
Structural Rigidity of a Large Cavity-containing Protein
Revealed by High-pressure Crystallography

Marcus D. Collins1, Michael L. Quillin2, Gerhard Hummer3

Brian W. Matthews2 and Sol M. Gruner1⁎
1Department of Physics,
Cornell University, Ithaca,
NY 14853, USA
2Institute of Molecular Biology,
Howard Hughes Medical
Institute and Department of
Physics, University of Oregon,
Eugene, OR 97403, USA
3Laboratory of Chemical
Physics, National Institute of
Diabetes and Digestive and
Kidney Diseases,
National Institutes of Health,
Building 5, Bethesda,
MD 20892-0520, USA

Steric constraints, charged interactions and many other forces important to
protein structure and function can be explored by mutagenic experiments.
Research of this kind has led to a wealth of knowledge about what stabilizes
proteins in their folded states. To gain a more complete picture requires that
we perturb these structures in a continuous manner, something mutagen-
esis cannot achieve. With high pressure crystallographic methods it is now
possible to explore the detailed properties of proteins while continuously
varying thermodynamic parameters. Here, we detail the structural response
of the cavity-containing mutant L99A of T4 lysozyme, as well as its pseudo
wild-type (WT*) counterpart, to hydrostatic pressure. Surprisingly, the
cavity has almost no effect on the pressure response: virtually the same
changes are observed in WT* as in L99A under pressure. The cavity is most
rigid, while other regions deform substantially. This implies that while some
residues may increase the thermodynamic stability of a protein, they may
also be structurally irrelevant. As recently shown, the cavity fills with water
at pressures above 100 MPa while retaining its overall size. The resultant
picture of the protein is one in which conformationally fluctuating side
groups provide a liquid-like environment, but which also contribute to the
rigidity of the peptide backbone.
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Introduction

The L99A mutant of T4 lysozyme was originally
produced to study the stabilizing effects of packing
hydrophobic amino acid residues into the core of a
protein.1–3 Besides the L99A mutant studied here, a
large number of other cavity-creating mutants were
made, and the structures of many of these mutants
were determined by X-ray crystallography. In each
case, thermal unfolding was used to characterize
changes in unfolding thermodynamics due to the
mutation. In all cases, the folded cavity mutants
were less stable to unfolding than the WT* parent
protein. The change in stability can be approximated
by two contributions. One depends only on the
mutation, and is equal to the difference in free energy

upon transfer from a non-polar solvent to water. In
the case of L99A, the alanine transfer free energy is
smaller than that for leucine by about 2 kcal/mol (so
that the L99A mutant folded state is destabilized). A
second contribution depends roughly on the volume
of the cavity, and decreases the stability of the
protein by roughly 22 cal/mol Å3.1–3
The mutant T4 lysozyme cavities were generally,

though not always, smaller than would have been
predicted solely from the parent WT* structure. For
M6A, the predicted cavity size was 71 Å3, and the
crystallographically measured cavity volume was
68 Å3. In that case, twowater molecules fill the cavity
at ambient pressure, making hydrogen bonds with
the protein. The cavity volume reduction is due to
small side-chain rearrangements. In one spectacular
case, M102A, the cavity volume predicted from the
WT* structure is 109 Å3, but was observed to be
83 Å3 in the crystallographic structure.3,4 It is
remarkable that this collapse was primarily due to
side-chain rearrangement and that the helical fold
of this part of the protein could be affected by
further side-chain truncations.4 The L99A mutant,
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however, had a cavity slightly larger than would
have been predicted on the basis of the WT*
structure alone (150 versus 139 Å3) so that the
amino acid residues surrounding the mutation site
clearly had some steric freedom. (Note that due to
differences in how the cavity is measured, cavity
volumes quoted later in the present study will be
larger; the instrinsic difficulties in defining cavity
volumes mean that we can only meaningfully
discuss differences in volume, not the absolute
values.) This region of the protein, deeply buried in
T4 lysozyme, might therefore be taken to be
stabilized thermodynamically by van der Waals
interactions between hydrophobic residues. The
Leu99 residue does not appear to impose any steric
constraint on surrounding residues, at least no
constraint that is not redundant.
The change in stability upon mutation includes a

contribution well modeled by the free energy of
transferring the amino acids from oil into water. This
is good evidence for the so-called “liquid hydro-
carbon model” of the protein interior. Based on
arguments about cavity size distributions within
several proteins, Liang and Dill5 concluded that
proteins bear many characteristics of liquids. In fact,
the cavity-size distribution in proteins is remarkably
similar to that of randomly packed spheres near a
percolation threshold. They also found that the
unfolding enthalpies per residue are virtually inde-
pendent of packing density, seemingly at odds with
the results on the cavity mutants of T4 lysozyme.
Although proteins have remarkably high packing
densities, sometimes higher than corresponding
amino acid crystals, Liang and Dill imply that
packing density, in and of itself, has not been
selected for evolutionarily.
While it is clear that protein interiors are not true

liquids, it is interesting to ask how solid theymay be,
and what sort of solid they most closely approx-
imate. If subjected to hydrostatic pressure, would the
cavity collapse like a void in a gel or would it retain
its shape? For now, we assume a cavity volume of
about 180 Å3, about what we measure in this study.
At ambient pressure, it is not surprising that a cavity
in a solidwould persist, as the pΔVenergy associated
with it is only about 0.1 MPa 180 Å3, or 0.005 kBT,
where kB is Boltzmann's constant and T is the
absolute temperature. At 200 MPa, the free energy
of this cavity is 9 kBT, sufficiently large that it
becomes an important thermodynamic term. (The
qualitative result that this energy is significant at
200 MPa is no different if we use the original
measurement of about 150 Å3.)
In a related manner it is important to ask how

hydrophobicity applies to a folded protein. All
evidence suggests that hydrophobicity plays a
crucial role in the stability and folding of proteins,
but the non-specific interactions between amino
acids in the folded protein do not seem, in and of
themselves, enough to convey much rigidity to the
protein. In such a view, the protein interior is similar
to margarine or butter, which have some rigidity,
but which under pressure of only a fewMPa will fail

to support any void contained within. Moreover, if
the protein is indeed rigid and the cavity does not
collapse, we have to ask what about the protein
confers that rigidity.
The fact that many proteins show large functional

responses to pressure6–8 indicates that the pressure-
induced changes to the protein free energy are quite
significant. For this reason high-pressure crystal-
lography, as well as high-pressure NMR,9–13 has
been developed as a means to provide insight into
the function of proteins.14,15 Full-structure high
pressure protein crystallography was first demon-
strated in 1986 by Kundrot and Richards.16,17 One
particularly useful feature of high-pressure experi-
ments is that, unlike thermal or chemical perturba-
tions, pressure is an easily controlled thermodyna-
mic parameter, which does not in general damage
protein crystals. High-pressure crystallography is
also showing great promise for obviating cryopro-
tection problems for many crystals18 and for the
study of virus structure.19
We propose to explore the character of proteins by

treating them like ordinary materials. Proteins
studied under pressure have thus far proven to be
quite incompressible, with most of the structural
rearrangements coming from realignment of do-
mains or subdomains of a protein. In spite of this, one
may expect to find significant collapse of the
primarily α-helical region surrounding the engi-
neered cavity of the L99A lysozyme. If the protein
has much liquid or plastic character at all, intuition
tells us the cavity should at least deform. Instead, we
find that the cavity has no significant effect on the
pressure response of the protein, reinforcing the
earlier conclusion that while the Leu99 residue
participates in the thermodynamic stability of the
protein, it enforces no appreciable steric constraint
on surrounding amino acids. This reinforces the
view, well confirmed by NMR experiments,20 that
the cavity is accessible to water under pressure, that
the peptide backbone is a rather rigid skeleton, while
the remaining volume of the protein is filled by
rapidly fluctuating side groups that allow relatively
rapid liquid-like diffusion of both hydrophobic and
hydrophilic molecules throughout the protein
matrix. Our own work on this protein has shown
that it is possible that non-polar cavities are
transiently and infrequently populated with polar
molecules such as water,14 even in this apparently
rigid protein where there is no access to the cavity in
the crystallographic structure. The fact that the
innermost hydrophobic interior of the protein is
readily visited by hydrophilic molecules has impli-
cations for many hydrophobic drugs.
The ultimate question in this situation is what

confers the rigidity of the backbone, and therefore of
subdomains or the whole protein: is it an intrinsic
property of the backbone itself (e.g. strong hydrogen
bonding or charge interactions leading to helix-
formation) or a property conferred by the steric
interactions of the amino acid side-chains? For
reasons that we discuss below, we favor the latter
interpretation.
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Results

T4 lysozyme structure under pressure

Before considering structural details, we discuss
some simple responses of the protein and crystal to
pressure. As can be seen in Table 1, the unit cell
lengths decrease with pressure. The c-axis is
“softer”, decreasing about 1.0% in length while the
a and b-axes shorten by about 0.5% as pressure is
raised to 200 MPa. This is also true for the WT*
protein. The WT* unit cell is slightly larger than the
L99A unit cell, and the difference is maintained
throughout the pressure range studied. The unit cell
parameters cluster tightly at all pressures, so that the
changes with pressure are larger than any uncer-
tainty in the parameters.
Both the molecular volume of the protein and the

volume of the L99A cavity decrease with pressure.
The molecular volume of the L99A mutant
decreased from 21,088 Å3 to 20,894 Å3 at 200 MPa,
and the WT* molecular volume decreases from
21,070 Å3 to 20,860 Å3, both slightly less than 1% so
that the compressibility is 0.05 GPa−1. There is
considerably more scatter in the molecular volume
estimates than for unit cell parameters at any one
pressure, but the distributions do not overlap. The
standard deviation of molecular volumes for all of
the datasets at any one pressure, is about 26 Å3. For
comparison, the compressibilities of hen egg-white
lysozyme17 and sperm-whale myoglobin15 deter-
mined by X-ray crystallography were found to be
0.05 GPa−1 and 0.09 GPa−1, respectively.
Cavity volumes in the L99A mutant decrease by

about 3% from 185 Å3 to 179 Å3 over 200 MPa. In
this case the scatter is yet larger, and the values for
different datasets overlap (e.g. the largest estimate
for cavity size at 100 MPa is 184.9 Å3, and the
smallest at 0.1 MPa is 183.6 Å3). The cavity does
appear to decrease in size slightly, but the average
standard deviation of the values at each pressure, is
about 3 Å3. This is comparable to the changes

observed, and there is substantial uncertainty
arising solely out of how the volume is defined;
we cannot argue that this decrease in volume is
significant.
Figure 1 shows the displacements of the α-carbon

backbone from the ambient structure for the L99A
mutant at 100, 150 and 200 MPa. In the Figure, the
structures have been aligned for comparison using
only the C-terminal domain (residues 80–160)
peptide backbone atoms. This choice is somewhat
arbitrary, but was made because alignment of the
proteins based on some subset of atoms will
highlight displacements relative to that subset.
Alignment using residues 80–160 highlights dis-
placements of the N-terminal domain relative to
the C-terminal domain; this subset of atoms is also
centered on the cavity, which should make any
isotropic compression of the cavity region more
obvious. It is clear from the Figure that the most
significant changes in the protein are a domain
realignment in which the N-terminal domain (resi-
dues 13–55) moves approximately 0.1 Å/100 MPa
relative to the C-terminal domain, and a displace-
ment of about 0.2 Å/100 MPa in the C-terminal end
of helix C (near residues 75–80). This last feature is
particularly robust in that it is apparent regardless of
how the protein alignment is done.
We note that the displacements in Figure 1 follow

the thermal B-factors derived from crystallography
to the extent that the peaks in Figure 1 correspond to
a peak in a similar plot of B-factors in all but one case
(helix F). This correlation, while far from perfect in
the details of exact peak positions and amplitudes,
might be anticipated from the thermodynamic
relation between the compressibility of a system
and its volume fluctuations.
The N-terminal domain changes are best viewed

in relation to the principal axes of inertia of the
protein, as shown in Figure 2. The Figure is a view
along the first principal axis of inertia (that is, the
axis along which the protein's inertial moment is
largest). The N-terminal domain, highlighted in blue
at ambient pressure and orange at high pressure
(with displacements magnified fivefold) moves
almost perpendicular to the first principal axis of
inertia. The average displacement vector and the
second principal axis of inertia are nearly parallel.
As a result, only the moment of inertia along the
second principal axis changes significantly with
increasing pressure. As will be discussed below
there is no significant difference between the N-
terminal response to pressure in L99A and WT*
lysozyme, which is to be expected as the L99A
mutation is in a separate subdomain. This seems to
indicate that, for mechanical purposes, the two
subdomains do not interact strongly.
The local minimum in displacement near residue

30, visible in Figure 1, appears to correspond to a
hydrogen bond between Asp70 andHis30. There are
no other obvious contacts constraining this region,
although as the structure compresses Leu66 blocks
the motion of His30 in the direction of overall N-
terminal domain displacement. Leu66 is also rele-

Table 1. X-ray refinement statistics

Pressure (MPa) 0.1 100 150 200
Number of datasets 3 3 1 3
Resolution (Å) 2.3 2.1 2.1 2.1
Unit cell parameters

a=b (Å) 60.96 60.76 60.68 60.61
c (Å) 96.60 96.07 95.80 95.65

Rwork/Rfree 0.15/0.21 0.17/0.22 0.16/0.21 0.16/0.20
Number of atoms 1407 1473 1475 1497

Protein 1289 1289 1289 1289
Ligand/ion 10 10 10 10
Water 108 174 176 198

B-factors (Å2)
Protein 25.4 22.7 22.5 22.6
Ligand/ion 79.8 69.7 84.4 77.4
Water 45.4 44.0 45.4 45.5

r.m.s deviations
Bond lengths (Å) 0.020 0.018 0.016 0.016
Bond angles (°) 1.58 1.53 1.44 1.36

Values listed are averages over datasets at each pressure.
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vant as it appears to be involved in kinking the C-
helix at elevated pressure, and will be discussed
further below.
Figure 1 indicates many significant peaks in

the displacements of N-terminal domain residues,
e.g. those near or above an RMS value of 0.2 Å.
Compare, for example, the pressure-induced dis-
placements in myoglobin.7 Independent alignment
of the N-terminal domains at the three different
pressures shows that in fact the N-terminal domain

moves almost entirely as a whole, with little internal
deformation. As has been observed for hen egg-
white lysozyme, the primary response to pressure
is rearrangement of subdomains relative to each
other.17
Three peaks in the C-terminal domain are above

the 0.1 Å uncertainty level discussed earlier, one
near the break between helices E and F, one near
helix H, and one at the C-terminal end of the protein.
Only the displacements near helix H are constrained

Figure 2. Displacement of the
N-terminal domain. The arrow
labelled P indicates the direction of
pressure-induced displacement of
the N-terminal domain. Red lines
indicate the three principal axes of
inertia of the ambient pressure
L99A structure. The ambient pres-
sure N-terminal domain is shown
in dark blue, and the 200 MPa
displacements are magnified by 5
and shown in orange. The remain-
der of the protein is shown in light
blue, with the cavity slightly below
and to the right of the beta-sheet in
the N-terminal domain as viewed
in this Figure.

Figure 1. Displacement of L99A
α-carbon atoms from the ambient
structure in Å, at 100, 150, and
200 MPa, as obtained by aligning
residues in the C terminal domain.
Bars indicate positions of α-helices.

755High-Pressure Structure of T4 Lysozyme Mutants



by strong electron density. Helix F is poorly
constrained in all the refined structures, as is the C
terminus of the protein. Since they line the cavity
and are robust, we will be most interested in the
changes near the C-terminal end of the C-helix and
changes in the H-helix.
Changes in the C-helix are shown in Figure 3. The

C-terminal end of this helix is bent inward towards
the cavity and this displacement is the largest in the
protein as pressure increases from 0.1 to 200 MPa
(see Figure 1). This displacement is coupled to a
motion of helix D primarily along the helix D axis,
visible in Figure 3. Helix D also moves slightly
inward towards the cavity.
Most notable is that helix C not only displaces

with increasing pressure but also deforms. Helix C
kinks near Leu66, which was also implicated in
interactions with the N-terminal domain. This
residue makes a number of close contacts with
residues in the E and A helices, leading us to wonder
whether this especially rigid region of the protein
might be a nucleation center in folding.21,22 The
deformation of helix C, coupled to the knowledge
that its C-terminal end makes few contacts with
helices D and E, should make it clear that the helix
backbone itself is not particularly rigid. The N-
terminal end of the C helix more closely follows the
N-terminal domain displacements.
Helix H also displaces significantly as pressure

increases, as shown in Figure 4. The helix tilts, so
that its C-terminal end is displaced almost 0.2 Å
towards the cavity, but its N-terminal end is dis-

placed very little. It is evident from this Figure that
the displacements of the C, D and H helices are all
towards the central cavity region of the C-terminal
domain, which would seem to indicate that the
protein is relaxing in a manner that reduces the
cavity volume and thus reduces the total system
volume in response to pressure. Indeed, the rotation
of the H-helix seems consistent with its N-terminal
end being pinned by steric contacts, while its
C-terminal end is exposed to the cavity. Much to
our surprise, these changes with pressure are
independent of the L99A mutation.
Figure 5 compares the displacements of the WT*

and L99A α-carbon backbones at 200 MPa.
Although there are some differences, the overall
agreement is excellent. That is, the cavity has no
detectable effect on the pressure response of the
L99A mutant when compared to the WT* protein.
There are noticeable differences, but in all cases
except the F helix, these differences are well below
our detection limits. The only significant difference
between the pressure responses of the L99A and
WT* proteins is that in the F helix, which is in poor
electron density and thus somewhat suspect.
These are the major changes observable in the

protein as pressure increases. Other helices do shift,
but their displacements are sufficiently small as to be
unreliable. Thus the domain realignment, deforma-
tion of helix C and associated changes in helix D,
and the rotation of helix H towards the cavity,
constitute the pressure response of both WT* and
L99AT4 lysozyme at pressures up to 200 MPa. Next
we consider how other recently published aspects of
the pressure response relate to this structural
rigidity.

Water enters the L99A cavity at high pressure

The stiff structural response to pressure of the
L99A cavity mutant was only one of our unexpected
findings. We also observed that the crystallographi-
cally determined electron density in the cavity
increased as the pressure increased.14 At ambient
pressure, the cavity was found to be empty within
the experimental uncertainty. Since X-ray crystal-
lography measures an average electron density,
transient water penetration events must be rare at
ambient pressure, if they occur at all. In contrast, at
200 MPa approximately two water molecules
occupy the cavity on average, as estimated from
the electron density integrated over the cavity
volume. Molecular dynamics simulation showed
that this was a primarily cooperative transition, in
that water preferred to exist in clusters of four inside
the cavity. Single water molecules and other clusters
(two, three or five water molecules) contribute
somewhat to the cavity hydration, but much less
so than the four water molecule clusters.
For the purposes of this article, the water-filling of

this highly “hydrophobic” cavity is important
because water is able to access the cavity. The
observed filling of the cavity by water is a conse-
quence of the pressure-induced increase in the free

Figure 3. Displacements in helix C. The view is along
helix E, with the N-terminal domain shown here behind
helix C. The ambient pressure structure is shown in a
cartoon view colored blue. Helices C and D are shown
with their 200 MPa displacements magnified 5 times in
orange. Arrow indicates position of Leu66, on the back
side of the C-helix in this view. The cavity is shown in light
blue for reference. While residues before Leu66 displace
very little, those beyond Leu66 have progressively larger
displacements under pressure, clearly visible as a kink in
the helix near Leu66.
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energy of water in the bulk relative to that of water in
the non-polar cavity. With the structure of the cavity
suffering only modest changes up to at least
200 MPa, the system can lower its overall volume,
and thereby its free energy, by filling the cavity. Such
water penetration into the protein interior is believed

to constitute a major factor in the pressure-induced
destabilization of protein hydrophobic cores,23 thus
resolving Kauzmann's paradoxical observation that
proteins unfold under pressure even though transfer
of hydrocarbons into water is disfavored by high
pressures.24
This, however, is a statement about equilibrium;

to establish that equilibrium, water must be able to
diffuse into the cavity. The slight decrease in protein
volume at elevated pressure indicates a tighter
matrix, but water is still able to diffuse through to
the cavity. If water diffuses through hydrophobic
portions of the protein at elevated pressure, it is
plausible that water continues to diffuse into less
tightly packed hydrophobic regions found at room
pressure. Though the equilibrium at room pressure
favors an empty cavity, as evidenced by the lack of
electron density,1,14,25 water is probably moving in
and out constantly.
Hydrophobic molecules, such as toluene, are

known to occupy the cavity at room pressure.26,27
This is not surprising, given the hydrophobic
environment of the cavity. The fact that water also
diffuses through the hydrophobic matrix is less
expected, though not unreasonable, since some
water will dissolve even in oil. Accordingly, mole-
cular dynamics simulations were performed to see
possible routes of entry for water molecules.14 We
observed two water escape events in two indepen-
dent simulations, one from a tightly filled cavity
(occupancy N=5), and a second one from a cavity
filled with only one water molecule. In the N=5
simulation, escape is initiated when the confined
water cluster reorganizes from a 4+1 hydrogen-bond
structure (i.e. a square-like arrangement of four
water molecules with a fifth one loosely attached) to
a linear chain. The resulting 1D water wire extends
from the cavity volume toward the phenyl ring of
Phe114. The terminal water molecule of the water
chain briefly forms a hydrogen bond to a water
molecule at the protein–water surface through a
narrow “channel” between Met106, Phe114, Ser136,

Figure 5. Comparison of WT*
and L99A response to pressure.
Bars and letters at bottom indicate
positions of helices. Continuous
trace, displacements in L99A at
200 MPa; broken trace, displace-
ments in WT* at 200 MPa.

Figure 4. Displacements of the C, D and H helices.
This view is opposite that in Figure 3; colors are as in
Figure 3. Helices C and D are shown at the top of this
Figure, labelled by their respective letters. The arrow
labelled H indicates the C-terminal end of helix H, which
displaces slightly towards the cavity (shown in light
blue.)
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and Trp138. However, as that hydrogen bond
breaks, the terminal water molecule appears to be
pushed into the adjacent “channel” between the
side-chains of Phe114 and Ser136, and the backbone
of Leu133. From there, it forms a tight hydrogen
bond to a surface water molecule that is itself
hydrogen bonded to the backbone carbonyl oxygen
of Asn132. In this configuration, the hydrogen bond
breaks between the terminal water molecule and the
rest of the water chain in the cavity. On a picosecond
timescale, the terminal water molecule escapes into
the solvent, and the remaining four water molecules
recede into the cavity. We observe a similar scenario
in the escape of the single water molecule in theN=1
simulation. Again, the water molecule first moves
from the cavity volume toward Phe114, then forms
an elongated and correspondingly transient hydro-
gen bond to surface water through a narrow channel
between Met106, Phe114, Ser136, and Trp138 before
escaping through the adjacent channel between the
side-chains of Phe114 and Ser136, and the backbone
of Leu133, assisted by a tight hydrogen bond to a
surface water molecule. Most of these residues have
been previously implicated in cavity ligand access by
NMR studies,28 the results of which were ultimately
interpreted as implying an open and closed state
for the cavity, with exchange times on the order of
0.5–1 ms. We conclude from these two independent
observations in the simulations that this narrow
channel is the likely entrance/exit pathway for
water. Experimental support for a dynamic opening
and closing in this region comes from the fact that the
crystallographic B-factor of Phe114 is substantially
higher than that of other phenylalanine residues in
the protein.

Discussion

Two features in the pressure response of the T4
lysozyme mutants were surprising. First, the cavity
in the L99A mutant was very resistant to collapse,
even though this, of itself, could lower the system
free energy by about 9 kBT. The other surprise is that
the two mutants, one with a large cavity, and the
other with a much smaller cavity in the C-terminal
domain, have almost exactly the same response to
pressure. It has been previously established that the
creation of the large cavity in the L99A mutant
destabilizes the protein by about 8 kBT, relative to
the WT* mutant, so the presence of the cavity has
severe thermodynamic consequences. In contrast, it
has almost no structural consequence. We therefore
urge caution in assigning volume properties of
proteins to individual pairwise interactions; were
we to do so here, we would find that hydrophobic
type interactions have no volume dependence, a
clearly unphysical result.
We find this interesting in light of the continuing

discussion about the solid-like versus liquid-like
nature of the protein interior. There are two obvious
ways for the L99A mutant to respond to pressure to
reduce the overall system volume: the cavity can

collapse or it can fill with water. The fact that it does
the latter has some implications for the material
properties of proteins.
The cavity would not be expected to isotropically

compress, since side groups have some shape, and
like the stones in a bridge they simply cannot move
in towards the cavity. But the cavity lining helices
might be able to shear or deform, and in this way
reduce the volume of the protein. Both our own
simulation and crystallographic observations indi-
cating that water is free to pass between the outside
bulk and the cavity, and the general NMR result that
side-chain fluctuations are unaffected by pressure13
(that is, the compressibility is independent of
pressure) indicate that the side-chains should have
a great deal of freedom to rearrange.
But we see no evidence for deformations or

compressions that can be tied to the presence of
the cavity. The cavity volume and shape is very
unresponsive up to at least pressures of 200 MPa.
What makes the structure so rigid? Two features are
needed. First there must be strong interactions, and
second these interactions must be directional, not
isotropic. Side groups, viewed atomically, are
bumpy surfaces, and these bumpy surfaces can
interlock, providing resistance to both compression
and shear. Yet small molecules can diffuse through
the protein matrix, suggesting that the side groups
execute significant fluctuations (as has been demon-
strated by NMR, see Introduction).
While it is well established that in general side-

chains execute large fluctuations and the backbone
is comparatively rigid, it has not been entirely clear
why the backbone is rigid. Is it, for instance,
hydrogen bonding alone? Akasaka's NMR work,
recently reviewed,13 indicates that hydrogen bonds
themselves are quite unresponsive to pressure. This
is consistent with a small volume change of the
hydrogen bond itself, but the NMRmethod used for
that determination is less sensitive to the overall role
the hydrogen bond plays in the bending rigidity of a
helix. (Akasaka states, for instance, that only
qualitative information is available about the pep-
tide bond angles.13) It is clear from our observed
deformation of helix C in the L99AT4 lysozyme that
helices without close contacts to other neighboring
structural elements of the protein are not in fact
intrinsically rigid, but are relatively easily deformed.
At its carboxy-terminal end, helix C displaces by
about 0.25 Å (with a peak displacement of about
0.4 Å) as pressure increases by 200 MPa. While the
helix is pinned in place by a network of close
contacts and hydrogen bonds near its middle point,
at its C terminus the atomic packing density is
smaller. So clearly a helix can bend in response to
pressure, and at a level that is probably significant to
protein function (see, for instance, Urayama et al.15).
Thus hydrogen bonds, while individually unre-
sponsive to pressure, are not enough to resist
deformation of the entire helix. Combined with
our examination of the cavity, we see that side-chain
steric constraints can contribute substantially to the
rigidity of a helix.
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This raises a curious paradox: the side-chains
themselves fluctuate in many ways like a liquid, but
confer on the backbone some measure of solid-like
behavior. If the backbone is not intrinsically very
rigid, and the side-chains fluctuate so much, why
are they not able to reorganize and allow deforma-
tions that would reduce the cavity volume? To
reconcile these two observations, we have to
consider what it means to be a liquid. In so doing
we hope the reader will conclude, as we have, that
the rigidity of the large cavity, and therefore of the
backbone itself, of T4 Lysozyme mutant L99A is
likely due to side-chain steric interactions.
A liquid, by definition, has a translational sym-

metry that a protein amino acid side-chain cannot
have: the side-chains are not interchangable, as are
molecules of a liquid. The term liquid-like persists
because of the demonstrated20 fast fluctuations of
these side-chains. But the amino acids are not free to
translate past each other: topologically constrained
by the backbone, the amino acids surrounding the
cavity cannot shear and thus allow the cavity to
deform. Nor can the helices rotate significantly,
because of the interlocking nature of the side-
chains. Presumably, the backbone holds each amino
acid in rough position, and the surface roughness
(due to side-chain shape) of each helix is sufficient
that the helices neither rotate nor move past each
other to reduce the cavity volume present in the
L99A mutant.
We stress that neither is it new to say that the

backbone is typically more rigid than the side-
chains, nor are we challenging this notion. Instead,
what we find surprising is that the rigidity and order
of the backbone depends on the side-chains, an
intrinsically fluctuating, less ordered medium. We
are not aware of prior research that has come to this
conclusion, and we find it remarkable because the
same medium that allows small hydrophobic and
hydrophilic molecules through the protein matrix is
that which confers rigidity to other parts of the
molecule.
Thus whether the protein looks like a solid or like a

liquid thus appears to depend on the size of probe
molecule. The fact that both toluene and water can
diffuse through to occupy the L99A cavity suggests
that hydrophobicity may be a less important con-
straint on the dynamics of the folded protein than the
more fundamental considerations of topology.
The fact that the cavity does not collapse under

pressure is also intriguing in light of the NMR data
available on L99A T4 lysozyme, which found
increased microsecond to millisecond dynamics
only in the region immediately surrounding the
cavity, versus the wild-type protein.28 Combined, the
two observations may imply that side-chain fluctua-
tions are correllated, rather than independent, which
has occasionally been observed by NMR.20 Yet, even
if this is the case, we have identified at least one side-
chain (99) that is seemingly uninvolved in such
correlated motion. More work to characterize the
side-chain dynamics differences in these T4 lyso-
zymes would be especially interesting.

Evidence of collective motions supports the
notion that ligand access to the cavity is via an
open-closed state transition, rather than random
diffusion through an array of independently fluc-
tuating amino acid side-chains. It also supports the
notion of context-dependent secondary and tertiary
structure, discussed more below. In such a picture,
the helical tendency of particular amino acid
sequences provides only a rough template for the
side-chains. Detailed interactions, including steric
effects, of the side-chains then decide the final
structure.
This might matter for protein folding, in particular

because it seems that the helix cannot be fully
formed until it aligns with its neighbors.29,30 Despite
an apparently normal packing density, side-chain
interactions in the region around residue 67 on helix
C lead to an unusually rigid part of both the L99A
and WT* mutants of T4 lysozyme, visible as a
pronounced “kink” in helix C in Figure 3. Since the
rest of the helix is apparently deformable, it must be
these side-chain interactions, involving a hydrogen
bond between His31 and Asp70, and side-chain
close contacts involving Phe4, Ile7, Ile29, Phe67,
Val71, and Phe104. All of these residues appear as
local displacement minima in Figure 1. Crystal-
lographic B-factors, which measure atomic fluctua-
tions, are lower for these residues than their
surroundings as well. These residues define the
kink in the middle of helix C as pressure increases.
We note that this region has been implicated before
as a possible nucleation site in folding. In particular,
the A, C, and E helices are the strongest helix
formers,22 the E-helix has been directly implicated as
a folding nucleation site,21 and tertiary contacts in
this region are important for folding stability.31
But the question remains whether the A, C, and E

helices are involved in folding nucleation because
they are strong helix formers on their own, as
suggested by Najbar,22 or because these helices are
involved in particularly important tertiary contacts.
Even that study concedes that while helices A, C and
E are the strongest helix formers, helices A and C
rely mostly on tertiary contacts for their ultimate
stability. Only the E helix is an especially strong
helix former, with close to 50% helicity in all the
solvents tested.22 Our analysis, which might have
been anticipated on the basis of thermal B-factors,
suggests that tertiary contacts play the most
important role in the formation of the protein
structure. Such contacts between side-chains appear
to define the rigidity of the structure and the folding
behavior as well, in good accord with prior studies
emphasizing the importance of context in determin-
ing secondary structure.30
We also see possible implications for protein

function. Regions of low compressibility are regions
that do not have, at least in an average ensemble
sense, large volume fluctuations. While this does not
exclude the possibility that a region has an important
functional role,20,32 it does suggest that such a region
has a greatly reduced number of accessible con-
formational states, making it less likely to be actively
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involved in the protein's function.With the increased
ability to see at high resolution (our error limits in
this work are roughly 0.1 Å), even small changes in
the “width” of an ensemble distribution, should be
apparent. Similarly, if under applied pressure two
domains or structural elements are unable to move
past or relative to each other, this should demon-
strate a limitation on themotions at ambient pressure
as well. Thus an analysis of the pressure response of
proteins may help in establishing the possible
functional modes of structural change of proteins,
which is of increasing interest. Both NMR techni-
ques, as have been demonstrated in excellent detail
by Akasaka and others,9,10,33–35 crystallography like
that demonstrated here and by others,15–18 and
simulations will be of use in understanding these
effects.
Indeed the major pressure response of T4 lyso-

zyme is that the N-terminal and C-terminal domains
move towards each other, evocative of the relative
motions of these domains seen in molecular
dynamics simulations36 and even more so of the
dramatic reorientations of the two domains found in
different crystal packing arrangements.37 So far,
preliminary studies with simple network analysis
and normal mode calculations are able to reproduce
some of the features of the pressure response of T4
lysozymes, but only in an incomplete manner. We
propose that high-pressure protein crystallography
will be a useful tool in testing theories of protein
function and modes of fluctuation.
Our presently speculative ideas about the nature

of the rigidity of the L99A cavity should present a
starting point in understanding how proteins
fluctuate in their native states. In particular it
would be useful to understand the contributions
of specific atoms or interactions. With the present
data, this requires the assumption that the various
interactions are linearly independent of each other;
based on our first analysis, this is likely not the case.
But further combined mutagenesis and high pres-
sure studies should be able to separate the various
interactions and make more clear the interactions
that control protein function and dynamics.

Methods

Crystal growth

Crystals of both the L99A and WT* (cysteine-free)
mutants of T4 lysozyme were grown using the hanging-
drop vapor-diffusion method, as described.2 The protein
concentrations were near 15 mg/ml, and wells were filled
with a solution near 2 M sodium/potassium phosphate
buffers (pH 6.9–7.1) with 50 mM beta-mercaptoethanol
added to improve crystal contacts. Crystals were grown at
4 C, but in some cases nucleation was induced by leaving
the trays at room temperature for two to three days
initially. Many crystals grew to small sizes around 100–
200 μm, but all crystals used for these experiments were
between 700 μm and 1 mm in their largest dimension. The
crystals have a distinct triangular prism shape. In all cases,
crystals were grown in space group P3221.

High pressure protein crystallography

The high pressure equipment used for this work has
been described by Urayama et al.15 We use a beryllium
high pressure cell based on the original design by Kundrot
and Richards,16 modified so that it can reach 200 MPa, as
described in detail by Urayama.38 The cell itself is a high-
purity rod of beryllium (Brush-Wellman grade I-250) with
less than 3% beryllium-oxide (BeO) mixed in for strength.
It is 25 mm long, 6.35 mm in diameter, and has a 1 mm
blind hole 19 mm deep drilled at one end. The open end is
threaded for attachment to a pressure system. Because of
the difficulty and hazards associated with machining
Beryllium, the cell was machined to specification by
Brush-Wellman, Inc.
Standard thin-wall glass X-ray capillaries (Charles

Supper Co.) are first loaded with a mixture of Sephadex
G-200 and the mother liquor of the crystals before
loading the crystals themselves. This mixture is centri-
fuged to the bottom of the capillary. Crystals are most
easily harvested with standard crystallographic loops
and then transferred to the capillary. Crystals of T4
lysozyme float in their mother liquor, so they cannot be
centrifuged into the capillary. Instead, they must be
gently pushed into the mother liquor-Sephadex mixture;
a thin (0.3 mm) capillary with a large glass bead
(produced by flaming the tip) at the end is useful for
this task. Care must be taken to hydrate the Sephadex
fully, and to treat the crystal very gently, or the crystal
will dehydrate or crack. Multiple crystals can be placed
in one capillary, with bits of copper wire separating
them. These bits of wire make later location of the
crystals in the optically opaque Be cell possible. Careful
measurement of the position of the crystals relative to the
wires, used in combination with X-ray absorption
measurements revealing the shadows of the copper
wire, make crystal location straightforward. Finally, the
capillary is sealed with a plug of syringe-injected
stopcock grease to separate it from the pressurization
medium.
Once the capillary is loaded, it is placed in the Be cell,

and the cell connected to a home built adapter, which
connects to standard pressure fittings. The Be cell
connection is a modified Bridgman seal using a small
Viton O-ring. All other seals are standard high-pressure
cone seals. A hand-cranked high pressure piston press
(High Pressure Equipment Company, Erie, PA) capable of
200 MPa is used to generate pressure, and the pressure
monitored using a strain-dependent resistor (Sensotec,
Columbus, OH). A thin stainless steel capillary connects
the press to the cell, permitting rotation of the cell for
crystallographic data collection. The pressurization med-
ium is Fluorinert FC-77 (3 M Corporation; this fluid is a
mixture of fluorocarbons having average molecular
weight 416 g/mol). Data are otherwise collected using
standard crystallographic protocols.

Refinement

Diffraction from the Beryllium cell itself limits the
available resolution to about 2.0 Å. DENZO and
Scalepack39 were used to integrate and reduce the data.
All structures were then refined using programs from the
CCP4 suite,40 using either Protein Data Bank (PDB)
entries 1L90 or 1L63 as a starting model for the L99A and
WT* mutant, respectively. In both cases, refinement
parameters were optimized globally over all ten L99A
and six WT* datasets, and one final set of parameters
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was used to refine the structures presented here. The
program arp_waters (as implemented in the CCP4 suite)
was used to examine and modify the water model after
each refinement step. Manual modification was not
found to be necessary after inspecting electron density
maps using the program O.41 As pressure increases two
residues, Ile29 and Phe114, begin to emerge from the
most preferred Ramachandran regions in almost all of
the structures. Ile29 is constrained by strong electron
density, and Phe114 is in a region known to have generally
poor density. Both deviate from themost-preferred regions
(as defined in the program MOLEMAN2†)42 by as
much as five degrees in both main chain torsional
angles ϕ and ψ. That the appearance of these outliers is
so consistent over all datasets gives some confidence
that the deviations are real, although they could be
consistent artifacts. Table 1 lists other important refine-
ment parameters for the L99A mutant, averaged over
datasets at each pressure. WT* refinement is essentially
identical.

Comparison of refined structures

Structural comparisons discussed here are based on
alignment of the peptide backbone positions using a least-
squares residual and only rotations of the molecules in
question. The alignments were made using only coordi-
nates of residues 80–160 in the C-terminal domain of the
protein, for reasons given below. In order to emphasize
structural changes no isotropic scaling was performed.
The choice to align molecules using only the C-terminal
domain serves two purposes: first, it emphasizes any
displacements of the N-terminal domain relative to the C-
terminal domain. Second, it facilitates examination of
displacements within the C-terminal domain that are
towards its center; that is, towards the center of the large
cavity in this domain.
Since there are multiple structures at each pressure (as

many as three), they are aligned to each other and
averaged in real space first. This is done using a simplex
algorithm as there is no analytic solution to the simulta-
neous alignment of more than two structures. The
computer code is given by Collins.43 After averaging, the
structures are aligned pairwise between pressures for
comparison.

Detection limits

A key issue is to determine which displacements are
statistically robust. The collection of multiple datasets and
alignment of their refined structures makes this possible
without recourse to any other arguments. The whole-
molecule root-mean-square displacement of the peptide
backbone between aligned structures at any given
pressure is below 0.09 Å for all pressures and both WT*
and L99A mutants. This rms displacement decreases with
pressure (as do the crystallographic B-factors). Therefore,
displacements larger than twice this uncertainty, or about
0.18 Å, are statistically significant. Displacements closer to
the uncertainty level of ∼0.1 Å are certainly more suspect
and the atomic model and crystallographic electron
density should be closely compared before concluding
that such a displacement is significant. Urayama also
concluded, by other means, that displacements of ∼0.1 Å

could be considered real.38 Nevertheless, the quality of
the electron density calculated from the diffraction data
must be considered in each case. In almost all cases the
electron density is of very high quality. Only near the C
terminus and near residue 116 is the electron density
suspect.

Volume calculations

All volume calculations reported here are madewith the
program VOLBL, described by Liang et al.44,45 This
program uses the so-called alpha-shape formalism,11,12
which is similar to Voronoi decomposition, but overcomes
some difficulties, particularly in defining the molecular
envelope.

Protein Data Bank accession codes

The atomic coordinates have been deposited with the
RCSB Protein Data Bank and are available under accession
codes 2B6T, 2B6W, 2B6X, 2B6Y, 2B70, 2B72, 2B73, 2B74,
2B75 (for the L99A mutant) and 2OE4, 2OE7, 2OE9, 2OEA
(for the pseudo-WT lysozyme).
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