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Evolutionarily Conserved
Pathways of Energetic
Connectivity in Protein Families

Steve W. Lockless and Rama Ranganathan*

For mapping energetic interactions in proteins, a technique was developed that
uses evolutionary data for a protein family to measure statistical interactions
between amino acid positions. For the PDZ domain family, this analysis pre-
dicted a set of energetically coupled positions for a binding site residue that
includes unexpected long-range interactions. Mutational studies confirm these
predictions, demonstrating that the statistical energy function is a good indi-
cator of thermodynamic coupling in proteins. Sets of interacting residues form
connected pathways through the protein fold that may be the basis for efficient

energy conduction within proteins.

Many cellular processes depend on the sequen-
tial establishment of protein-protein interactions
that underlies the propagation of information
through a signaling system. The interaction of
one protein with another can be thought of as an
energetic perturbation to each binding surface
that distributes through the three-dimensional
structure to cause specific changes in protein
function (7). The structural basis for this pro-
cess is largely unknown, but large-scale mu-
tagenesis has begun to define some basic prin-
ciples of energy parsing in proteins. Studies of
the interaction of human growth hormone with
its receptor show that binding energy is not
smoothly distributed over the interaction sur-
face; instead, a few residues comprising only a
small fraction of the interaction surface account
for most of the free-energy change (2). Similar-
ly, high-affinity interaction of K* channel
pores with peptide scorpion toxins buries ~15
residues on the toxin molecule, but most of the
binding energy depends on only two amino acid
positions (3, 4). Thus, protein interaction sur-
faces contain functional epitopes or hot spots of
binding energy that are generally not predict-
able from the atomic structure.

In addition, a large body of evidence sug-
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gests that the change in fiee energy at a protein
interaction surface propagates through the ter-
tiary structure in a seemingly arbitrary manner.
Studies addressing mechanisms of substrate
specificity in serine proteases show that many
sites distantly positioned from the active site
contribute to a determination of the energetics
of catalytic residues (J5). The conversion of
trypsin to chymotrypsin specificity required a
large set of simultaneous mutations, many at
unexpected positions. Similarly, mwutations in-
troduced during maturation of antibody speci-
ficity have been shown to occur at sites that are
distant in tertiary structure from the antigen-
binding site, despite substantial increases in
binding energy (6).

An important step in understanding the
problem of energy distribution in proteins is the
full-scale mapping of energetic coupling be-
tween amino acid positions. Thermodynamic
mutant cycle analysis (3, 7), a technique that
measures the energetic interaction of two mu-
tations, provides a direct method to systemati-
cally probe such relations of protein sites. How-
ever, practical considerations limit this tech-
nique to small-scale studies, precluding a full
mapping of all energetic interactions on a com-
plete protein. We report a study that uses evo-
lutionary data for a protein family to measure
energetic coupling between positions on a mul-
tiple sequence alignment (MSA).

Evolution of a protein fold is the result of
large-scale random mutagenesis, with selection
constraints imposed by function. The theory

Synchrotron Radiation Laboratory (SSRL) for help with
xenon derivatization and data collection; M. J. Bennett,
A. J. Chirino, L. M. Sanchez, D. E. Vaughn, and A. P. Yeh
for discussions and help with crystallographic software;
S. Matthews for intimin coordinates; P. D. Sun for CD94
coordinates; W. . Weis for helpful discussions about
C-type lectin structures; and W. | Weis, J. M. Leong, and
members of the Bjorkman lab for critical reading of the
manuscript. Inv497 coordinates have been deposited in
the PDB (PDB code 1CWV).

16 June 1999; accepted 1 September 1999

described below is based on two hypotheses
that derive from the empirical observation of
sequence evolution. The lack of evolutionary
constraint at one position should cause the dis-
tribution of observed amino acids at that posi-
tion in the MSA to approach their mean abun-
dance in all proteins, and deviances from the
mean values should quantitatively represent
conservation. In addition, the functional cou-
pling of two positions, even if distantly posi-
tioned in the structure, should mutually con-
strain evolution at the two positions, and these
should be represented in the statistical coupling
of the underlying amino acid distributions (8).

Two definitions guide the development of
statistical parameters used in our analysis: (i)
Conservation at a given site in a MSA is
defined as the overall deviance of amino acid
frequencies at that site from their mean val-
ues, and (ii) statistical coupling of two sites, i
and j, is defined as the degree to which amino
acid frequencies at site 7 change in response
to a perturbation of frequencies at another
site, j. This definition of coupling does not
require that the overall conservation of site 7
change upon perturbation at j, but only that
the amino acid population be rearranged.
Therefore, we describe a site by a vector of
20 binomial probabilities of individual amino
acid frequencies instead of the scalar multi-
nomial probability of the overall amino acid
distribution (9). This approach uniquely rep-
resents all changes in an amino acid distribu-
tion regardless of conservation at a given site.

For an evolutionarily well sampled MSA,
where additional sequences do not signifi-
cantly change the distribution at sites, the
probability of any amino acid x at site 7
relative to that at another site, J, is related to
the statistical free energy separating sites i
and j for amino acid x (AG;_) by the Boltz-
mann distribution (/0)

Py 1
pe )

where A7* is an arbitrary energy unit (/7).
The probability of any amino acid x at site 7
(P7) is given by the binomial probability of
the observed number of x amino acids, given
its mean frequency in all proteins (Fig. 1A)
(12). The full distribution of amino acids at a
site 7 can then be charactcri@)d by a 20-
element vector of P for all x (P7). If we take
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as site j a hypothetical site where all amino  overall empirical evolutionary conservation  which amounts to taking the magnitude of the

acids are found at their mean frequencies in  parameter (AG®**") for site i

vector of amino acid statistical energies for site

the MSA as a reference state for all sites, we i(13).

can use Eq. 1 to transform P7 into a vector of ot P\ To test the theory, we chose the PDZ
statistical energies that represents the evolu- AGH™ = kT* 2 In P (2)  domain family as a model system for the
. > . MSA d .
tionary constraint at site i. We then define an x analyses described below. PDZ domains are a
Fig. 1. A statistical en- A

ergy function describ- 0.10

ing evolutionary con- 0.08

servation. (A) A com- 0.06 | i

parison of amino acid 0.04

distributions  (20) in 0.02 4

36,498 unique eukary- 0.00 ' il =B

otic proteins from the ACDEFGHIKLMNPQRSTVWY

Swiss-Prot ~ database B o5 POS 76

(black bars) and 274 > 04

members of the PDZ g 0.3

family (gray bars). Ex- 8 o024

amples of amino acid T 01

distributions in  (B) & oo '

moderately conserved ACDEFGHIKLMNPQRSTVWY

and (C) weakly con- C 010

served positions (POS) oy

in the PDZ family (gray ]

bars) in comparison to el

the Swiss-Prot mean 008

distribution (black 0.02

bars). There is a differ- 0.00 LB

ence in scale between
(B) and (C). (D) The
statistical energy

(AG=*=) representing evolutionary conservation is plotted against the primary
structure position. (E and F) A colorimetric mapping of AG**** on the tertiary
structure of a representative member of the PDZ fold family [made with GRASP
(29)]. (F) is rotated 180° in relation to (E), and the color scale for the energy function
ranges from blue (0.000 kT *) to red (6.000 kT *). The yellow stick model shows the
peptide ligand bound at the interaction site of the PDZ domain.

Fig. 2. Statistical cou-
pling for a single site
in the PDZ domain
family. (A) Examples
of amino acid distri-
butions for two PDZ
domain sites before
(black bars) and after
(gray bars) a 6.45 kT*
perturbation at posi-
tion 76. The distribu-
tion at position 63
changes very little
upon perturbation at
position 76, despite
high overall conserva-
tion, and the distribu-

tin at position 34 changes significantly. (B)
A full mapping of AAG;™ for PDZ position
76 for all other positions in the fold family.
Only a small set of coupled positions dis-
tributed throughout the primary sequence
emerge above noise. (C through F) Map-
ping of the data in (B) on the tertiary
structure of a representative member of
the fold family. Four views are shown, each
successively rotated by 90° from the first,
of the statistical coupling pattern for per- =
turbations at PDZ position 76 over the o 90’

A
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entire PDZ domain. Coupled positions de-
scribe energetic interactions at sites spatially close to and distant from the point of perturbation. The color scale ranges from blue (0.330 kT*) to red

(2.330 kT*).
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family of small, evolutionarily well repre-
sented protein binding motifs for which four
high-resolution structures of distantly related
members exist (/4—16). The structures are
quite similar (root mean square deviation in
C, atoms of 1.4 A), although the average
sequence identity between pairs of domains is
only 24% and, in many cases, is indistin-
guishable from random sequence identity.
We used structure-based alignment tech-
niques to generate a MSA of 274 eukaryotic
PDZ domains (/7). Overall amino acid dis-
tributions for all proteins and for PDZ do-
mains alone differed only slightly, a fact that
derives from the large sequence divergence
of this fold family (Fig. 1A). Distributions at
sites that represent moderately conserved
[position 76, AG®* = 3 83 kT*, ¢ = 0.4 kT*
(Fig. 1B)] and weakly conserved [position
99, AG*™ = 0.1 kT*, 0 = 0.4 kT* (Fig. 1C)]
positions show that even moderate conserva-
tion skewed the mean amino acid distribution
significantly, and lack of conservation was
correlated with distributions closer to the
mean.

REPORTS

Using Eq. 2, we calculated AG*™* for all
sites on the PDZ domain alignments. These
data plotted on the primary structure show a
dispersed pattern that describes the overall
conservation profile of the fold family (Fig.
1D). The same data plotted on a representa-
tive three-dimensional structure of a member
of the family show that this pattern simplifies
into a rough description of the protein inter-
action surface of the fold (Fig. 1, E and F).
For example, the groove on the surface of the
PDZ domain that contains the co-crystallized
peptide ligand (/4, 16) (Fig. 1E) emerges as
the most conserved portion of the protein
family. This finding is consistent with the
intuitive expectation that a proper measure of
conservation should be able to map function-
ally important sites on a protein (/8).

To measure the functional coupling of
sites, we performed an experiment in which
the statistical energy vector at a given site i
was measured for two conditions: (i) the full
MSA (AG™) or (ii) a selected subset of the
MSA representing a perturbation of the ami-

stat

no acid frequencies at another site, j (AG,,,SJ .
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2.0
2,0 .
o =
= 15
= K is .
— — .
‘g 1.0 2 ¢ )
(2 %‘ 1.0 ° "
< < .
0.5 { 051, .
..
L]
0.0 - 0.0 1
BEI8I E88s IKL3S 00 05 10 15 20 25
AAGMUL (kT)
B D "
| 510 Fig. 3. Mutant cycle
g . !
2,0 g 20 analysis at PDZ sites
& — predicted to be ther-
— ~ 05 = .
= s m 1.5 - modynamically  cou-
= * 5 pled by statistical anal-
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ergy transfer efficiency.
The inset in (B) shows

an example of a binding isotherm for wild-type PDZ3Ps%5 protein and a class | binding peptide (22). An
average and standard deviation of five measurements are shown for each ligand concentration tested (solid
circles), with the smooth curve showing a fit to the Hill equation. Using this binding energy assay, we carried
out double mutant cycle analysis for mutations at PDZ position 76 (H76Y) and at a set of statistically
coupled and uncoupled positions. (A} and (B) show a comparison of statistical coupling (AAGS*) and
mutational coupling (AAG ™), with sites categorized in three groups: those sites that are statistically
coupled and near to position 76 [33, 34, 39, 80, 84], those sites that are statistically coupled but distant from
position 76 [26, 29, 66, 67, 90], and those that are statistically uncoupled [32, 44, 75, 89]. The energy units
(kT and kT*)} are different for the two analyses and cannot be quantitatively compared (77). In each graph,
the horizontal line depicts the 1o error in kT or kT *. (C) A scatterplot of mutational coupling energies and
statistical coupling energies. (D) Thermodynamic mutant cycle analysis between mutations at PDZ position
76 (H76Y) and mutations at ligand positions at the directly interacting position (T7F) and at the

COOH-terminal position (V9A).

The magnitude of the difference in these two
energy vectors gives a statistical coupling
energy (AAG}T") between sites 7 and j

P )2
Plisa

3

which quantitatively represents the degree to
which the probability of individual amino
acids at 7 is dependent on the perturbation at
J (13). A systematic calculation of AAGS™™ at
all sites, 7, for a given site, j, gives the full-
scale mapping of statistical coupling for po-
sition j over all protein sites.

We chose one functionally important site
in the PDZ domain family as a test case for
the perturbation analysis. The PDZ domain
family is divided into distinct classes on the
basis of target sequence specificity; class I
domains bind to peptide ligands of the form
-S/T-X-V/I-COO™, and class II domains bind
to sequences of the form -F/Y-X-V/A-COO~
(19, 20). An important determinant of ligand
specificity is domain position 76 (14, 21),
which appears to select the identity of the
antepenultimate peptide position. In class I
domains, a histidine at this position hydrogen
bonds to the serine or threonine hydroxy! of
the characteristic recognition motif (/4).

To examine the full pattern of energetic
connectivity for PDZ position 76, we made a
perturbation to the amino acid distribution at
this site by extracting the subset of the MSA
that contains only histidine at this position.
The statistical energetic consequence of this
perturbation is a 6.45-kT* change at position
76 from the full MSA. We illustrate statistical
coupling to position 76 through two exam-
ples. Position 63 is highly conserved in all
PDZ domains, showing a distribution that is
virtually exclusive for leucine, isoleucine, or
valine (Fig. 2A, top) but is largely unaffected
by the perturbation at position 76. Conse-
quently, this position displays a low coupling
energy (AAGEY,, = 031 AT, 0 = 0.3 kT™)
with respect to position 76. In contrast, the
distribution at position 34 changes for several
amino acids upon perturbation at position 76
(Fig. 2A, bottom), resulting in significant
statistical coupling (AAGS3Y, = 1.32 kT*, &
= 0.3 kT*).

A full primary sequence mapping of sta-
tistical coupling for PDZ position 76 shows
that most positions in the fold family were
not coupled to the perturbed site; instead,
only a small set of statistical couplings
emerged from noise (Fig. 2B). Mapping the
data on the PDZ domain tertiary structure
shows that the coupled sites fall into three
classes (Fig. 2, C through F). A small set of
residues [80, 84, 33, 34] are in the immediate
environment of position 76, a finding consis-
tent with expected local propagation of ener-
gy from a site of perturbation. In addition,

X
i‘ﬁj

P
AAGT) = kT* \/E(ln - —In

MSAIS/
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other interaction surface residues implicated
in target sequence recognition [29, 26]
emerged as coupled. This result suggests en-
ergy propagation through bound substrate
and would be an expected consequence of
cooperative interaction of binding site resi-
dues. Finally, we observed unexpected cou-
pling at long range from sites in the core and
on the opposite side of the PDZ domain [51,
57, 66, 90]. ’

To determine how statistical coupling pat-
terns are related to physical energetic cou-
pling of sites, we used the technique of ther-
modynamic mutant cycle analysis (3, 7) to
measure mutational coupling energies for po-
sition 76 for one PDZ domain [the third PDZ
domain from PSD-95 (PDZ3P%4-%5)] and com-
pared these data to the statistical predictions.
In the mutant cycle method, the energetic
effect of one mutation, ml1, is measured for
two conditions: (i) the wild-type background
(AG,,)) or (ii) the background of a second
mutation, m2 (AG,,,,,,,). The difference in
these two energies gives the coupling energy
(AAG,,, ) between the two mutations. If
ml does not have the same effect in condi-
tions 1 and 2 (AG,,|,, # AG,,), then
AAG,,, ., is nonzero and indicates thermo-
dynamil: coupling of the two mutations.

To follow energetic coupling, we devel-
oped an equilibrium binding energy assay
based on fluorescence resonance energy
transfer between green fluorescent protein
(GFP)-PDZ domain fusion proteins and tet-
ramethylrhodamine (TMR)-labeled interact-
ing peptides (22, 23). Figure 3B (inset) shows
a binding isotherm for interaction of a wild-

Fig. 4. Pathways of physical
connectivity through the core
underiie long-distance propaga-
tion of energetic coupling in
two fold families. Sections
through the protein core of
PDZ and POZ domains show
that, like at the protein surface,
energetically coupled -positions
in the interior for perturbations
at (A) PDZ position 76 and at
(C) POZ position 77 are mostly
surrounded by uncoupled posi-
tions. The color scale is the
same as in Fig. 2. (B) and (D)
show stereo images of the
pattem of energetic coupling
for these two positions super-
imposed on ribbon models of
representative members of
PDZ or POZ fold families, re-
spectively. A continuous path-
way of van der Waals interac-
tion connects distantly cou-
pled sites through the interior
of each domain. The pathway
is composed of residues in
several secondary structure
elements and is therefore an
inherent property of the ter-

A
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type GFP-PDZ3P3-%5 protein and a TMR-
labeled class I peptide, demonstrating that
this assay is capable of high-resolution map-
ping of binding energies.

Using this assay, we measured coupling
energies for a mutation at position 76 [His”®
— Tyr’¢ (H76Y)] against mutations at a set
of 14 PDZ domain positions and two peptide
positions (23). The mutations chosen were
designed to test a range of statistical cou-
plings on the PDZ domain, including a set of
sites that are not significantly statistically
coupled. Statistical energies at coupled sites,
whether spatially near to or distant from po-
sition 76 are in fact well correlated to the
thermodynamic coupling through mutagene-
sis (Fig. 3); statistically uncoupled sites dis-
play mutational coupling energies near to
noise. Thus, patterns of statistical energetic
coupling for a protein site are likely to de-
scribe the thermodynamic energetic connec-
tivity for that position.

The statistical analysis for perturbation at
position 76 indicated that other binding site
positions [29 and 26] are energetically cou-
pled and suggested the possibility of propa-
gated coupling through the substrate peptide
(Fig. 2, B and C). Indeed, mutations at the
peptide position directly interacting with
PDZ position 76 [Thr” — Phe’ (T7F)] and at
the position carrying the terminal carboxylate
[Val® — Ala® (V9A)] were also thermody-
namically coupled to the H76Y mutation
(Fig. 3D).

With regard to the process of energy prop-
agation in proteins, the overall mapping of
coupling shows that residues interacting at

long range are connected by a set of juxta-
posed coupled residues. These residues form
a pathway of energetic connectivity linking
these positions (Fig. 4). For example, PDZ
position 76 couples through the substrate
peptide to the floor of the binding site
(position 29), to position 51 within the core
of the protein, and to position 57 on the
opposite face from the ligand-binding
pocket. Although residues composing the
pathway occur in some cases along second-

. ary structure elements (residueé 76, 80, and

84 fall along one face of a helix), the
pathway as a whole is an inherent property
of the tertiary structure.

As an independent study, we examined
patterns of statistical coupling for a MSA of
178 POZ domains, a fold family that medi-
ates homo- and hetero-oligomerization of ion
channel subunits and transcription factors
(24). A perturbation at a position at the in-
teraction surface {77] shows a pattern of sta-
tistical coupling that forms a sterically con-
nected path [77, 118, 149, 148] that connects
the oligomerization interface with the oppos-
ing protein surface through four aromatic-
aromatic interactions (25), two of which are
fully buried in the core of the protein (Fig. 4,
C and D). Position 148, which forms one end
of the pathway, has been implicated in the
binding of K* channel  subunits to the POZ
domain of Shaker-class K* channels; these
subunits confer properties of rapid stimulus-
dependent channel inactivation (26). The ap-
parent energetic connectivity between two
POZ protein interaction surfaces may repre-
sent a mechanism of § subunit-dependent

tiary structure. The figure was prepared with Molscript (33), GLRender (34), Povray (35), and Raster3D (36).
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regulation of K™ channel activity.

The ability to efficiently propagate energy
through tertiary structure is a fundamental
property of many proteins and is the physical
basis for key biological properties such as
allostery and signal transmission. The cou-
pled pathways may represent conduits along
which energy distributes through a protein
structure to generate these functional fea-
tures. Protein interaction modules such as the
PDZ and POZ domains are known to play
key roles as organizing centers for multipro-
tein signaling complexes in which proteins
are assembled into functional macromolecu-
lar units (27). In addition to this established
role in cellular scaffolding, the finding of
energetically coupled pathways within these
domains raises the possibility that the inter-
action modules may also act as conductors of
signaling. In the PDZ domain, evidence for
such a role comes from the finding that in-
teraction of the guanylate kinase domain of
the multi-PDZ protein PSD-95 with MAP1A
depends on the binding of target peptides to
the PSD-95 PDZ domains (28).

As with any thermodynamic mapping, the
approach described here can identify cou-
plings, but it does not itself reveal the phys-
ical mechanism of the energetic coupling.
Nevertheless, the arrangement of coupled
residues into ordered pathways through the
core of the PDZ and POZ protein folds sug-
gests that one mechanism may be simple
mechanical deformation of the structure
along coupled pathways. Given the evolu-
tionary basis of the statistical analysis, we
infer that these pathways of energetic connec-
tivity have emerged early in the evolution of
the protein folds and, much like the atomic
structure, are fundamentally conserved fea-
tures of the domain families. With growing
sequence data for evolutionarily distant ge-
nomes, the mapping of energetic connectivity
for many fold families should be a realistic
goal,
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