UC Davis
UC Davis Previously Published Works

Title
Access of ligands to cavities within the core of a protein is rapid

Permalink
https://escholarship.org/uc/item/3kh4x1kw

Journal
Nature Structural & Molecular Biology, 3(6)

ISSN
1545-9993

Authors

Feher, Victoria A
Baldwin, Enoch P
Dahlquist, Frederick W

Publication Date
1996-06-01

DOI
10.1038/nsb0696-516

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/3kh4x1kw
https://escholarship.org
http://www.cdlib.org/

@ © 1996 Nature Publishing Group http://www.nature.com/nsmb

articles

Institute of Molecular
Biology and
Department of
Chemistry, University
of Oregon, Eugene,
Oregon 97403, USA

Correspondence

should be addressed
to FW.D.

516

Access of ligands to cavities within the
core of a protein is rapid

Victoria A. Feher, Enoch P. Baldwin and Frederick W. Dahlquist

We have investigated the magnitude and timescale of fluctuations within the core of a
protein using the exchange kinetics of indole and benzene binding to engineered
hydrophobic cavities in T4 lysozyme. The crystal structures of variant-benzene complexes
suggest that relatively large scale fluctuations (1-2 A) of backbone atoms are required for
entry of these ligands into the core. Nonetheless, these ligands enter the cavities rapidly, with
bimolecular rate constants of ~106-107 M-' s-! and a low activation barrier, 2-5 kcal mol-1.
These results suggest that protein cores undergo substantial fluctuations on the millisecond
to microsecond timescale and that entry of small molecules into protein interiors is not

strongly limited by steric occlusion.

Knowledge of the types, magnitudes, and frequencies
of dynamic fluctuations available to proteins is
important in defining the molecular details and rate-
limiting processes of protein functions such as ligand
binding, protein—protein interactions, and conforma-
tional changes'%. Currently, X-ray crystallography
and NMR spectroscopy depict the time-averaged
structures of proteins with well ordered and relatively
static interiors but with more flexibility of surface
regions. Crystallographic B-factors and the root-
mean-square (r.m.s.) deviations for an NMR ensem-
ble of structures indicate buried atoms have small
deviations from their mean position (0.25-0.5 A),
while surface residue deviations can be much larger,
up to several angstroms™®. Neutron scattering, mole-
cular dynamic simulations, and NMR relaxation
studies have assigned picosecond timescales to the
small motions of buried side chains’-!1. Larger scale
rapid fluctuations are revealed by buried aromatic
rings that flip faster than 10 s°! (refs 12, 13). Concert-
ed fluctuations up to 3 A occur on the millisecond to
microsecond timescale and are limited to surface
accessible residues, loops, active site residues, and the
terminal ends of proteins®!!. Ligand exchange kinet-
ics have also been utilized to probe the fluctuations
available to protein cores. These studies are consistent
with the small scale motions of core atoms on the
picosecond timescale since monoatomic and diatom-
ic molecules and solvent can rapidly access the buried
regions of proteins!#-21. Are larger scale fluctuations
available to protein cores? To answer this question we
have used NMR to measure how fast larger mole-
cules, benzene and indole (Fig. 1), enter and exit
from engineered internal cavities in T4 lysozyme
variants.

Benzene-binding variants of T4 lysozyme

Benzene stabilizes two T4 lysozyme variants by binding
in the hydrophobic cavities created by mutations
Leu99Ala and Metl02Ala (refs 22, 23, EPB. et al,
unpublished results). The variant Leu99Ala also binds
substituted benzenes, indole, and other 6,5 bicyclic
compounds**2>, Crystal structures of the variant-ligand
complexes show single ligand molecules bound in the
solvent-inaccessible engineered cavities 5-6 A from the
surface (Figs 2a—c; refs 23, 25, E.P.B. et al., unpublished
results). In general, very little structural rearrangement
occurs upon binding. However, in order for benzene to
enter the cavities the conformation of the protein must
alter significantly, suggesting that the primary barriers
to entry and exit from the interior are the conforma-
tional changes required to create a free path. The entry
rates of these ligands into interior cavities should repre-
sent a minimum estimate of the rate required for struc-
tural fluctuations. We investigated the rates of these
fluctuations by measuring the exchange kinetics of ben-
zene binding to T4 lysozyme variants Leu99Ala (Fig. 2a)
and Met102Ala (Fig. 2b) under equilibrium conditions.
The magnitude of these fluctuations was probed by
comparing benzene rates with those of the larger indole
molecule in the Leu99Ala variant (Fig. 1). Additionally,
we compared the exchange kinetics of the cavity-con-
taining variants to those of variant Phe104Ala (Fig. 2¢),
which binds benzene in a solvent accessible crevice. The
entry rate constants for this variant should reflect the
diffusional barrier for locating a benzene-sized binding
site on the protein surface.

Binding and exchange kinetics by NMR

We determined binding occupancy and exchange rate
constants as a function of benzene concentration by
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following changes in the protein spectra. The variants
were biosynthetically labelled with 'N-alanine to pro-
vide easily identified resonances at the alanine-substi-
tuted binding site and several other positions (Fig. 3a).
One-dimensional 5N-edited 'H NMR spectra of the
alanine amides were obtained and the resonances were
assigned using the published wild-type assignments,
and data from two-dimensional !H,!’N-HSMQC,
HSMQC-COSY and HSMQC-NOESY experiments.
Representative spectra for the Leu99Ala variant are
shown in Fig. 3a. The alanine amide resonances were
divided into three groups, according to their responses
to benzene binding: Type 1 did not change; Type 2 had
moderate shifts (25-90 Hz) and little change in spec-
tral linewidth, where the observed shift is the weighted
average of the free and bound values; and Type 3 had
large shifts (>100 Hz) and substantial line broadening,
indicating an exchange contribution to the lineshape
and position. Not surprisingly, the most perturbed res-
onances correspond to amides near the respective ben-
zene binding sites (Fig. 3a). In contrast, the spectra of
the wild-type protein were unaffected by saturating
benzene concentrations (data not shown).

The chemical shirf changes of Type 2 amides were
used to calculate the dissociation constants asuming a
two state equilibrium (Fig. 3b). All three proteins bind
benzene with similar affinity, ~10-> M (Table 1), which is
slightly higher affinity than expected from the partition-
ing of benzene between organic and aqueous phases (the
partition coefficient for benzene transfer from octanol to
aqueous phases is 7.4X10-3 (ref. 26)). These values cor-

Table 1 Equilibrium dissociation constants and rate constants for benzene
and indole binding to T4 lysozyme variants

al Leu99Ala Met102Ala Phe104Ala
Kq(mM), 10°C 0.3+£0.20 0.4+ 0.07 1.0+£0.11*
20 °C 0.8+0.12 0.8+0.10 1.3+0.05
30°C 1.1+0.11 1.0+ 0.08 N.D.4
kot (1), 10°C 250 + 50 3000 + 800 >104*
20°C 800 £ 200 3000 + 800 >104
30°C 950 + 200 3000 + 800 N.D.
b? Indole Benzene
Ky (mM): 0.35+0.06 0.8+0.12
kog (512 32575 800 = 200
c Variant + Benzene Variant + Indole
Leu99Ala Met102Ala  Phe104Ala Leu99Ala
kon (M1s) - 8x105-1x106  3x106-5x10° >107* 7X105-1x106

Dissociation constants and off rate constants for benzene to cavity and crevice con-
taining T4 lysozyme mutants. Errors for dissociation constants are reported as the
standard deviation from the mean value determined for several resonances, except
for Phe104Ala at 10 °C where the goodness of fit is reported. Error estimates for the
dissociation rate constants were determined from the range of simulations com-
pared to the observed lineshape.

2Comparison of dissociation constant and off rate constant measured for indole and
benzene binding to variant Leu99Ala at 20 °C.

3values of bimolecular on rate constants evaluated using the relationship
kon=Kd/kof‘f' A

4N.D.=not determined.

*The low temperature titration of benzene binding to Phe104Ala was done at 7 °C.

nature structural biology volume 3 number 6 june 1996

B ey

Benzene

Cos s

Xe

Fig. 1 Diagram of van der Waal size of xenon, benzene,
and indole (ChemDraw3D, Cambridge Scientific Comput-
ing, Inc., Cambridge, MA.).
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respond well to those obtained by monitoring the ben-
zene concentration dependence of the folding/unfolding
equilibrium?? or by mixing calorimetry?4.

Analysis of the lineshapes of Type 3 resonances from
titrations of Leu99Ala and Met102Ala yielded estimates
of exchange rate constants, k., (see Ala 98, Fig. 3a). At
equilibrium, k,, is related to the dissociation rate con-
stant, kg and the fraction bound, £, by k. =k.i/f,. The
kg values were obtained from simulation of the line-
shapes determined at several ligand concentrations, using
relationships derived by McConnell?7 (Fig. 3¢). The dis-
sociation rate constants were 900 s! for Leu99Ala and
3000 st for Met102Ala at 20 °C respectively (Table 1).
The protein remains folded during the exchange process,
the kg values are much larger than the global unfolding
rate constant which is on the order of weeks! (see Meth-
ods). Furthermore, benzene can bind directly to intact T4
lysozyme crystals?3, indicating that the fluctuations which
allow benzene to bind in the cavity occur in the native
state or a closely related state.

In contrast to the cavity-containing variants, the
linewidths for resonances of the solvent accessible
crevice-containing variant, Phe104Ala, remained narrow
(data not shown). This lack of line-broadening indicates
the ligand exchanges more rapidly than in Leu99Ala and
Met102Ala, corresponding to kg of 10,000 s! or more
(see Methods). Thus, benzene escapes from the crevice
faster than from the cavities.

Rapid entry to the protein core

Using the rate and equilibrium constants for dissocia-
tion, the apparent bimolecular rate constants for entry
into the binding sites, k_,, were calculated: k =k /K4
(Table 1). This analysis yielded &, values of 1 X105 M-
I's'l and 4X10% M1 57! for Leu99Ala and Met102Ala
respectively. These values are within two to three
orders of magnitude of the diffusion-controlled
limit—the bimolecular diffusion controlled encounter
rate constant, k,, for a protein and a small molecule
has been calculated to be ~10° M-1s! (ref. 28) and rate
constants measured for many enzymes and their sub-
strates are in the 106-108 M s range?’. The
Met102Ala cavity is somewhat closer to the surface
which may account for the fourfold faster rate of entry.
The entry of benzene into the solvent accessible crevice
of Phe104Ala is at least 10-fold faster, approaching the
rate of diffusion.
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We used the larger molecule, indole (10X6x4 A,
Fig. 1), to probe the magnitude of the necessary fluctu-
ations for entry. Indole binds more tightly to Leu99Ala
than benzene (K;=3.5X10"* M), and this is reflected by
its slower rate of dissociation, k,z=325 s°L. In the crys-
tal structure of the Leu99Ala-indole complex, the
indole Nel atom makes a hydrogen bond to the S§
atom of Met 102 (ref. 25). Breakage of this bond upon

dissociation may account for the slower off rate. In
spite of its larger size, the k_, is essentially the same as
for benzene (1X10% M"! s71), suggesting the deforma-
tions that may be required do not present a higher bar-
rier to entry or that larger deformations are already
sampled by the protein. In addition, it is surprising
that the entry rate is not slower than benzene since
indole binds in a specific orientation in the cavity,
while the benzene can rotate freely?3. Apparently, the
rate-limiting step for association does not involve
‘freezing’ out the indole’s rotational freedom about the
axis perpendicular to the ring plane. Either the fluctua-
tions sampled by the protein are large enough to allow
indole to change its entrance trajectory or indole reori-
ents once in the cavity more rapidly than the rate lim-
iting step.

Low energy core deformations

The rapid entry of benzene and indole into buried
cavities suggests that the required structural fluctua-
tions are associated with small energetic changes.
This conclusion is further supported by the relative
temperature-independence of the association rate
constants (Table 1). The faster rate of entry into
Phel04Ala is presumably because the protein does
not deform significantly (if at all) to create a path
(Fig. 2¢). By comparing association rate constants for
the cavity and crevice variants and the diffusion-con-
trolled encounter rates, we estimate an upper limit of
4-5 kcal mol-! for the free energy barrier to entering
the cavities®. Thus, structural changes large enough
to allow benzene to enter the core have energetic
obstacles comparable to rotations about one or two
individual single bonds of butane’!. The energetic
barriers reported for the smaller Xe atom (2.05 A
radius) binding to buried sites in myoglobin are con-
siderably larger (~16 kcal mol’'; ref. 14). Although
higher, this barrier does not suggest that large scale
cooperative motions of the protein are likely needed
for xenon access.

The apparent low activation energy for these defor-
mations is similar to the apparent unfavourable reor-
ganization energy incurred by substitutions of smaller
residues for larger ones in a protein core (up to 5 kcal
mol1; ref. 32). The accommodation of strain intro-
duced by such mutations presumably reflects the static
deformability of protein interiors. The dynamic flexi-
bility we observe here may be further a expression of
this static deformability.

Fig. 2 Benzene bound in cavities and cleft sites of T4
lysozyme variants. Crystaltographic structures illustrate stip-
pled Connolly surfaces of the cavities (red), cleft (purple)
and protein surfaces (green) of the T4 lysozyme variants.
The protein surface to cavity distances were estimated
from Connolly surfaces®0 of the crystal structures to the
benzene centre of mass. Connolly surfaces were generated
using radii of Lee and Richards>' and a probe size of 1.4 A.
The van der Waal surface of benzene is shown in yellow
stippling. a, Leu99Ala-benzene, b, Met102Ala-benzene
and ¢, Phe104Ala-benzene complexes (ref. 23, E.PB. et al.,
unpublished material). The surfaces are sectioned through
the surface point closest to the benzene centre of mass.
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Fig. 3 a, One dimensional '5N-edited proton HSMQC spectra4® for the amide
region of '>N-alanine labelled T4 lysozyme Leu99Ala variant with increasing
concentrations of benzene at 30 °C. b, Chemical shift changes for Leu99Ala
lysozyme at 30 °C. Dissociation constants were determined by non-linear least-
square methods. More than one amide resonance was used to determine the
dissociation constant for each series of titration, shown here are Ala 99 -@®—,
Ala 129 -O-, and Ala 93 — [0 - ¢, The titration series from (a) is expanded for
the Ala 98 amide proton (black) along with simulated peak shapes. Simulations
for lineshapes two-fold faster (1800 s, red) and slower (450 s, biue) than the
best fit (950 s*!, green) are included for comparison. Benzene concentrations
are the same as indicated for the titration series (a).

Possible paths for entry

The path(s) and mechanism of the exchanging ligands
remain(s) to be elucidated. Molecular dynamic simula-
tions of CO and O, dissociation from the haem pocket
of myoglobin suggest small fluctuations of buried side
chains provide a path for escape!®. It is possible that
these proteins have evolved to provide such a path.
Inspection of the T4 lysozyme structures suggests sim-
ple side-chain motions alone cannot generate a path:
the cavities in the models remain inaccessible to a ben-
zene-sized molecule even if all side chain atoms
beyond CP are removed. The rate limiting steps may
involve the ligand searching the protein surface for sin-
gle or multiple entry site(s) and/or creating the entry
path(s). The two closest surface points to the cavities
which may be potential entry sites are adjacent to the
most mobile helix in the C terminus, residues
108-113. This helix also has increased B-factors in the
Leu99Ala—complex crystal structures compared to the
apo structures?>23, however similar increases in B-fac-
tors are not observed for the Met102Ala complex. The
protein fluctuations necessary to create a path may
occur by mobile defects or local unfolding of sec-
ondary structure33-33. These ligands could reduce the
entry activation energy through favorable van der
Waals interactions with atoms along the path.
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‘Polarity’ barrier to protein permeability

These data have general implications for ligand bind-
ing dynamics in proteins. The rapid entry of these
molecules into a protein core suggests that the ligand
exchange rates from binding sites may not be strongly
limited by either the steric barriers expected from
examining crystal structures or the timescales of rel-
atively large fluctuations. Entry may be limited by
activation barriers resulting from the burial of
dipoles or charges in the low dielectric protein interi-
or and/or desolvation of polar groups. Thus, the gen-
eral inability of polar molecules such as enzyme
substrates to diffuse freely through proteins may be
due to such ‘polarity barriers’ rather than steric
occlusion.

The notion of a polarity barrier is also useful for
understanding solvent exchange in proteins. Our data
suggest that the observed slow exchange rate con-
stants for some buried amide hydrogens (those
amides defined as Peak 2 amides by Gregory and
Lumry?®$) may be due to the unfavourable activation
energy of transferring the exchanging species, a
charged hydroxide ion or a water molecule, into the
hydrophobic core instead of slow fluctuation rates
necessary to create a free path (that is, the frequency
of mobile defects?>37 or so called steric gates®®).
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Generality to protein dynamics

The core of T4 lysozyme undergoes substantial deviations
from its average structure and samples configurations
with gaps between atoms large enough to admit a ben-
zene or indole molecule on the timescale of milliseconds
to microseconds. Are the types of deviations and the
associated dynamic behaviour required for the perme-
ability of benzene and indole generally available to all
protein matrices? To address this question we need to
understand whether the mutations that create the buried
cavities significantly alter the dynamic nature of the core
relative to wild type. Unfortunately, there is no published
data that satisfactorily answers this question. Fast
timescale dynamics can be affected by local core muta-
tions: measurement of indole ring dynamics for a buried
tryptophan suggest that the picosecond to nanosecond
motions are increased when residues in van der Waal dis-
tance are altered. Interestingly, such motions correlate
more closely with the global stability of the protein rather
than with local changes, that is, mutations that most
affect the tryptophan dynamics on this timescale are far
from the tryptophan and very destabilizing to the pro-
tein. The effects of changes in packing due to mutation in
concerted motions on the millisecond to microsecond
timescale range, those presumably required for ligand
exchange, are also essentially unknown. One example of
concerted fluctuations are those thought to be required
for the ring flips observed for Tyr 35 and Phe 45 in bovine
pancreatic trypsin inhibitor (BPTI). Ring flip rates for
BPTI variants have been suggested to be governed by
local packing rather than global stability, but the effects of
adjacent residue substitutions have not investigated’. In
our study, comparison of B-factors between the crystal
structures of core variants and wild-type protein do not
suggest changes in relative thermal motion as a conse-
quence of the mutations. Rather the small differences
observed are not localized to the mutation site and reflect
the thermal factor differences between the data sets. The
generality of the fluctuations described here are indicated
by studies of ligand binding kinetics to myoglobin or
hemoglobin?!~43 and the rate constants for CO, H,S, and
CS, quenching of tryptophan phosphorescence in azurin
and alkaline phosphotase?!. The rate constants for these
data are similar for a number of proteins and processes
which suggests that proteins may well be generally per-
meable to small molecules and invoke fluctuations on the
millisecond to microsecond timescale.

Methods
Protein preparation and NMR conditions. Recombinant
T4 lysozyme variants Leu99Ala?2, Met102Ala, and

Phe104Ala in a Cys-free wt (wt*) background were generat-
ed according to methods described by M. Matsumura and
B.W. Matthews?*4, Biosynthetic incorporation of 1>N-Ala into
each T4 lysozyme variant was accomplished using published
protocols?>. Protein samples were dialyzed into 50 mM
deuterated acetate buffer pH 5.5, concentrated to 0.3-0.4
mM, combined with ligand and sealed. Indole-containing
samples were not sealed.

One dimensional '5N-edited proton HSMQC spectra?
were collected on a GN500 Omega spectrometer with spec-
tral width 6666.7 Hz, 1024 points, 6400-9600 scans. All 17
alanine amide protons were observed for each variant. The
TH,'SN HSMQC spectra for the ligand-free samples were
compared to the T4 wt and wt* lysozyme assignments47.48,

Comparison of the free and bound spectra showed only
small changes for nitrogen chemical shift despite the large
proton chemical shift changes for some of the resonances,
facilitating assignment of the ligand bound proteins (data
not shown).

The alanine amide resonances were divided into three
types: Type 1 and Type 2 resonances correspond to the fast
exchange regime and Type 3 resonances correspond to
intermediate exchange regime on the NMR timescale. Those
residues showing no change in chemical shift, Type 1 reso-
nances, include the amides of alanine residues: 41, 42, 63,
97, 160 for all variants. Additionally, the alanine amide reso-
nances of residues 49, 74, 130 for Leu99Ala, 49 and 93 for
Met102Ala, and 74, 82, 93, and 130 for Phel04Ala were
included as Type 1.

Determination of the equilibrium binding constant.
For those resonances exhibiting fast exchange character and
moderate chemical shift changes (Type 2), plots of chemical
shift changes, A8 (Hz), as a function of the total ligand con-
centration were fitted using the relationship, A8, =1, XA8,,.
1al (Where f, is the fraction of ligand bound protein and
Adyor, is the total chemical shift change in Hz). The fraction
bound is related to the dissociation constant, Ky (mM), and
the ligand concentration, L (mM), by the relationship, f, =
1[{L)(L+K]. The PlotData program (Triumph software) was
used to estimate Ky and Ad,,, from the dependence of
Abs as a function of total ligand concentration. The follow-
ing Type 2 resonances were used to determine the equilibri-
um dissociation constants: Leu99Ala and benzene: 10 °C, 73
and 82; 20 and 30 °C, 93, 99 and 129; Met102Ala and ben-
zene: 10 °C, 73, 129, 130 and 134; 20 °C,74, 130 and 134; 30
°C 74 and 134; Phe104Ala and benzene: 7 °C, 104; 20°C, 49,
104; Leu99Ala and indole: 20 °C, 93, 97, 129.

Determination of rate constants. Lineshapes sensitive
to uncoupled two-site exchange can be simulated from
knowledge of kg, f,,, Adioiai Tor ,and Ty, using modified
Bloch equations derived by McConnell?’. The observed
lineshape is related to the sum of the population weight-
ed lineshapes for free and bound protein (1/T,;, 1/T;,)
and the exchange rate constant, k,. At equilibrium, k, is
related to the dissociation rate constant by k. =k «/f,-
The f, and A8, values were estimated from calculated
Ky values. Values for the transverse relaxation times for
the free (7)) and bound (T,,) protein were measured
directly from spectral linewidths for free and ligand satu-
rated protein, (linewidth at half-height for indole satu-
rated Leu99Ala was equivalent to the ligand free
protein). The assumption that the exchange process is
two state is supported by a single ligand binding in each
of the cavity/crevice containing variant crystal struc-
tures?325, Each k¢ rate constant (Table 1) was deter-
mined from comparison of observed peak shapes to a
series of simulated titrations created over a range of pos-
sible off rate constants, 90-5000 s' at 50-100 s! intervals
(Fig. 3c). The range of k4 rate constants in Table 1 were
determined from the simulated titration curves which
best fit not only the lineshape of the data (especially over
the concentration range where the peak is most broad-
ened) but also the relative position of the peak maxima
as a function of concentration. Fig. 3c illustrates qualita-
tively that the rate constant is not slower than the values
reported in Table 1. Further quantitative analysis using
criterion described above provides certainty in the ki
rate constant within a twofold range or better. The simu-
lations were generated by a program created by Michael
Strain based on the approach of J. Sandstrédm#® and run
as a macro by Felix version 2.05 software (Biosym Inc.).
The following Type 3 resonances were used to calculate
exchange rates: Leu99Ala and benzene: 10 °C, 93, 98, 112;
98 and 112 at 20 °C and 30 °C; Met102Ala and benzene:
10 °C, 134 only; 112 and 134 at 20 °C and 30 °C; Leu99Ala
and indole: 98 and 112.

nature structural biology volume 3 number 6 june 1996
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Estimates of the upper and lower k¢ limits for the
Phe104Ala benzene complex. The upper limit for the
dissociation of benzene from the crevice, Phe104Ala, can
be estimated using the conservative upper limit of &,
1X109 M1 51 (refs 28, 29), the measured dissociation con-
stant, 1X103 M, and the relationship Ksk,,=K¢. The
lower limit was estimated by simulations to find the
fastest k.4 where line-broadening would not be
observed, 104 s-1, These estimates provide a k¢ range of
10%-106 51 for the Phe104Ala benzene complex.

Estimates of exchange rate by a global unfolding
mechanism. The global unfolding rate can be estimated
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