons of a few Asp, Glu, and Gln residues 
at the surface of the protein(red spheres in 

Fig. 2). It should also be noted that, just as 
in the case of the GATA- 1-DNA complex 
(1 7) and human thioredoxin (1 8), all sur- 
face-exposed methyl groups are hydrated. 
The fact that most of these are not associ- 
ated with water in the crystal structures 
simply reflects the fact that the hydration 
water is positionally disordered. For exam- 
ple, this may be due to rapid independent 
rotation of a water pentagon around a ro- 
tating methyl group (1 7). This result lends 
credence to the concept of hydrophobic 
hydration (1 9). 

Examination of the hIL-1p structure re- 
vealed the presence of a large internal hy- 
drophobic cavity that, on the basis of the 

FQ. 2 Ribbon diagram of the solution structure of 
hlL-1 p (blue) viewed from the front (A) and back (B) 
of the p barrel, showing the location of groups 
giving rise to NOES with bound water, crystallo- 
graphically conserved water molecules obse~ed 
by NMR, and the central hydrophobic cavity. The 
protons giving rise to NOEs are abstracted to their 
directly hooded carbon atom and are displayed as 
green (hydrophobic residues) and red Wlar resi- 
dues) line spheres with a radius of 1.2 A; the crys- 
tallographically conserved water molecules are de- 
picted as solid magenta spheres with a radius of 
1.6 A; the surface of the hydrophobic cavity is 
shown in yellow. The vdume and surface area of 
the cavity, calculated with a probe radius of 1.4 A 
with the use of the program GRASP (a), are 125 
A3 and 137 A2, respBCtively. [Thii prOcedure when 
applied to the coordinates of T4 lysozyme and its 
cavity-generating mutants yields values for the cav- 
ity volumes and surface areas that are very similar 
to those cited in (8).] The coordinates are taken 
from (14), and the location of the crystallographi- 
cally conserved water mdecules from (13). The fig- 
ure was generated with the program GRASP (30). 
C, COOH-terminus; N, NH2-terminus. 

hlL-1 p (blue) viewed from the front (A) and back 
(B) of the p barrel, showing the side chains in- 
volved in NOEs with hydration water in the central 
hydrophobic cavity. The carbon atoms directly 
bonded to the protons that gave rise to NOEs with 
water in the central cavity are depicted in orange; 
the remaining carbon atoms of the side chains are 
shown in green. The electrostatic potential in the 
cavity, calculated as described (23), is color-cod- 
ed with red and blue representing negative and 
positive potentials, respectively. The coordinates 
are taken from (14); the figure was generated with 
the program GRASP (30). Abbreviations are as in 
Figs. 1 and 2. 

NMR data, must be filled with water. It was 
located at the center of the molecule 
bounded by the six-stranded P barrel in the 
front (strands 1, 4, 5, 8, 9, and 12) and the 
remaining six strands at the rear (strands 2, 
3, 6, 7, 10, and 11). The volume of the 
cavity varied from 75 to 95 A3 in the three 
crystal structures (13) to 125 A3 in the 
NMR structure (1 4). Thus, it can potential- 
ly accommodate two to four water mole- 
cules if one assumes that the density of 
water within the cavity is the same as that 
of the bulk solvent (20). The residues 
pointing toward the cavity were entirely 
hydrophobic, and there were no potential 
backbone hydrogen bond donors or accep- 
tors that could interact with water. NOEs to 
water were observed from the methyl pro- 
tons of Leulo, Leuls, Leuz6, Led0, Led9, 
Leus0, IlelZz, and Val"'; from the p-meth- 
ylene protons of Leulo and Leuls; from the 
y-methine protons of Leu1', Leu18, and 
Leu6"; and from the p-methine and 
y-methylene protons of Ilelzz (Fig. 3). In 
addition to these residues, the aromatic 
rings of Phe4', Phel lZ, and Phe146 lined the 
cavity. There were no NOEs observed be- 
tween these three aromatic residues and 
water. This was a result of the rapid relax- 
ation of aromatic protons in concert with 
strong coupling of aromatic carbons, which 
results in a large decrease in sensitivity rel- 
ative to that of the methyl groups. 

The internal cavity appeared to be emp- 
ty in all three crystal structures of hIL-1p. 
This cannot be attributed to low occupancy 
of water molecules within the cavity. Under 
such circumstances, the water would not be 
observable either by crystallography or by 
NMR. For example, an occupancy of 10% 
would reduce the NOE intensities by a fac- 
tor of 10. Because the intensities of the 
observed NOES to water within the cavity 
are among the highest observed and are of 
an intensity comparable to that involving 
structural waters that are detectable by crys- 
tallography at high occupancy (Fig. I), a 
situation in which the cavity would be emp- 
ty in a major (-90%) species, but filled in 
a minor (-10%) one (perhaps an open 
form that permitted rapid exchange with 
solvent) is unlikely. Consequently, the 
bound water within the hydrophobic cavity 
observed by NMR is in all likelihood posi- 
tionally disordered and present at high oc- 
cupancy (near unity). Such positional dis- 
order, coupled with the presence of several 
water molecules within the cavity, would 
not attenuate the NOE cross-peaks (4, 5) 
but would make them invisible crystallo- 
graphically (2). It is perhaps worth noting 
that if only a single water molecule were 
present in the cavity, positional disorder 
would result in some attenuation of the 
cross-peaks owing to (r-6)-116 averaging 
(where r is distance). 
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The central cavitv can communicate to 
the exterior via two small channels. One is 
located at the opening of the P barrel ( f ron~ 
of Fig. 3 b )  and has dimensions of 1.9 A 
by 0.4 A in cross section; the other is 
located at the back of the P barrel (front of 
Fig. 3B) and has dimensions of 1.7 A by 1.6 
A in cross section. Although both channels 
are too narrow to permit the penetration of 
water molecules, one would expect them to 
open transiently during fluctuations that 
are known to occur, as evidenced by rapid 
aromatic ring flipping. As the NOES are 
observed at the resonance of bulk water. 
one can conclude that the water molecules 
in the cavitv are in fast exchange with " 

solvent water on the time scale of the 
chemical shift. This, together with the ob- 
servation of sizable negative NOES (Fig. I ) ,  
indicates that these water molecules are 
long-lived, with a residency time ranging 
from a lower limit of 1 to 2 ns to an upper 
limit of 100 to 200 p.s. 

Can it be energetically favorable for wa- 
ter to occupy a cavity that is surrounded by 
nonpolar residues? Upon transferring a spa11 
molecule with a large dipole [p. - 0.4 eA for 
water (21)] from the solvent to the cavity, 
the most significant change in free energy 
probably arises from less favorable electro- 
static interactions with the nonpolar envi- 
ronment. To  estimate this increase in free 
energy for a water molecule, we modeled the 
water molecule as a spherical region (with 
radius a and dielectric constant E , )  that 
carries a dipole p. at its center and is embed- 
ded in the surrounding medium (with di- 
electric constant E , ~ )  In such a model, the 
electrostatic interaction energy of the dipole 
with the surrounding medium is (22) 

Taking E~ to be 2 (22) and a to be 1.4 A, 
this formula gives values of -4.7 and -2.0 
kcal mol-', respectively, for the electrostat- 
ic interaction energy of the dipole of the 
water molecule with the bulk solvent (E, = 
78.5) and with the nonpolar environment 
of the cavity [assuming E, = 4 for the 
protein (23)l. Thus, it costs about 2.7 kcal 
mol-' to transfer a water molecule from the 
solvent to the cavity. 

The water molecule, however, may be 
stabilized by favorable interactions with the 
charges of the protein. To  see if such stabi- 
lization occurs, we calculated the electro- 
static potential generated by the protein 
charges in the cavity. In this calculation, 
the protein is modeled as a low dielectric 
region embedded in a high dielectric sol- 
vent (23, 24) (Fig. 3) .  The electrostatic 
potential at the two ends of the cavity is 
opposite in sign and thus indeed stabilizes 
the dipole of a water molecule. The poten- 
tial, however, would have been negative in 
the entire cavity if the high dielectric sol- 

vent had not been taken into consideration. 
Thus, the sign reversal at one end of the 
cavity arises from polarization charges on 
the dielectric boundary between the protein 
and the solvent. The electrostatic field E in 
many regions of thg cavity is between 2 and 
4 kcal mol-' e-' A-'. This lowers the free 
energy of a water molecule (Ep.) by 1 to 2 
kcal mol-' and offsets a substantial portion 
of the cost of transferring the molecule from 
the solvent to the cavity. (It should be 
noted that sign reversal of the electrostatic 
potential per se is not a requirement for 
stabilization of a dipole, as all that is needed 
is a gradient of the potential.) 

Several other factors may further stabi- 
lize the water within the hydrophobic cav- 
ity. First, a water molecule may form weak 
hydrogen bonds with the aromatic rings 
(25) of Phe42, PheH2, and Phe'46, which 
line the cavity. Although these hydrogen 
bonds are electrostatic in nature, their con- 
tribution to the stabilization of water within 
the cavity may be underestimated in the 
electrostatic calculation presented above. 
Second, the interaction energy of a water 
molecule with the surrounding medium 
may be decomposed into electrostatic and 
nonelectrostatic components. Our calcula- 
tion shows that the electrostatic compo- 
nent (arising from the dipole of the water 
molecule) may somewhat favor the solvent. 
The dominant portion of the nonelectro- 
static component is the entropic contribu- 
tion arising from the rearrangement of mol- 
ecules around the solute (that is, the water 
molecule under consideration, which may 
be modeled as a spherical region without 
the dipole when dealing with nonelectro- 
static effects). The difference in entropic 
contribution between the solvent and the 
nonpolar environment of the cavity is just 
the effect of hydrophobic interactions and 
can be estimated from the free energies of 
transferring nonpolar groups from water to 
organic solvents. W h e n ~ h e  surface area of a 
water molecule (-35 A 2 )  is multiplied by 
the proportionality constant between trans- 
fer free energy and surface area [0.025 kcal 
mol-' k2 (26)], we find that the nonelec- 
trostatic component favors the cavity by 
-0.9 kcal mol-'. Third, if more than one 
water molecule occupies the cavity, hydro- 
gen bonding between these molecules will 
be strengthened in the low dielectric cav- 
ity (27). This will compensate for any loss 
of entropy that is a result of the confine- 
ment within the cavity. Such loss of en- 
tropy should be small, as suggested by the 
fact that the cavity water is positionally 
disordered. Finally, occupation of a poten- 
tial vacuum at the center of the protein 
increases the entropy of the protein-sol- 
vent system. 

In the light of these arguments, it there- 
fore seems likely that the presence of posi- 

tionally disordered water within an inter- 
nal, moderately sized hydrophobic cavity is 
energetically more favorable than its ab- 
sence. In this regard, it is interesting to note 
that the central hydrophobic cavity is con- 
served in all other members of the p-trefoil 
class of proteins (12), for which complete 
coordinates have been deposited in the 
Brookhaven Protein Data Bank. These in- 
clude mouse IL-1P, basic and acidic fibro- 
blast growth factor, and the Kunitz inhibi- 
tor from Erythrina cafra (28). In the case of 
mouse IL-1P the size of the cavity is the 
same as that of hIL-1P, whereas for the 
other three proteins it is approximately half 
that size. This observation suggests that the 
central hydrophobic cavity is a common 
feature of the B-trefoil class of nroteins. 
which arises as a'result of the limiteh nature 
of the available amino acid side chains to fill 
the space generated by the fold. Just as in 
the crystal structures of hIL-lP, the cavity 
appears empty in the crystal structures of 
these four proteins, indicating that any wa- 
ter present is positionally disordered. As the 
stabilizing forces discussed above are not 
unique to hIL-lp, we suspect that the oc- 
currence of positionally disordered water in 
large hydrophobic cavities is a common phe- 
nomenon and that some of the crystallo- 
graphically empty hydrophobic cavities gen- 
erated in a variety of mutants of T4 lysozyme 
(8) and ribonuclease A (9) mav also be filled . , ~, , 
with positionally disordered water. 
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DNA Topoisomerase and Recombinase Activities 
in Nae I Restriction Endonuclease 

Kiwon Jo and Michael D. Topal* 

Nae I endonuclease must bind to two DNA sequences for cleavage. Examination of the 
amino acid sequence of Nae I uncovered similarity to the active site of human DNA ligase 
I, except for leucine 43 in Nae I instead of the lysine essential for ligase activity. Changing 
leucine 43 to lysine 43 (L43K) changed Nae I activity: Nae I-L43K relaxed supercoiled DNA 
to yield DNA topoisomers and recombined DNA to give dimeric molecules. Interruption 
of the reactions of Nae I and Nae I-L43K with DNA demonstrated transient protein-DNA 
covalent complexes. These findings imply coupled endonuclease and ligase domains and 
link Nae I endonuclease to the topoisomerase and recombinase protein families. 

Topoisomerases, recombinases, and endo- 
nucleases share the ability to cleave DNA 
but do not have seauence homoloev. To- ", 

poisomerases catalyze DNA relaxation by 
cleavage, strand passage, and reunion; re- 
combinases catalyze DNA rearrangements 
by concerted cleavage and exchange of 
DNA ends; and endonucleases catalyze 
cleavage of single- and double-stranded 
DNA. These enzymes are ubiquitous and 
essential for replication, transcription, re- 
combination, and repair of DNA ( 1 ) .  Al- 
though there has been speculation on their 
evolution, no relation amone these enzvmes 
has been found. ~ndonucleaies include' as a 
s~ecial  class the restriction enzvmes, which , . 
in bacteria protect against foreign DNA. 
The restriction enzvmes, along with the , . - 
site-specific recombinases, offer examples of 
sequence-specific DNA cleavage. Topo- 
isomerases generally demonstrate sequence 
preferences but are not sequence-specific. 

The placing of restriction enzymes in a 
separate category from the topoisomerases 
and recombinases has been called into ques- 
tion by recent discoveries with the type IIe 

restriction enzymes. It is now clear that the 
type IIe enzymes require the recognition of 
a second DNA (effector) sequence to 
cleave DNA; moreover, there is homology 
between the type IIe enzyme Eco RII and 
the integrase family of proteins (2). These 
findings indicate complexities in the type 
IIe enzymes beyond that needed for restric- 
tion. The type IIe enzymes include Nae I 
(3), Nar I, Bsp MI, Hpa 11, Sac I1 (4), Eco 
RII (5), Atu BI, Cfr 91, Sau BMKI, Eco 571, 
and Ksp 6321 (6), which represent a wide 
variety of bacterial species. 

Nae I is a prototypical type IIe enzyme, a 
70-kD dimeric protein (7) with two DNA 
binding sites, as indicated by its sigmoidal 
dependence of cleavage velocity on the 
concentration of recognition sequence (8). 
The two DNA binding sites of Nae I are 
nonidentical: one site prefers to bind to 
GCCGGC with AT-rich flanking sequenc- 
es, whereas the other prefers to bind to 
GCCGGC with GC-rich flanking sequenc- 
es (8). Whether the binding differences 
preexist or are induced upon occupation of 
one DNA binding site is unclear. Because . * 
Nae I must bind two DNA recognition 
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