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A ligand-gated, hinged loop
rearrangement opens a channel to a
buried artificial protein cavity

Melissa M. Fitzgerald, Rabi A. Musah, Duncan E. McRee and David B. Goodin

Conformational changes that gate the access of substrates or ligands to an active site are
important features of enzyme function. In this report, we describe an unusual example of a
structural rearrangement near a buried artificial cavity in cytochrome ¢ peroxidase that occurs
on binding protonated benzimidazole. A hinged main-chain rotation at two residues (Pro 190
and Asn 195) results in a surface loop rearrangement that opens a large solvent-accessible
channel for the entry of ligands to an otherwise inaccessible binding site. The trapping of this
alternate conformational state provides a unique view of the extent to which protein
dynamics can allow small molecule penetration into buried protein cavities.

Fluctuations in protein surface loop structures play an
important role in molecular recognition. For many
enzymes, including dihydrofolate reductase!, triosephos-
phate isomerase?, cytochrome P450°, myoglobin* and
HIV protease™®, conformational gating can provide a
mechanism to recruit substrates to the active site, to
exclude solvent, to sequester reactive intermediates, or to
increase substrate specificity by ‘induced fit78. With a
few exceptions !4, the dynamics and extent of such
loop motion is not well characterized. Buried, solvent
inaccessible cavities have been introduced into proteins
such as T4 lysozyme by mutagenesis, and in some cases
small molecules such as benzene will bind these cavi-
ties'>17. Again, while significant dynamics of the protein
structure is implied in the process of ligand binding, the
nature of these fluctuations is unclear.

A buried cavity was recently introduced into the
active site of the haem enzyme cytochrome ¢ peroxi-
dase!8 (CCP). Trp 191, which is reversibly oxidized to a
cation free radical in the native enzyme!®~?%, was
replaced by glycine (W191G). The resulting cavity was
found to specifically bind a number of small cationic
molecules such as protonated imidazoles by simply
soaking crystals of the protein in buffers containing the
target compound'®2>-26. This result is surprising
because the crystal structures of W191G or WI191G
containing bound imidazole derivatives (PDB entries
1¢mq and lcmp respectively'®) showed that the cavity
is completely buried from solvent access, providing no
obvious pathway for ligands to enter. Thus, the facile
binding of ligands and solvent molecules within this
cavity implies that significant dynamic changes are
occurring in the protein structure to provide one or
more pathways for ligand entry even in the crystalline
state. In this study, we structurally characterize a lig-

and-bound state of the enzyme, which reveals that an
alternate conformation of a surface loop provides sol-
vent access to the cavity. This appears to be a trapped
‘gate open’ state through which ligands may enter and
exit. The kinetic properties of ligand binding to the
W191G mutant provide information about the ener-
getics of this motion.

Ligand-induced opening of a channel

While smaller ligands such as protonated 1,2-
dimethylimidazole (DMI*) bind to the cavity of
WI191G without significant changes in the protein
structure'$, protonated benzimidazole (BzIm*) bind-
ing induces a rearrangement of a surface loop which, in
the ligand-free structure, blocks solvent access to the
cavity. Crystal structures were determined at pH 4.5 for
both DMI* (pK,=7.9) and BzIm*(pK=5.5), as previ-
ous studies!®2® have shown that the cavity preferential-
ly binds imidazole as its protonated cation. The
Fa1m—Funsoaked difference Fourier map gave clear dif-
ference features consistent with the displacement of sol-
vent by BzIm®. In addition, negative difference density
was observed along the main chain of the PGGAAN
sequence (a surface loop composed of residues
191-195), while new density was observed nearby. A
model for a new ‘open’ conformation of the main chain
from residues 190-195 was built and refined against the
W191G/BzIm™ data (Table 1). The ‘omit map’ (Fig. 1)
exhibits clear density for the benzimidazole, which
binds in a position identical to the Trp 191 side chain of
the WT enzyme, and displaces the bound potassium
and waters found in the ligand-free W191G struc-
ture?>26, Asp 235 hydrogen bonds with one of the imi-
dazole N atoms of BzIm?*, analogous to the interaction
with Trp 191 in the native enzyme.
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Fig. 1 Omit map (F_~F_) electron den-
sity for W191G with BzZIm* bound in
the artificial cavity of CCP. The map is
contoured at 3¢ to show the main
chain occupancy of an alternate con-
formation of the loop containing
residues 190-195, which was induced
by the binding of BzIm*. The refined
structures at 1.9 A resolution are
superimposed on this map for the lig- Heme
and bound, ‘gate open’ conformation
(yellow), and the unbound, ‘gate-
closed’ conformation (blue). a, The
conformational change involves a cis-
trans isomerization of Pro 191 at one
hinge, and b, rotation about the
{(from 16.0° (closed) to 174.5° (open))
and ¢ (from -95.2° (closed) to -131.1°
(open)) torsion angles of Asn 195 at
the second hinge. The side chain of
Asn 195 in one conformation mimics
the main chain of that residue in the
alternate conformation. ¢, The rela-
tionship of the loop to the protein sur-
face, haem, and bound Bzim* is
shown from approximately the same
viewpoint as in (a). The omit map was
calculated by omitting the Bzim* lig-
and and residues 189-196 from the
model followed by 150 cycles of
refinement before calculation of the
F,~F_map.
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Table 1 Data collection and refinement statistics for W191G/BzIm'

Data Collection:
Unit cell

P2,2,2, (a=108.0A, b=773A, c=51.8A)

Total reflections 68,690
Unique reflections 30,535
Resolution (A) 1.9
16 30e) 15.4
16y a5t shetn 0.95
Completeness (%) 89
Roym? 0.052
Refinement:
Reryst (%) 16.4
Resolution (A) 5.0-1.8
No. of reflections 21,900
r.m.s. bond (A)* 0.013
r.m.s. angle (°) 2.7
No. of solvent molecules 99

"o, (last shell) represents that value for the 10% of the data of highest resolution.
Rym = Z 1= Ty |1 Xl

3Rcryst =X (Fops Feard z"(Fobs)'

4R.m.s. bond and r.m.s. angle represent the root-mean-squared deviation between

the observed and ideal values.

The ligand-induced loop conformational change in
the structure of W191G/BzIm* involves a double-
hinged rotation about Pro 190 and Asn 195. Electron
density is observed (Fig. 1) for the main-chain atoms
of residues 190-195 in the new open conformation,
with the exception of Ca of residue 191. A cis-trans
isomerization is observed at Pro 190, allowing the
main chain to re-pack away from the bound benzimi-
dazole. The altered loop conformation rejoins the
native structure at Asn 195, which undergoes a rota-
tion of 40° and 158° about the ¢ and y torsion angles,
respectively, compared with those of ligand-free
W191G. This results in a rough interchange in the
positions of the Asn 195 side-chain and main-chain
atoms. The ability of the Asn side chain to mimic the
main chain has been noted as a factor responsible for
the preponderance of Asn residues at the beginning of
helices?”. A significant increase in B-values for residues
189-194 is observed on binding BzIm* (Fig. 2) which
indicates that either this segment is undergoing signifi-
cant thermal motion in the bound state, or that the
open conformation is not fully populated. We note
that similar increases in B-values for residues 189-195
were reported on binding of NO to the haem of CCP,
but without a significant change in the observed pro-
tein conformation?®. It was suggested that these
residues became disordered on complex formation
with NO, and a role was proposed for structural
adjustment of these residues in facilitating electron
transfer to Trp 191 in the electron transfer complex
with cytochrome c.

Variations in the chemical identity of the ligand
appear to determine the extent of loop movement on
binding. Structures of several bound cationic com-
pounds which are similar to BzZIm* were characterized
by crystallography. These included the cationic forms
of indoline (In*, K;=0.26 mM), aniline (An*, K;=1.31
mM) and imidazo[1,2-a]pyridine (IP*, K;=0.26 mM)

628

each at pH 4.5. In addition, the structure with DMI*
was re-determined at pH 4.5. For both In* and IP*, no
clear electron density for residues 190-195 was
observed in either the open or closed state, indicating
significant structural disorder in this loop. However,
for W191G/An* and W191G/DMI*, well defined elec-
tron density was observed only for the closed confor-
mation. That the three larger ligands (BzIm*, In* and
IP*) appear to result in partial loop opening, while the
smaller ligands (Im*, DMI* and An*) bind with the
loop closed indicates that van der Waals contacts with
the larger ligands prevent the closing of the loop. None
of the ligands make direct hydrogen bonds with the
loop sequence. In addition, if BzIm* were to bind with
the closed loop conformation, it would be denied the
potential for one of the ring nitrogens to hydrogen
bond to solvent molecules in the channel. This may
provide an explanation for the more highly populated
open conformation with this ligand.

The hinged loop movement in W191G/ BzIm*
introduces, in the open state, a large channel that sug-
gests a pathway for ligand entry. The direction of the
loop movement with respect to the bound imidazole
and the protein surface (Fig. 3) suggests that access to
ligand binding may appear transiently during motion-
al dynamics of the W191G structure. A solvent-accessi-
ble surface of these two states is shown in Fig. 4a,b.
The cavity dimensions increase from ~180 A* in the
closed, ligand-free form to ~450 A® in the open, lig-
anded form. The deep channel that is observed in the
open conformation and the access that it provides to
the haem centre is very suggestive of the active-site
channel seen in the structure of prostaglandin H, syn-
thase-1%°.

Kinetics and energetics of loop opening

The association. and dissociation rate constants for the
binding of two imidazole compounds to W191G indi-
cate that the difference in binding affinity is deter-

30 [ ]

-10 L

50 100 150 200 250 300
Residue

Fig. 2 Plot of the signed difference between the averaged
crystallographic temperature factors (B-values) of main-
chain atoms for W191G with and without benzimidazoli-
um bound. The largest difference increase occurs for
residues 189-194.
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Fig. 3 Tube representation of the Ca main chain of W191G with Bzim* bound
at the position of Trp 191. The unbound closed conformation of the loop from
residues 190-185 is shown in blue and the ligand-bound open conformation is
in yellow.

mined by the off rates. Stopped-flow absorption mea-
surements were carried out to determine the associa-
tion rates for DMI* and Bzlm*. At 20 °C, k, was
observed to be 2.9%10* M-'sec’! for DMI* and
6.5%10* M lsec’! for BzIm*. Under these conditions,
the dissociation constant K; was 0.05 mM for DMI*
and 0.84 mM for BzIm*. The values for k_;, deter-
mined from k_ and K were 1.4 sec’! for DMI* and
55 sec”! for BzZIm*. Thus, the difference in affinity of
these two ligands for the cavity is due primarily to the
variation in the off rates, in which the larger BzIm*

ligand dissociates ~50-fold faster than DMI*. This is
fully consistent with the structural results because the
loop remains open after Bzlm* binding but is
observed to be closed when DMI™ is bound.

While standard analysis of the activation parame-
ters for ligand binding to W191G would indicate that
the transition state for binding is similar for both
compounds, and is achieved by a transition through a
high entropy state of the protein, the large scale
motions that accompany binding suggest that this
apparent simplicity may belie more complex behav-
iour. The temperature dependence of k_ for binding
DMI* or BzIm™ to the W191G cavity appears to fol-
low an Arrhenius relationship (Fig. 5) over a narrow
temperature range. Standard transition state analysis
gives activation free-energies of 10.9 and 10.4 kcal
mol™! for DMI* and BzIm* respectively, and provides
activation enthalpies (27.1 and 27.0 kcal mol') and
entropies (54.3 and 55.7 entropy units, cal deg’!
mole!) for binding that are quite similar for the two
ligands despite their differences in size and
hydrophobicity. Indeed, the activation enthalpy of 27
kcal mol!, which may well reflect the isomerization
of Pro 190, is nearly identical to that measured for a
proline isomerization in the refolding of apoplasto-
cyanin®®, In addition, the similar thermodynamic
parameters observed for the on rate of both ligands
are to be expected if the transition state for binding is
defined by the opening of the ‘gate’. However, studies
of ligand-gated protein rearrangements in myoglo-
bin''="* have revealed non-Arrhenius temperature
dependencies and non-exponential kinetics when
examined over large scales. This behaviour—result-
ing from transitions through complex conformation-
al energy surfaces with multiple minima and
statistical averaging over a multitude of possible

Fig. 4 Solvent-accessible surface calculated for the artificial cavity of a, W191G or b, W191G with Bzlm* bound in place of
Trp 191. The cavity dimensions increase from ~180 A3 in the ligand-free form to ~450 A2 in the liganded form due to a
conformational change in the loop forming the bottom and side walls of the W191G artificial cavity. The viewpoint of
this figure is approximately the same as in Fig. 3. To show both the cavity and the loop, the clipping plane of this figure
cuts the cavity only. The altered conformation of the loop creates a large solvent-accessible pathway to the otherwise
buried cavity. The solvent accessible surfaces were calculated using a 1.4 A probe sphere?3,

nature structural biclogy volume 3 number 7 july 1996
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Fig. 5 Arrhenius plot of the association constant, k., for the
binding of Bzim* (O) or DMI* (@) to W191G. The linear
least squares fits of the data are given by
In(k,,)=(~1.39£0.22x10%) (1/T)+(58.5+7 8) for Bzim*, and
In(kgyp)=(=1.39£0.25X 10%) (1/T)+(57.8+8.8) for DMI*.
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pathways—is expected for large scale protein motions
involving many bond torsions. Evidence that such
complexity may exist in the opening of the W191G
loop is provided in the pre-exponential terms of the
Ahrrenius plots which are much too high (104-10%)
to be interpreted in terms of a meaningful frequency
factor. Thus, strict interpretation of the pre-exponen-
tial component of the Ahrrenius plot in terms of
transition state entropy may not be valid, inviting a
detailed examination of the conformational dynamics
of this transition.

Implications

Removal of Trp 191, which is oxidized by the haem of
the native enzyme, not only creates a ligand-binding
cavity in CCP but also appears to introduce sufficient
flexibility in residues 190~195 to enable the opening of
a pathway for ligands to reach the buried cavity. The
kinetic data indicate that the conformational dynamics
of the loop movement are rate limiting in the binding
of ligands to the cavity. However, the off rate in the
open conformation is ~50 sec’!, suggesting that a high
rate of substrate dissociation and turnover may be pos-
sible through further protein modifications to perma-
nently open the channel. This suggests that cavities
large enough to recognize biologically relevant mole-
cules such as steroids and nucleic acids could be intro-
duced into proteins by this method of ‘cavity
complementation’ Such proteins could serve as highly
specific designed catalysts and receptors which may
have use as therapeutic agents and biosensors.

Methods
The W191G mutant of cytochrome ¢ peroxidase was con-
structed by site-directed mutagenesis, overexpressed in
Escherichia coli. BL21(DE3), and purified as previously
described'®. Single crystals for X-ray diffraction were grown
by vapour diffusion from 25% 2-methyl-2,4-pentanediol
(MPD). Solutions for crystal soaks were prepared by dissolv-
ing the probe compound in 40 % MPD, adjusting the pH
with dilute H;PO,, and diluting with distilled H,0 to a final
probe molecule concentration of 50 mM in 24% in MPD.
Crystals were soaked for at least one hour before mount-
ing. Cu K radiation from a Rigaku X-ray generator was used
to produce X-ray diffraction data, which was collected at
15 °C with a Siemens area detector. Analysis and model
building were performed as described previously'® using
difference Fourier methods as implemented in XtalView?',
and least squares refinement of coordinates as implement-
ed in XPLOR 3.132. Crystals of W191G obtained for this
study were in a different crystal form than that of PDB
entry 1cmg, but were the same as a second determination
of the W191G structure reported in the same study'8. The
cavity volumes were calculated by creating a fine 0.1 A grid
that covered the region of the cavity. The grid points lying
outside the cavity solvent-accessible surface were removed,
and the volume was determined by the number of enclosed
grid points. For the open form of the loop, the neck of the
channel was manually blocked by adding a water molecule
during the calculation. Coordinates have been deposited in
the Brookhaven Protein Data Bank, accession code 1RYC.
Rate constants for the binding of benzimidazole or 1,2-
dimethylimidazole to W191G were determined from
stopped flow absorption measurements using a Hi Tech
Scientific SHU stopped-flow single-wavelength spec-
trophotometer interfaced to a Hewlett-Packard 9000
computer and equipped with a variable temperature
bath. It has been shown that imidazole binding produces
a 1-2 % intensification of the haem Soret absorption
band'8, providing a spectroscopic probe for monitoring
the binding event. Kinetic traces were obtained over a
range of ligand concentrations (0.5-8 mM benzimidazole
or 0.01-0.5 mM 1,2-dimethylimidazole in the reaction
cell) and temperatures (3-20 °C). Solutions were buffered
with 0.1 M ammonium acetate buffer, pH 4.5. 1 ml of 10
UM W191G was placed in one syringe, and 1 ml of the lig-
and solution was placed in the other syringe. Following a
five minute temperature equilibration, 100 pl of each
reactant was mixed in the stopped-flow apparatus, and
the absorption at 400 nm in a 1 cm cell was monitored as
a function of time using a 100 ps photomultiplier time
constant and 1.5 mm slit-width. k . for each ligand con-
centration was obtained by fitting an exponential to the
averaged data from 4-8 scans. The fit was performed
over the initial 200 or 300 ms for benzimidazole, and over
the initial 1000 or 2000 ms for 1,2-dimethylimidazole. At
each temperature, the second order rate constant, K,
for the binding of the respective ligand (L) to W191G was
determined from the linear least-squares fit of the data
to the equation kg =k gtk [LI*kg at 20 °C was deter-
mined from the expression k y=k , Ky where k  at 20 °C
was calculated from an Arrhenius plot for k ., and K4 was
measured by optical absorbance difference titrations of
W191G"8 with benzimidazole or 1,2-dimethylimidazole in
0.1 M ammonium acetate buffer, pH 4.5, at 20 °C.
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Not just your average structures

Gregory A. Petsko

Structures determined by X-ray crystallography and NMR spectroscopy are averages, whereas
many important biological functions require significant departure from the ‘average’

conformation.

One of my favorite short stories
concerns a day on which the Law
of Averages mysteriously has been
repealed. Instead of having a vari-
ety of breakfasts at a range of
times, on that day every person in
the New York metropolitan area
has toast at exactly 7:23 a.m. The
resulting power drain blacks out
the entire region. A little later, all
of the commuters who take the
Holland Tunnel decide to enter it
at precisely the same instant; the
resulting traffic jam extends for
fifty miles and stops all traffic for
seven hours. The rest of the day is
more of the same.

Aside from being amusing, this
story makes a serious point. Our
society depends upon randomized
behaviours that average out to a
rough regularity. No one works
exactly nine to five, people do not
shower at exactly the same moment
every day, and so forth. We have
designed our civilization around
averages, but we understand that
reality consists of fluctuations
about those averages.

The beautiful protein structures
that grace the pages of this journal
are averages too. Every protein crys-
tal structure, for example, is a dou-
ble average over all asymmetric
units in the crystal lattice and the
time required to collect the diffrac-
tion data. NMR-derived structures
are also time and ensemble aver-
ages. But so powerful are the static
images of structures we present,
that it is necessary to remind our-
selves that some aspects of protein
function depend on what we don’t
see: the excursions from the aver-
age. In this and the June issues of
Nature Structural Biology, three
papers illustrate of the importance
of such excursions in dramatic
fashion: by showing that large
organic molecules can penetrate

deep into proteins and bind to cavi-
ties that are inaccessible in the aver-
age structure.

This observation is not, in itself,
new. Perutz and Kendrew recog-
nized in the 1960s that oxygen could
not reach the haem iron in myoglo-
bin and haemoglobin unless the
protein was flexible. Ringe and Ortiz

de Montellano showed in the early.

1980s that aryl groups like phenyl-
hydrazine could also diffuse through
myoglobin to that site'. It has also
been known for decades that xenon
atoms can bind in buried pockets in
myoglobin and other proteins®
(Fig. 1). One of the xenon-binding
cavities in myoglobin can also bind
mercury triiodide (D. Ringe, per-
sonal communication); this huge
molecule can actually penetrate the
protein in the crystalline state, ruling
out global, or even local, protein
unfolding as a required mechanism
for penetration. The ligand must
‘worm’ its way through the structure
with the help of countless small dis-
placements of atoms and groups of
atoms about their equilibrium con-
formation. And camphor, an even
larger molecule, is able to penetrate
through tens of Angstroms of ‘solid’
protein to reach the completely
buried active site in Pseudomonas
putida cytochrome P450 (ref. 3).

But none of this work carries the
subliminal power of the lovely rib-
bon diagrams crystallographers
publish that show THE structure.
Our NMR colleagues are somewhat
more scrupulous about this: they
show families of similar structures
that fit their distance restraints. Yet
in the end, even they produce
atomic coordinates, and people use
these coordinates, and the moment
they do, the message that this is
THE structure is there, lurking on
the edges of consciousness like the
rhinoceros in the Ionesco play.

Our insistence on equating the
average structure with the only struc-
ture has consequences for everything
we do. Crystallographic R-factors are
higher than they should be for pro-
tein structures; as Ed Lattman points
out in a wonderful essay?, this is at
least in part due to our insistence on
imposing ‘ideal’ geometry on our
models. The average of an ensemble
of structures may have some signifi-
cantly non-ideal bond-lengths, angles
and non-bonded contacts. This point
was made years ago’, and was
promptly ignored in the search for
‘correct’ structures. Other examples
could be given. So it is not just useful,
it is imperative, to remind ourselves
that protein flexibility gives these
molecules capabilities that are not
obvious from simple examination of
the average structure. That is what
the three articles in this and the last
issue do.

Dalquist and associates® use NMR
to examine the kinetics of exchange
between free and bound ligands
(indole and benzene) to engineered
hydrophobic cavities in T4 lysozyme.
Although the static crystal structures
of ligand-T4 complexes suggest that
backbone fluctuations on the order
of Angstroms are required to allow
these ligands to reach their buried
binding sites, the NMR data indicate
that the association constants are on
the order of 10°~107 per mole per
second. In other words, fluctuations
of that magnitude must occur on a
microsecond time-scale. These num-
bers are completely consistent with
the known association rates of oxy-
gen, carbon monoxide, and other lig-
ands with the buried haem site in
myoglobin, but it is important to see
that larger ligands can pentrate pro-
teins at similar rapid rates. These
authors further argue that ‘polarity
barriers, rather than steric limita-
tions, may govern the general inabili-
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Fig. 1 Filling cavities. Four xenon atoms occupy pre-
formed cavities of packing voids within myoglobin?. The
Ca. backbone is shown in green and the haem in purple.
The cavities are highlighted by a blue Conolly dot surface
usinga 1.4 A probe sphere.

ty of enzyme substrates to diffuse
freely through the proteins and the
slow exchange rate of water with
some buried amide groups. It has
long been known that xenon will not
bind to polar cavities in a protein,
even if they are large enough to
accommodate a xenon atom and
even if the partial pressure of xenon is
very high. This concept also explains
why some protein cavities are truly
‘empty’ (that is, they do not contain
even disordered solvent molecules)
while others are not. It is worth not-
ing that water can penetrate proteins
rapidly, too. Denisov, et al’, in the
June issue, describe dispersion
mesurements on everyone’s favorite
small protein, bovine pancreatic
trypsin inhibitor, that show the resi-
dence time of a buried water mole-
cule to be 17020 s.

Goodin and associates use X-ray
crystallography to show that a hinged
main-chain rotation of a six-residue
loop opens a large surface channel for
the entry of protonated benzimida-
zole to an artificial cavity in
cytochrome ¢ peroxidase®. They also
use stop-flow measurements to show
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that the rate constants for ligand
binding are on the millisecond time-
scale. The activation free energies for
this process (~10 kcal mol!) are at
least twice as large as those estimated
for ligand binding to T4 lysozyme,
but still small enough to allow rapid
binding. Such motions can be impor-
tant for catalysis: for example, the
hinged movement of the active-site
loop in triosephosphate isomersase,
which renders the active site inacces-
sible to solvent and which causes
some atoms to move by more than 10
A, must occur on a sub-microsecond
time-scale to account for the
observed rate of catalysis®. The work
described in this paper demonstrates
that such motions are indeed com-
patible with the half-times of many
significant biological processes.
Goodin and associates speculate
that cavities large enough to recog-
nize steroids or other drugs can be
introduced into proteins as a vehicle
for the creation of specific catalysts
and receptors. Alber and co-workers,
in the June issue, have taken the idea
even further'?, They engineered a
GCN4 leucine zipper mutant that
switches from a two-to-three-
stranded coiled-coil on binding of
hydrophobic ligands to the engi-
neered intramolecular cavity. They
confirm by X-ray crystallography
that benzene indeed binds to the
core of the trimer, as it was designed
to. In addition to showing that core
packing can be the determining fac-
tor for the oligomerization state of a
protein, the work of Alber et al. has
profound implications for structure-
guided drug design. It has already
been shown that protein flexibility is
important for protein function.
Some of the Sterling-Winthrop
antiviral compounds are thought to
work by changing the conformation-
al entropy of the virus capsid'l.
Some of the inactivating mutants of
ribulose bis-phosphate carboxylase
oxygenase can only be explained by
assuming that they reduce the flexi-
bility of the enzyme. There are
numerous other examples. Alber and
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co-workers show that hydrophobic
packing interactions at even a single
site can select among possible
oligomers. Extending this observa-
tion, it should be possible to design
ligands  that disrupt  protein
oligomerization or protein—protein
interactions. Many of the most inter-
esting targets in biology depend on
such interactions for function, but
there are no good small-molecule
ligands that interrupt them. Studies
of ligand binding to protein cavities
offer hope that such drugs can be
designed or found by screening.
Protein structures are not the stat-
ic creatures that their average pic-
tures subtly suggest them to be. They
are, in the wonderful phrase of Gre-
gorio Weber, “kicking, screaming,
stochastic molecules”. = Individual
atoms are in constant, picosecond
fluctuation. On a similar time-scale,
collective motions of side-chains and

non-bonded atomic clusters occur.

Larger-scale movements of loops and
secondary structure elements are
only slightly slower, on a nanosecond
time-scale, and some of these
motions can be Angstroms in mag-
nitude. We all know that ligand-
induced conformational changes in
proteins can be gigantic; what we
often forget is that the random
movements that are subject of the
work in these papers provide the
‘lubrication’ that allow such confor-
mational changes to occur.

We can never remind ourselves
too often that our structures are
averages and that, seductive as they
are, they are only a part of the story.
Many attempts have been made to
mimic protein behaviour with small,
rigid molecules. These attempts usu-
ally fail. I think that one reason they
fail is that proteins are very special
molecules: they have regular three-
dimensional structures but they are
also highly flexible. Legend has it that
Galileo, forced to recant his assertion
that the Earth was not the immobile
center of the Cosmos, muttered as he
was led away, “Still, it moves.” Still,
so do proteins.
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