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Absiract Recent theoretical and experimental studies have demonstrated thist proteins are
fluctuating systems capable of large, seemingly random, excursions from the equilibrium
conformation. Attention is now focusipg on the functional consequences of these motions,
Xoray diffraction is 2 powerful tool for miapping the spatial dstribution of protein
dymamics; studies on the temperature dependence of the apparent Debye-Waller factors
of crystalline myogloban demonsirate thal proteins are flexible in the solid state.
Crystallographec studies of 2 Michaelis complex of ribonuclease A show that a molsle
Iysine adapts its conformation to the changes in stereochemistry and charge distribuatson in
the substrate during catalysis. The strocture of the inose phosphate isomerase-substrate
complex shows that a mohile region of 10 ameno sids becomes ondered when ligamd
bmds. These studies suggest several roles for protein mobility in enzymic catblysis:
providing access 1o internal sites, #llowing changes in subsirate structure daring the
reaction, and reducing the observed bimding Sonstant of substrate and product 1o the
enzyme by decreasing entropy. A flexible enzyme alse does not need a communication
system to signal binding or transformation, since a pre-existing equalibeium can be used.
More speculative ideas, such as the guiding of thermal vibrations along the reaction
coordinate, can oaly he tested when more detsiled data are svailable

Enzymes as machines

The carliest concepts of enzyme structure viewed these biological catalysts as
colloids without a defined conformation. Since that tme, our view of these
molecules has oscillated from one of great flexibility 1o ngidity and back
again. In the last five years, virtually the entire arsenal of biophysical methods
has been trained on the problem of protein dynamics. We now understand
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that, in aqueous solution at ordinary temperatures, atoms in globular proteins
can undergo a wide variety of motions, ranging in amplitudes from a few
hundredths of an Angstrom to several Angstroms and in frequencies from less
than one picosecond to seconds (Gurd & Rothgeb 1979). Attention is now
beginning to focus on the functional consequences of the random fluctuations
in protein structure, on the not unreasonable assumption that nature usually
turns the incvitable to her advantage.

We are interested in the structural basis for enzymic catalysis. Some
enzymes speed up the rate of their chemical reactions by factors of 10" or
more. Simple organic and inorganic catalysts cannot approach this efficiency.
Since one characteristic these small molecule catalysts lack that enzymes
possess is conformational flexibility, we have tried to identify what chemical
advantages a dynamic structure might confer on a protein,

The concept of a changing structure for an enzyme is hardly revolutionary.
Indeed, our conventional way of viewing biological catalysis is by analogy to
machinery. Like the elaborate cause-and-effect contraptions created by the
American cartoonist Rube Goldberg and his British counterpart Heath
Robinson in the 1920s, enzymes are thought of as moving logically from one
well-defined conformation to another in response to a set of signals. These
signals onginate with the binding of substrate to the enzyme or its conversion
to an intermediate, and are propagated to distant parts of the protein by a
linked series of small changes: a hydrogen bond breaks, leading to a shift in a
helix-helix contact. which in turn, etc. (the pre-eminent example of this view
is the transformation from the R to T state of hacmoglobin).

The validity of this picture is long established. But this picture is not quite
what we want 1o discuss here. The Rube Goldberg/Heath Robinson picture of
conformational changes in a protein is a description of transitions from one
equilibrium state to another. We are concerned, in this paper, with the
fluctuations of the enzyme about any given equilibrium state, and the role of
these thermal energy-driven motions in the catalytic process. Such move-
ments are random and difficult to observe, but ubiquitous. And we have
found, by examination of their traces in the crystal structures of two

enzyme-substrate complexes, that they may be extremely important for
cfficient catalysis.

Proteins are flexible in the crystalline state

Since we shall rely on the results of X-ray diffraction to map the spatial
distnbution of protein fluctuations, it is essential to establish that these small
random motions really occur in the crystalline state and can be measured.
There is considerable indirect evidence that proteins mantain their fexibility



n ALBER ET Al

even on crystallization: protein crystals are typically SU0% solvent by volume
(Matthews 1968), so there is room in the lattice for substantial mobility;
buried amide hydrogens in crystaliine proteins exchange with solvent deuter-
ons at rates comparable with their exchange rates in solution, implying that
whatever motions admit water 10 the protemn interior or expose the inner
structure 10 solvent occur in the solid state (Tichsen & Ottesen 1979), and
there is considerable fall-off in the clectron density distribution around ¢ach
atom i a protein ceystal structure, presumably from thermal motion of those
atoms (Artymiuk ¢t al 1979, Frauentelder eval 1979) This last point is crucial
to our use of diffraction as o ool 1o study protein motion, so we want to
discuss it in some detinl

The fall-ofl of electron density asround cach atom can be finted o o
Gaussian curve whose width at half-height, the apparent mean-square
displacement or <x*> of that atom, s related to the conventional Debye-
Waller factor, B, of that atom by the expression B = 837 <o2> (Willis &
Peyor 1975). If high resolution X-ray data (1.e. 0.2 am or better) have been
collected for i structure, the apparent B for cach atom can be refined in o
restrained least-squares method, as described by J. H. Konnert and W. AL
Hendnickson (Konnert 1976). Then the apparent <<x?= tor cach atom can be
caleulated. This method requires two incorrect assumptions, the seriousness
of which is unknown: first, that the motion is isotropic. and second, that it is
hsrmonic. Interpretation of the <x?> values in terms of actual motion
requires the additional assumption that the observed fall-oft in electron
density from the average position of each atom s really due largely 10 atomic
motion. Unfortunately, it could be dominated by a build-up of errors in the
structure determination and/or by static disorder in the crystal lattice. We do
not believe this is the case, since the observed <a’> values correlate sensibly
with structural features in the protein (Frauenfelder & Petsko 1980), but
direct evidence is desirable.

Atomic motion should be temperature-dependent; lattice disorder should
not be. Further, the magnitude of any temperature dependence should enable
pure harmonic vibrations (small and hinear dependence on T) 1o be differenti-
ated from larger, more complex motions that require a potential energy
barpier 1o be overcome (large and complex T dependence). In collaboration
with Professor Fritz Parak, Drs W Steigeman and H. Hartmann in Munich,
and Professor H. Frauenfelder in Hlinois, we have refined the crystal
structure of sperm whale Met-myoglobin at 0.2 nm resolution at a tempera-
ture of 8UK (Hurtmann ct al 1982). Fig. 1 shows & comparison of the average
<x?> of the backbone atoms of myoglobin as a function of residue number at
80K with the values obtained carlier at room temperature (Frauenfelder et al
1979). The overall <x’= is reduced by more than a factor of two, and
individual residues show reductions even larger than this. The apparent <>
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FIG b Plotof the average mean-sgaare displacement of the NGO and casbonyl carbon atoms ol
mvegkibin against the resibue number at MK (open circkes, beoken lines) and S K (solid hines
and filled cirddes). Both canves have been correctad for the same estimated Tt disorder
(Frauenfclder et al 1979)

values for myoglobin are predominantly the result of atomic motion. The
temperature dependence alse shows that many residues in myoglobin hiave
motions that are more complex than simple Debye-Waller vibrations. Evenin

the crystalline state, proteins are dynamic structures. .

L]

The problem of ligand access =
Fig. | suggests one important functional role for the fluctuations in the atoms
of myoglobin. If a Gaussian model is assumed for 1ISOLTOpIC atomic motion,
the observed <x?> values imply that some regions of the protein have a
reasonable probability of undergoing displacements of 0.1 10 0.2nm in
amplitude. A series of such motions could open a transient channel from the
surface of myoglobin to its interior. Myoglobin is an oxygen storage protein;
the oxygen binds to an won atom buried inside the protein in a h)'droplmh.tc
pocket. Yet there is no pathway in the static erystal structure of myoglobin
from outside the protein to the iron that is large enough to admit oxygen. The
random fluctuations in the myoglobin structure provide access to the shiclded
ligand-binding site. ’

Many enzymes may face a similar problem. Chemical considerations could
require a buried active site, with restricted accessibility to bulk solvent. Yet
substrate must be able to enter. For small substrates, entry can be achieved by
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small movements of the protein which allow penctration from outside the
molecular envelope.

Interpretation of hydrogen exchange data is controversial. but it seems
clear that small-scale fluctuations in the protein structure are also essential to
permit ions derived from solvent water to make contact with buried protein
hydrogens. We often forget that water is an essential reactant in many
enzyme-calalysed reactions. Fluctuations in the positions of atoms in the
enzyme could allow water to reach even relatively hydrophobic pockets
where the reaction takes place. Thus, because enzymes are flexible, they can
provide a highly apolar environment for a particular group on the substrate as
well as allowing water to reach and react with an adjacent group. No ngid
catalyst could satisfy these conflicting conditions. One role for proten
mobility in catalysis is clear, then: to permit access to seemingly buned
regions of an enzyme,

The problem of response to changing substrate structure

Enzyme-substrate complexes, even in the crystalline state, normally have
lifetimes of one second or less. Unfortunately. it takes several days or longer
to collect a set of X-ray diffraction data on an enzyme crystal. This limitation
has prevented direct observation of productive enzyme-subsirate complexes
by crystallography. We have overcome this limitation by combining the
techniques of cryoenzymology with protein crystal structure determination
(Fink & Petsko 1981). We cool enzyme crystals to very low temperatures in a
fluid cryosolvent and then let substrate flow into the crystal. Binding still
occurs al subzero temperatures, but turnover is extremely slow. The ‘frozen’
Michaelis complex is often stable for weeks, and its structure may be
determined at high resolution by standard crystallographic methods.
Recently, we have applied X-ray tryoenzymology to the reaction catalysed
by ribonuclease A and have determined the structures, at atomic resolution,
of every kinetically significant step in the reaction pathway (W. A, Gilbert &
G. A. Petsko, 1982, unpublished). Ribonuclease A is interesting because its
substrate undergoes a number of large structural rearrangements during
catalysis. The enzyme hydrolyses single-stranded RNA and is specific for
pyrimidine bases on the 3° side of the phosphodiester linkage to be split. The
phosphate group is initially in a 3, 5 bridge, is converted to a pentacoordin-
ate intermediate (or transition state—its lifetime is uncertain) and then to a
2'. 3'-cyclic monophosphate. Finally, via another trigonal bipyramidal in-
termediate, the cyclic phosphate intermediate is hydrolysed 10 a 3'-
monophosphate ester. During these transformations the phosphate atom
moves by 0.2nm from its initial position in the enzyme-RNA complex. The
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oxygen atoms around it change position, bond angles, and charge. How does
the enzyme respond to the alterations in substrate geometry?

Some of the active site residues simply move along with the substrate atoms
to which they are bonded, but there is one interesting exception. Lysine 41
has long been implicated in the ribonuclease reaction: chemical denvatization
of this residue destroys catalytic activity. Yet Lys 41 is not directly bonded to
the substrate in the enzyme-substrate, enzyme-phosphate or enzyme-cyelic
phosphate complexes. However, in the crystal structure of the complex of
ribonuclease A with uridine vanadate. a transition-state analogue which is
trigonal bipyramidal in geometry, Lys 41 has moved so as to interact with one
of the equatonial trigonal oxygens (Fig. 2)
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FIG. 2. Stereo drawing of some of the residues in the active site of ribomuclesse A when the
transition-state analogue uridine vanadate (shown in black) s bound. The vanadiom (V)isat the
centre of a distorted trigonal bipyramid of oxygens. Lys 41 {shaded grey) is nigid s 1his complex,
presumably due to interaction with the rightmost cquatonal oxygen

Presumably this interaction also occurs in the transition state of the
reaction and stabilizes the negative charge that must develop on that oxygen.
But why does Lys 41 not interact with the oxygen all the time?

The answer lies in the large changes in substrate structure referred to
earlier. If Lys 41 were always in the position it assumes in the transition state
complex, that complex could not form. The movements of the phosphorus
and oxygen atoms would be blocked sterically by the terminal amino group of
the lysine. Ribonuclease solves the difficulty of keeping Lys 41 out of the way
but bringing it into play when needed by making it a flexible residuc. In all the
structures we have examined except the uridine vanadate complex structure,
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Lys 31 has very high <x2> values for its side-chain atoms, amaong the highest
in the entire cnzyme. Further, the temperature dependence of these <y
values indicates that they are due to real thermal motion, not static disorder.
But in the structure of the transition-state analogue complex, ribonucleuse-
uridine vanadate, the <2> values for Lys 41 decrease threefold. The highly
mobile side-chain is now anchored (temporarily, for in the actual transition
state the pentacoordinate species is unstable and rapidly hydrolyses) by
interactions with the substrate.

The Nuctuations undergone by Lys 41 are important for catalysis. They
illow the enzyme 10 adapt 1o the changes in stereochemistry and charge
distribution that take place in the substrate, A nigid catalyst would not be able
to bind both a tetrahedral substrate (and product) und a trigenal bipyramidal
intermediate as efficiently, or would prevent the rearrangement from one to
the other stencally. What is iImportant 10 note here is that the enzyme does
not move from one static conformation to unother as the substrate is
converted 1o product. It iy constantly fluctuating among a number of
conformations, and the required one is stabilized when needed. Thus, there is
no energy barrier (or at least, no large one) to be overcome when the enzyme
goes from the native (or substrate-bound) active site structure to the
transiion-state structure,

When tight binding is not so tight

Recently, a number of enzymes have been observed 1o contain regions of
poordy defined three-dimensional structure (Huber 1979). These disordered
Segments miy range in size from a few amino acids to an entire structural
doman, and may occur either at the termini of the polypeptide chain or in the
middie. We have been fortunate in having one of these 10 study, since they
fepresent extreme examples of conformational mobility. Our specimen is in
the yeast glycolytic enzyme, tnose phosphate isomerase (TIM),

TIM is a dimeric enzyme with a subunit relative molecular mass of 27 000,
It catalyses an extremely simple reaction: the movement of one proton 1o
convert dihydroxyacetone phosphate (DHAP) 10 D-glyceraldehyde 3-phos-
phate. The phosphate Broup is essential for substrate binding. The crysial
structure of the chicken muscle enzyme has been solved by Phillips and his
co-workers at Oxford (Banner et al 1975). We have concentrated on the yeast
enzyme, but el our results reported here were observed initially at lower
resolution with chicken TIM (Phillips et al 1977). The results are thus
independent of crystal form

Native TIM is a symmetrical dimer. Each subunit s composed of a central
core of eight strands of parallel f-sheet, twisted around the surface of a
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FIG. 3. Alpha carbon drawing of 1he yonst triose phasphisie somerase dimer. The lower subunit
is oriented s that the viewer is looking down the central J-arrel Helices surround this core of
pleated sheet. The 1wo average coalormations of the loop from rtsﬁlg«{a l§8 to 177 e
highlighted. The ‘open’ farm in the native enzyme is disordered, so is pasition is indicated by
broken lines. The rigid, ‘dhased” conformation is shown with solid black bonds.

barrel. Each strand is connected to the next by an a-helix (Fig. 3). We have
solved the crystal structure of yeast TIM at 0.3nm resolution (Alb_cr ct al
1981) and also sequenced the gene for this protein (Alber & Kawasaki 1982).
In the native structure there is no contiguous electron density for a 10-amino
acid loop from residues 168 1o 177. This loop is the only stretch of more than
five amino acids that is not involved in either a helix or strand of sheet (except
for the intersubunit loop that holds the dimer together).
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When the structure of the enzyme-substrate complex TIM-DHAP s
examined at 01.35 nm resolution, a large change is seen in the average position
of the residues of this loop (Alber et al 1981). In the native structure it is
‘open’, extended away from the molecular surface (Fig. 3). On DHAP
binding it moves by over | nm to fold down into a “closed’ conformation onto
the active site pocket (Figs. 3, 4). The disordered loop becomes highly
ordered, with strong electron density for all residues. At least two of the main
chain amides in this loop make hydrogen bonds to two of the oxygens of the
phosphate moiety of DHAP. '

Since this conformational change is seen in both orthorhombic chicken
TIM crystals and monoclinic yeast TIM crystals, it is not an artifaet of crystal
packing adjustments. Since these studies have been performed with the
physiological substrate DHAP, the loop movement is not an artifact of
incorrect binding. Since the subunit where the loop is held in an ‘open’
conformation by intermolecular contacts in the chicken TIM crystals does not
bind substrate, even though the active site pocket is accessible, the loop
movement is essential for both substrate binding and catalysis (Phillips et al
1977}, All these conclusions are reinforced by the observation that the amino
acid sequence of the loop is highly conserved (Alber & Kawasaki 1982).

The folding of the 168-177 loop over the phosphate end of the substrate
f Fig. 4) has several obvious consequences for catalysis. First, it provides an
important source of specificity through an ‘induced-fit'. Only substrates
capable of anchoring the loop in the ‘closed’ conformation will be bound
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F1G. & Stereo drawing of the active site of the yeast tnose phosphate somerase-dihydrovy.
scctone phosphate Michaclis complex. The substrate is shawn with solid black bonds, and a
poction of the loop 168-177 is highlighted by grey shading. Oaly the C* atoms of the loop are
shown, as the substrate would be obscared if all the atoms were included
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tightly. Second, the folding of the loop sterically excludes solvent from part of
the active site. Of course, a readily apparent but essential function of the
flexible loop is to coordinate the phosphate group. At least one of the
terminal oxygens of the phosphate, and possibly the bridging oxygen as well,
is hydrogen-bonded by peptide nitrogens from the loop in our current model.
These various roles demand a large conformational change in the loop. The
conflicting requirements for ready substrate access to the active site and
envelopment of the substrate when it is actually bound can casily be met by a
‘flap” which goes from an open to a closed conlormation on complexation.
Additional support for this loop movement occurning in TIM-catalysed
isomerization in solution comes from the observation (Albery & Knowles
1977) that a physical step connected with product (glyceraldehyde 3-
phosphate; GAP) release—presumably, the reopening of the loop to allow
GAP to escape-~is rate-limiting,

Thus, the conformational change in the 168-177 segment in the TIM
structure is mechanistically reasonable, but there is an additional aspect that
deserves discussion. The loop does not merely go from a unique open
structure to a unigue closed one; it changes from a flexible region with many
conformations to a much less flexible one. We believe this disorder-order
transition has at Jeast two consequences for the energetics, and consequently
the rate, of the TIM reaction. Because of the structural and thermodynamic
problems of large conformational changes, a flexible to less flexible trans-
formation has a number of advantages so great that it has been predicted that
this pattern will appear often in protein-ligand interactions {(Alber 1981).

First, the disorder in the loop eliminates the problem of how information
concerning substrate in the active site is transmitted to the loop. Initially, the
average position of the phosphate-binding atoms in the loop is at least
0.8-1.0nm from where they will need to be to coordinate the phosphate
oxygens. If the loop were rigid, a signal would have to be sent from the active
site to the loop indicating that substrate had entered the pocket, and the
signal would have to trigger a large rearrangement in the loop. Since the loop
makes no contacts with the rest of the protein, it is difficult to imagine how
this could be done. It is even more difficult to understand why the loop would
then reopen to allow release of product. The TIM reaction s readily
reversible, and in vive the enzyme may encounter either substrate. Further,
the two substrates do not differ very much in stereochemistry, and not at all in
charge. (The binding question can be partly answered by postulating that the
substrate drags the loops with it as it approaches the active site, However, this
does not resolve the reopening question. )

All these difficultics vanish if the loop s imtially flexible. No signal need be
sent 10 the loop 1o cause it 1o move: it already is moving. There is a
pre-existing conformational equilibrium, whose average position is many
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Angstroms from the active site but one of the extreme positions of which is at
or near the desired ‘closed” contormation. Driven by the Kincetic energy
availuble to it at ordinary temperatures, the loop samples a number ol
conformations. At least one of these is at or near the active closed state. 110
substrate molecule s present i the active site when the loop finds iselt an this
extreme point, the loop can interaset with the phosphate, binding and
desolvating the substrate and shifting the equlibrium from one favouring the
open state 1o one favourning the closed state. Product release is casy 1o
visualize i this model: ahthough the conformational equilibrium hiss been
stafted 1o Lavour the substrate-stabibized structure, 10s sull an equilibrium.
There is sull @ finite probability that a thermal flecteation will break the
loop-phosphute bond and the loop will open. When it docs, product can
cscupe. But the probabality that this rare event will happen is greater than it
would be if the open form were & unique, ngid conformation. The transition
from closed 10 open state s an order-to-disorder transition, which s
fuvourable entropically. One way of viewing this is that & random thermally
driven Nuctuation is not as likely 1o carry the loop from one discrete state to
another of greatly different Structure as it s 1o move the loop along @
continuum of structures, cach differing only slightly from the next in atomic
positions and energy.

The suggestion of entropy as a driving force for the opening of the loop,
permitting release of product, leads to a consideration of the thermodynamic
role of a flexible region of & protein in catalysis. Alber (1981) has discussed
this in detail; his arguments apply to the binding of any molecules 1o proteins,
but here we shall consider only TIM catalysis

First, the activation energy for binding is minimized, because the interac-
tons between substrate and enzyme do not require the disruption of a stable
structure in the protein. Second, if the reduction in the number of conforma-
tional states of the loop on substrate binding 1s sufficiently large, some of the
binding energy will be dissipated by the resulting decrease in the conforma-
tional entropy of the polypeptide chain. The guantitative limits of this effect

have been considered by Alber (1981); they are sufficient to increase the

apparent binding encergy for substrates by several kilocalonies per mole
(Fig. ). Thus, the disorder-to-order transition raises the free encrgy of the
enzyme-substrute complex relutive to the free energy of the transition state
for its formation. Analogously, the enzyme-phosphate complex has @ more
positive binding energy than it would otherwise have, allowing more rapid
release of product. Fig. 5 shows the effect of a disorder-to-order transition on
the free energy profile for the TIM reaction (Albery & Knowles 1977). The
entropic loss contributed by the loop makes both substrate and product less
tightly bound than the sum of their interactions with the enzyme would
suggest. Since efficient catalysis requires tight binding of the transition state
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FIG. 5. Free-encrgy peolide for the reaction catalysed by triose phosphate somerase (TIM]} Ihe
solid line shaws the free emergy profile denved from the kisctic and tﬁtfmndynmmc results of
Albery & Knowles (1977). The hroken line shows the prafile for a hypathesical cazyme (Ey)
which i sdentical to TIM except that the 168-177 koo is ordered before its mavement 1o interact
with the substrate The value of — T4S indicates the extent to which the enzyme-substrate (E-S)
complex is destabilized by the ordering of the kop. Assumsing, for example, that 6 kcul.'fnql
(—25 klinsal) of bending energy & dissspated Lo order the loop, at 37°C the natural enzyme (E) s
aver 1P tmes faster than the hypothetical one (A) Free-energy profiles sssuming no changs
1he stamdard state. In this cise, the amino aid sequence in the loop of Eyy is assumed 1o be
difterent from that of its real counterpart, (B) Free energy profiles assuming that the amino wod
sequences of E and £, are tho same and that the encrgy af kg o rased by the loop being i .only
one coaformation before substrate binding. DHAP, dibydroxyaccione phuspbate; GAF.
glycerakdchyde 3-phosphate; E-1 istermediate enzyme . (From Alber 1981)



15 ALBER ET AL

but not too tight binding of substrate, product or intermediates, this is a
simple mechanism for combining specificity with optimal rate acceleration.

Directed Muctuations: fact or fantasy?

For some time we have been considering an additional role that fluctuations
in an enzyme might play in assisting catalysis. We have been unable to devise
an experiment to test this supposition, but feel it deserves some mention. We
call it the directed fluctuations hypothesis.

Consider the free-energy profile for an enzyme-catalysed reaction, as in
Fig. 5. Enzymes lower the free cnergy of the transition state, but they do not
reduce it 1o zero. Energy is still required to overcome the remaining barricr
and proceed along the reaction coordinate to product. Presumably this cnergy
1s just the kinetic energy available 1o the enzyme from collisions with the
solvent at the temperature of interest. It is normally assumed that this energy
is absorbed and distributed randomly in the enzyme-substrate complex. What
if it is not random?

In order for a reaction to go from substrate to product, certain bonds must
break and others must form. The transition state consists of partially formed
and broken bonds. At any given point in the reaction there are thermally
driven fluctuations in bond lengths and angles. If these vibrations coincide
with the reaction coordinate, that is if they move atoms in the directions they
must move during the reaction, catalysis will proceed. Our hypothesis is that
these fluctuations may not be random, and that they could tend to favour
directions along the reaction coordinate. They are ‘directed’—by the protein
structure—to be useful.

Conceptually, we view this effect in terms of rate enhancement. At a given
lemperature, there is some finite probability that enough energy will be
absorbed in vibrational modes to allow the substrate to cross the transition-
state energy barrier. If the three-dimensional structure of the protein favours
(energetically) vibrations in directions which lie along the reaction coordin-
ate, the observed rate of crossing this barrier will be faster than that expected
when completely random bond vibrations and librations are assumed.

Do directed fluctuations occur? We do not know. If anisotropic <x?=
values could be calculated for the atoms in, say, the ribonuclease A-substrate
complex, it might be possible to observe a non-random distribution of the
largest moments along a productive direction. This calculation requires more
X-ray data than we have measured at present, but we are trying to obtain
them. Alternatively, we may find directional trends in the amplitudes of
picosecond motions calculated in a molecular dynamics simulation of the
reaction. (Caleulations of this kind are just beginning. ) But at present there is
no evidence for directed fluctuations. or against them,

MOBILITY IN ENZYME ACTIVITY 17
Conclusion: enzyme mobility is important for enzyme function

We began this paper with a discussion of enzymes as machines. It is clear that
this view is too simplistic: the machines of Rube Goldberg and Heath
Robinson moved from one rigid state to another in response to carefully
regulated stimuli, but enzymes fluctuate continuously among families of
closely related states. They may still change their average conformations. but
these conformations are indeed just averages. If enzymes are machines, they
are stochastic machines.

Analysis of the structural data accumulated in our laboratory suggests that
the mobility of enzymes is of functional significance. The fluctuations of
atoms in the protein can provide access to buried sites, can allow the catalyst
to respond to changes in the structure of the substrate, and can. by a
disorder-to-order transition, raise the apparent free energy of the enzyme-
substrate complex. We do not know whether they also are spatially distri-
buted in such a way as to favour the formation and breakdown of the
transition state.

Finally, we conclude that flexible enzymes need no signalling system or
linked series of bond rearrangements to produce a desired effect (c.g.
movement of the 168-177 loop in TIM or the movement of Lys 41 in
ribonuclease A) from a given cause (e.g- the binding of substrate to the active
site). This is not to imply that signalling does not exist; there are many
proteins where it probably does. We merely wish to point out that .il s not
essential for all proteins. Indeed, there may be advantages in not using it. A
continuum of structures of similar free energy, from which the desired
conformation is stabilized when needed, requires no overcoming of a large
potential energy barrier for the generation of the desired confmmmm'n in
this view, the change from one functional average structure to another is not
really separate from the fluctuations about the observed averages. A confor-
mational sub-state at one extreme of the distribution of excursions can
become the new average structure if it is stabilized by, say, interactions with
the substrate (or with DNA, or with another protein). Enzyme mobility and
enzyme function are two horns on the same bull.
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DISCUSSION

Stenz: Why do you think myoelobin wasa't ‘dessgned” in the first place ot to
have the access 10 huem iron blocked? This gives us a function for mobility
certamnly, but what is the function of the blocking? '

Petvko: One cunnot have too much access 1o the Oxyeen-binding site, be-
Cause ftuc hacm has a considerable tendency to form p-oxo dimers. I'hus the
necessity lor burying the haem within the protein is & chemical necessity. If
dnmc.n.wcrc formed, that would block the function of the haem molecule, But
why it is so deeply buried is unclear,

Stewrz: Is the hiem iron buried in hacmoglobin 100?

Pewsko: Yes; it is buried to about the same extent as in myoglobin.

Berendsen: | have difficulty in understanding your point about the facilita-
ton of pmflucl release. You say that the ordenng of 4 loop of the triose
phosphate isomerase chain weakens the substrate binding, because of the
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entropic effect, but there must be an equilibrium between a non-ordered and
anordered configuration. 1f the ordered one is preferred, i still meuns that the
free encrgy of that configuration is lower, even if the entropy s lower, How
would that weaken the hinding? It would have 1o be compensated tor by 4 more
negative enthalpy.

Penko: Yes. Ldidn't discuss compensation, which is clearly @ difficult sub-
ject. Nor did T discuss the role of water in all these changes. These are complex
aspects of the problem. One aspect is how the protein compensates for some of
these changes in flexibility, For example, if lysine 41 moves, what happens to
the residues with which it way previously in van der Waals contact”? Do they
become more disordered? From our structural data, it seems that they might.
The triose phosphate isomerase reaction is relatively reversible und the enzyme
‘sees’ both substrates all the time, physiologically, so that what we think of as
‘product release” is in fisct, from the point of view of the etizyme. the binding of
substrate. So L think my argument is still pertinent 1o the enzyme, in that for this
o any other enzyme one wants specificity and multiple points of contact,
without making the binding of substrate too tight.

Beevndsen: A measure of the tightness of binding is given by the free cnergy;
having o higher entropy will not change the fact that free energy hasto be lower
inorder to get binding. | don’t see how it helps. 10 make the binding weaker,

Frauenfelder: 1 can answer that question in a different context. Consider O,
binding to myoglobin or haemoglobin, where the dissociation rate is given by
Kk, = vexp(S*/R)exp{ —H*/RT). Nature can do little to change H*; H" is
mainly determined by the strength of the covilent Fe—( ). bond and itis of the
orderof SOKNmol. The term expl—H"'RT)thenisabout 107", The constant v
lies between 10" and 107 s ' so that v Ap(—HYRT) = 10 "o i s ' If
57 =0, oxygen remans bound for a long time and is not available where necded!
Indeed. we know that the enmropy decreases considerably on binding of O to
Hb and Mb; it must therefore increase in dissociation and the factor expiSYR)
niithes life possible. A major contribution to §° may come from protein
Hexibility

Petsko: We are talking in a sense about the ditference between an ingrinsic
binding encrgy and the obseeved binding parameters. This is where the confu-
ston anses, It is true that the free energy of the bound species must be lower
than that of the free entities, but what Lam saying is that the free energy of the
bound species 15 not as low as it should intrinsically be in view of the type and
number of bonds made. 1tis not as low because some of that intrinsic binding
encrgy is offset by a loss in entropy when substrate binds and the flexible loop
becomes ordered. So the observed binding i1s weaker than the sum of the
interactions would lead you to expect. Therefore, product release is easier than
the intrinsic binding encrgy would suggest. becuuse when product is released
the loop can become disordered again, with a Lain in entropy.
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Deisenhofer. How do your examples compare with the case of trypsinogen
and trypsin? When trypsinogen is activated, 3 large domain of the enzyme
undergoes a transition from a disordered to an ordered state and so forms the
specificity pocket (Fehlhammer et al 1977). This seems 1o be the opposite of
what you described.

Petsko: 1 don't mean 1o imply that this particular mechanism will apply to all
enzymes. Here (i.e. with the trypsinogen-to-trypsin conversion) one has a
specialized problem, namely turning the enzyme on and off a1 the physiologi-
cally appropriate time. It has been argued convincingly that there are prood
reasons for using a transition between order and disorder to do that. This is
slightly different from the case of triose phosphate isomerase, say, where you
iy want to exclude solvent from contact with the substrate but also provide a
relatively facile mechanism for getting substrate on and off the active site.
There will be many enzymes where one wants a steric solvent exclusion. If you
don’t want it to be difficult to have binding and release, some type of flexible
region is likely to be found in those enzymes.

Steatz: Could the substrate come off triose phosphate isomerase in the closed
conformation?

Petsko: 1f you look at the solvent accessibility of the atoms by Richards-type
calculations. it doesn’t look as if that is an casy thing to happen, but we don't
know that exper imentally. We are now trying to trap the enzyme in the closed
conformation, and also to eut the loop with proteases. so that the two new ends
of the loop are free 1o move around. We want 1o see what happens if we make
the loop totally flexible and do not even constrain it in the central portion,
Those experiments are not complete yet,

Steirz: Do the crystallization conditions make a difference 1o the flexibility
observed and thus to its expected function? -

Petsko: This flexible l0op has been seen in three different crystal forms of
triose phosphate isomerase. including two crystal forms of the veast enzyme
which have been grown at different pH values, both from polyethylene glycol
with no salt present. and a form of chicken muscle triose phosphite isomerase
where the mother liquor was 75% saturated ammonium sulphate. It is interest-
ing. however, that in the chicken enzyme the packing of molecules in the crystal
lattice is such that the loop is blocked in one subunit und docs not move readily.
Theretore, if you diffuse substrates or inhibitors into crystals of the chicken
somerase. binding is to one active site only—the active site that is free 1o move .,
Ihis is alarming for people who do crystallographic nvestigations of enzyme
activity. because i implies that in some cases the lattice forces are strong
caough. relative to other forces. to inhibit the necessary conformational
change

Williams. 1tis difficult to understand how you get from a erystal structure to a
discussion of entropy. Al Youseem to be seeing are certain crystal states, amd
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you have to make assumptions 1o describe entropy. | can see only a kind of
"fuzz’ in your maps. From these to entropy is & long step, because the fuzz could
come about in different ways. Can you explain how a crystallographer goes
from a fuzzy map to entropy?

Petsko: By fuzzy thinking, of course! There are two reasons for believing
that, for this particular loop in that enzyme ., we are looking at something that is
conformationally flexible rather than something that exists in a number of
discrete states. The first reason comes from nuclear MAgnenic resonince spec-
troscopy. which shows a sharp resonance for an amino acid that is found inthat
loop sequence in triose phosphate isomerase. The second reason is that if we
look at the structure of the isomerase in two totally different crystal forms, the
veast and chicken enzyme crystals, the same loop is disordered in both, From
those two pieces of evidence we think it likely that the residues in the loop are
mobile. and not just a static distribution of different conformations. 1f we now
assume their mobility, we have the curious fact that on binding the physiologic-
al substrate to the crystalline enzyme, the loop folds over and becomes much
more rigid, as demonstrated by both the quality and clarity of the electron
density. and the displacement parameters. Given that this is so, we can ask why
it might happen. We realized at this point that the transition of the loop from
the disordered to the ordered condition was an entropy contribution that would
serve to diminish the observed tinding energy of the substrate over what it
might be if the loop were always in a single conformation. We considered
whether this might have catalytic advantages. given what we knew about the
observed energy profile for this enzyme. This is the chain of reasomng that took
us from the crystallographic observation to a discussion of entropy.

Williams: Can you distinguish whether vou have three states, five states, 1)
states. and so on? If you can’t, then three states could contribute nothing, or
very little. to entropy, five states a little more., and 10 states a bit more. Thus we
do not really know what the entropy contribution is unless we know the number
ol states.

Persko: 1 don't agree that three states contribute nothing. | can at least say
what the minimum number of states is. Given the noise level of an electron
density map, one can say that there have to be at least four distinguishable
sates for the electron density for a group of atoms to disappear.

Blow: Atlower temperatures. radiation damage, as well as movement of the
side-chains, becomes less. It is therefore possible that you are just solving vour
structure hetter at low temperature, This presumably will have a ‘cooperative”
effect: because you have solved the structure better. the avcuracy with which
youdetermine phase angles is not so bad as vouextend the resolution. This will
reduce the blurring in vour map. Is it possible thit these changes are artifactual
and connected with the techmcal problem of working out the structure at
different temperatures?
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Petvho: We can't rule this out absolutely but we don’t think this as 0 mangor
factor. Wath the exception of chicken triose phosphate somerase, we have
been working deliberately with molecules which diffract very well i room
femperatures and where radiation damage at ordinary temperatures is small,
We chose to sty myoglobin. ribonuclesse and yeast triose phosphate
omerise i part for this reason. Also. in the structure of myoglobin at S K,
lor instance, some striking things are observed in the electron density itselt
{The same. 1 believe. has been seen for trypsin. o ) For example. the
sule-chain whose ¢leciron density is extremely fuzzy at room tempetature not
only becomes sharp but in severil cases resolves atsell into several altermistive
positions, at 80 K. 1 seems difficult o imagine a specific mechanism. hased on
radiation damage or phise quahty. thit would produce such a chemically
sensible result, s also true that these regions sre correlated with stracturally
‘sensible” parts of the molecule—that is, regions where you may have 2
hindesed motion of this residue which becomes APPATENt as lemperature iy
lowered. So in part we believe these results because they satisfy our prejudices
about how these molecules ought to work, but we are at least aware that that is
what we ure donng! We are trying. nevertheless, to use experimental conditions
that will minimize artifacts

Dessenhofer: Colleagues of mine (Walter et al 1982) compared the crystal
structures of trypsinogen at room temperature and at 103 K. paying special
attention o the four disordered regions of trypsinogen (one at the N-terminus
and three inside the polypeptide chain). These regions behave differently at
low temperatures. The N-terminus becomes more ordered but the three loops
remain disordered. This result cannot be explained by the artifacts mentioned
by Dr Blow,

Karplus: RM. Levy. D. Perahia and | (1952) did calculations for 4 single
isolated a-helix between $ K and 300 K. 1o see how the motions change and
when anharmonic effects become important. When we locked at the ¢han gein
the mean square fluctuations as a function of temperature over the range for
which measurements were available for myoglobin, the results for the helix
were very similar to the myoglobin results. At 80K one isin the range where the
motion is fuirly harmonic, and the room temperature measurements which give
larger fluctuations have significant anharmonic contributions. The pood agree-
mentsuggests thut both the approximate analysis of the X-tay experiments and
the approximate calculations are telling us the truth.

You suggest that the change from one equilibrium state to another happens
purcly randomly, without any “pulling’ due to ligand binding or other interac-
tons. | think that is possible, but there is one case where the data are sutficient
to show that this is not true. namely for haemoglobin, It was onginally sug-
gosted that there are two hae moglobin structures and that oxygen binds only to
the relaxed structure; i.e. that oxygen does not help to “pull’ the huemoglobin
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moleeule from one quaternary structure 1o the other. From the kinetics of the
hgand binding reaction one can show that this cannot be true: ox yeen must bhind
1o the “tense’ (1) structure and shilt the cquilibrium, ruther than just selecting
the molecules that are in the ‘relaxed’ {R) structure, In your cases one doesn't
Enow yet whether the nstes would be Fast cnough for it 1o be done just by
selecting from the equilibrivm raher than by “pulling’. My gucss is that each
case will be different. T will be mteresting o anulyse nbonuclease kinetically to
see whether the probubility of a given state is large cnough 1o explain the rate
on i random: bases

Penkeo: That is i good point. We examined various sequences of s
phosphate isomerise for residues in the loop that might bind substrate when
the Toop was open. to see if that might be an outer capture point for substrate.
But there are ne positively charged residues in the loop. 1n most of the enzyme
sequences. and there is no obvions special interaction between those residues
and the phosphate moiety of the substrate.

Karplus: It could be that the general electric ficld of the molecule would
change 10 produce the required effect.

Persko: ltbecomes complicated. The structure has not been analysed enough
yet, but we were looking 1o see whether, with the laop closed, it would form
something that might have a turn of helix, say, giving a dipole effect.

Stewz: Your difference Fourier map struck me as showing that the negative
clectron density was as strong as the positive clectron nsity. That would
imply as much ordered structure before adiing the hgand as after. Why,
theretore, do you feel that the structure in the absence Qfthe ligand is the more
flexible one? :

Peisko: The negative density is weaker and more dilfuse than the positive
density, when seen in three dimensions,

Jarderzky: Could you control for potential artifacts by looking at a series of
mutants or modified proteins where there 1s other evidence—for example.
spectioscopic evidence—that the modification changes the mobility? Artifacts
presumably would be common 1o all the structures.

Petsko: That raises the problem of cytochrome ¢, where there is much
evidence from a variety of spectroscopic observations (including your own)
showing a substantial change in mobility between the oxidized and the reduced
forms of the protein, and the erystallographic data do #or show this up.

Jardetzky: But if they did, in a given casé, you would be on safer ground,

Petsko: This is the only case where it has been looked at and the changes did
not appear! But you are correct,

Frauenfelder: The entire discussion may be on weuk grounds beciuse the
wiy the data are usually evaluated is incorrect. Considerin waubstates und using
4 standard program for the X-ray data evaluation is inconsistent: the stundard
program is based on the harmonic approximation and many substites are far
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from harmonic. There is one saving grace, because what one really measures
are form factors. The first term in the expansion of form factors thatis different
from 1 is proportional to the mean-square radius. Thus the first approximation
isn't quite as bad as one would expect initially. Comparison ol the x*-values
measured by Massbauer effect with those obtained from X-ray diffraction
shows that they have the same temperature dependence where expected and
very similar values. Radiation damage is not important in Mossbauer effect,
The agreement therefore implies that we can’t be completely wrong,
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