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described below is based 011 hvo hypotheses 
that derive from the elllpirlcal obselvation of 

Pathways of Energetic sequence evolut~on The lack of ex olut~onary 
conshamt at one poslt~on should cause the d ~ s -  
t ~ ~ b u t ~ o n  of obsened alnnlo ac~ds  at that posl- 

Connectivity in Protein Families t ~ o n  III the h t sA  to app~oach the11 ~ ~ l e a l l  abun- 
dance 111 all plote~ns, and dev~ances from the 

Steve W. bock$ess and Rams Rangenatban* nlean values should quantitatively represent 
conser\.ation. In addition, the functional cou- 

For mapping energetic interactions in proteins, a technique was developed that pling of m o  positions, even if distantly posi- 
uses evolutionary data for a protein family to measure statistical interactions tioned in the s tn~ch~re ,  should lllutually con- 
between amino acid positions. For the PDZ domain family, this analysis pre- strain evolution at the m o  positions, and these 
dicted a set of energetically coupled positions for a binding site residue tha.t should be represented in the statistical coupling 
includes unexpected long-range interactions. Mutational studies confirm these of the underlying amino acid distributiolls (8) .  
predictions, demonstrating that the statistical energy function is a good indi- Two definitions guide the development of 
cator of thermodynamic coupling in proteins. Sets of interacting residues form statistical paranleters used in our analysis: (i) 
connected pathways through the protein fold that may be the basis for efficient Consel~ation at a given site in a MSA is 
energy conduction within proteins. defined as the overall deviance of amino acid 

frequencies at that site from their mean val- 
Many cellular processes depend on the sequen- gests that the change in free energy at a protein ues. and (ii) statistical coupling of two sites, i 
tial establishment ofprotein-protein interactions interaction surface propagates tluough the ter- and j. is defined as the degree to which a~nillo 
that underlies the propagation of infoi~nation tiary stnlch~re in a seem~ngly arbitsa~y nlallner. acid frequencies at slte i change in respo~lse 
though a signaling syste~n. The interaction of Studies addressing mechanisms of substrate to a perturbation of frequencies at another 
one protein lv1t11 another call be thought of as an specificity in serine proteases show that many site, j. This definition of coupling does not 
energetic perlurbation to each bindi~lg surface sites distantly positioned from the active site require that the overall conservation of site i 
that disb~butes though the three-dimensional contribute to a detenni~lation of the energetics change upon pelturbation at j, but only that 
st1-Llchn.e to cause specific changes in protein of catalq-tic residues ( 3 ) .  The conversion of the a~n ino  acid population be reananged. 
fmlction (1). The stn~ctural basis for thns pro- tqpsin to chymoh-ypsin specificity required a Therefore, \ve descr~be a site by a vector of 
cess is largely u~lkno\v~~,  but large-scale mu- large set of sinl~~ltaneous mutat~ons. many at 20 b~nornial probabilities of individual amino 
tagenesis has begun to define some baslc pnn- unexpected positions. Similarly, nlutations in- acid frequencies ~nstead of the scalar 111~1lti- 
c~ples of energy parsing in proteins. Studies of troduced duri~lg mah~ration of antibody speci- no~llial probability of the overall amino acid 
the interaction of l~uman groat11 l~oimone with ficity have been shown to occur at sites that are distribution (9). This approach uniquely rep- 
its receptor show that binding energy is not distant in tertiary stlz~cture fkom the antigen- resents all changes in an amino acid distribu- 
smoothly dists~buted over the interaction SLIT- binding site, despite substantial increases in tion regardless of conservation at a glven slte. 
face: instead. a few res~dues comprising only a binding energy (6). For an evolutionarily well sarnpled MSA. 
small fraction of the interaction surface account An important step in understandillg the where additional sequellces do not s~gaifi-  
for most of the free-energy change ( 2 ) .  S~milar- problem of energy distribution in protelns is the cantly change the d~stribution at sites, the 
ly, high-affinity i~lteractioll of K channel fi~ll-scale mapping of energetic couphag be- probability of any amino acid s at site i 
pores hvith peptide scorylon toxins bunes -15 tween arnnlo acid posit~ons. Themlodynarnic relative to that at another site. j. is related to 
residues on the toxm n~olecule. but most of the mutant cycle analysis (3, 7 ) .  a teclmique that the statistical free energy separating sites i 
bindnlg energy depends on only two a~nino acid measures the energetic interaction of two mu- and j for amino acid s ( A q - , )  by the Boltz- 
positions (3, 4).  Thus. protein interaction sur- tations, provides a direct method to systemati- mann distribution (1'0) 
faces contain functional epitopes or hot spots of cally probe such relations of protein sites. How- p; s2 
binding energy that are generally not predict- ever; practical considerations limit this tech- - - - " T  

P j (1,  
able from the ato111ic s tn~ch~re .  nique to small-scale studies. precludi~lg a fill1 

111 addition, a large body of evidence sug- rnapping of all energetic interactio~ls 011 a corn- where kT" is an arbitrary energy unit (I1 ). 
plete protein. \Ye report a study that uses evo- The probability of any arni~lo acid s at site i 
1utional-y data for a protein family to measure (Pi) is given by the bi~lo~llial probability of 
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energetic coupling between positions on a mul- the obser\-ed number of s amino acids, given 

cal Center, 5323 Harry Hines Boulevard, Dallas, TX tiple sequence aligrnnent its mean frequency in all protei~ls (Fig. 1A) 
75235-9050, USA. Evolution of a  rotei in fold is the result of (12) .  The fill1 distributioll of amino acids at a 
qo whom correspondence be addressed, E. large-scale random mnutagenesis. wit11 selectron site I can then be characterize+d by a 20- 
mail: rama@chop swmed.edu co~lstraints ~ulposed by function. The theosy elenlent 1-ector of P; for all s (P:) .  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 (AGStat) for site i vector of amino acid statistical energies for site 
the MSA as a reference stasfor all sites, we i (13). 
can use Eq. 1 to transform into a vector of To test the theory, we chose the PDZ 
statistical energies that represents the evolu- AG:mt = k p  {m ( )  domain family as a model system for the 
tionary constraint at site i. We then define an analyses described below. PDZ domains are a 

Fig. 1. A statistical en- 
ergy function M b -  
ing evolutionary con- 
servation (A) A com- 
parison of amino acid 
diibutions (ZO) in 
36,498 unique eukary- 
otic proteins from the 
swiss-Prot database 
(black baa) and 274 
members of the PDZ 
family (gray bars). Ex- 
amples of amino acid 
distributions in (B) 
moderately conserved 
and (C) weakly con- 
Serwd positions (POS) 
in the PDZ family (gray 
bars) in mmparison to 
the Swiss-Prot mean 
diibution (black 
MI. There is a d i i -  

---- 
A C D E F O H I K L M N P Q R S T V W Y  

B 05iposnr I 

LL 
A C D E F O H I K L M N P Q R S T V W Y  

a; in d e  between A C D E F O H I K L M N P Q R S T V W Y  

(6) and (C). (Dl The 
statistical ererev Amlno Acid 

40 0 m 100 

Position 

(AG? reprexntini wdutionary is plotted againstthe primary 
structure position (E d F) A &=mapping of AG- on the tndry 1 
structure of a member of the PDZ fold family [made with GRASP 7 (29)].(F) h&=onto(E),adthe&scalefortheenergyfunction 
ranges from blw (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 

0" 

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 

I black ban) and after 
gray ban) a 6.45 kT* 
perturbation at posi- 
tion 76. The distribu- 
tion at position 63 
changes very Little 
upon perturbation at  
position 76, despite A C D E F G H I K L Y N P Q ' R S T V W Y  

high overall consewa- 
tion, and the distribu- 
tin at position 34 changes significantly. (B)  C 
A full mapping of A A V  for PDZ position 
76 for all other positions in the fold family. 
Only a small set of coupled positions dis- 5 FEI 
tributed throughout the primary sequence 
emerge above noise. (C through F) Map- ( I 
ping of the data in (0) on the tertiary 
structure of a representative member of fl 
the fold family. Four views are shown, each P 
successively rotated by W from the first, n 
of the statistical coupling pattern for per- I I- <I 

turbations at PDZ position 76 over the d d id 
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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fanlily of small, evolutionarily well repre- 
sented protein binding nlotifs for which four 
high-resolution structures of distantly related 
menlbers exist (14416).  The structures are 
quite similar (root mean square deviation in 
Ca atoms of 1.4 A), although the average 
sequence identity bet~veen pairs of domains is 
only 24% and. in many cases. is indistin- 
guishable from random sequence identity. 
We used structure-based alignment tech- 
iliques to generate a hlSA of 274 eultaryotic 
PDZ domains ( I  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. 1G""' = 3.83 IcT*, cr = 0.4 IiT'" 
(Fig. lB)] and weakly conserved [position 
99, A@'"' = 0.1 IiT", = 0.4 kT" (Fig. l C ) ]  
positions sho~l-  that even moderate conserva- 
tion skewed the mean arnino acid distribution 
significantly, and lack of conservation \\-as 
correlated \\-it11 distributions closer to the 
mean. 

Using Eq. 2, we calculated AGs'"' for all 
sites on the PDZ domain alignments. These 
data plotted on the prinlary stsucture show a 
dispersed pattern that describes the overall 
conservation profile of the fold fanlily (Fig. 
ID). 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-cl-ystallized 
peptide ligand (14, 16 )  (Fig. 1E) emer, ues as 
the most conse~~ ;ed  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 ( IS) .  

To measure the functional coupling of 
sites, we perfornled an experiment in which 
the statistical energy vector at a given site i 
was measured for two conditions: (i) the full 
LISA  (LC;'"') or (ii) a selected subset of the 
VISA representing a pel-tt~rbation of the ami- 
no acid frequencies at another site,,j (1GF;:). 

o m b a t  m a o a r .  v m m m  
c o m m m m  c u c u m w w  b h m m  0 0  0 5  1 0  1 5  2 0  2 5  

A A G ~ U ~  ( k ~ )  

Fig. 3. Mutant cycle 
analysis at PDZ sites 
predicted to be ther- 
modynamically cou- 
pled by statistical anal- 
ysis. PDZ3psd-95 was 
expressed as a fusion 
protein with ECFP, and 
binding of TMR-la- 
beled peptide ligands 
was followed by the 

. . 
a u measurement of fluo- 
9 rescence resonance en- 

ergy transfer efficiency. 
TG inset in (B) shows 

an example of a binding isotherm for wild-type protein and a class I 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 f i t  t o  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 (0) show a comparison of statistical coupling (LACsTaT) and 
mutational coupling (AAC ""'), with sites categorized in three groups: those sites that are statistically 
coupled and near t o  position 76 [33, 34, 39,80, 841, those sites that are statistically coupled but distant from 
position 76 [26, 29, 66, 67, 901, and those that are statistically uncoupled [32, 44, 75, 891. The energy units 
(kT and kT*) are different for the two  analyses and cannot be quantitatively compared (1 1). In each graph, 
the horizontal line depicts the Iu 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 
energ), vectors gives a statistical coupling 
energy ( 1 A q Y )  between sites i and j 

which quantitatively represents the degree to 
which the probability of individual amino 
acids at i is dependent on the perturbation at 
j (13). A s~,stematic calculation of A1G:,7 at 
all sites, i, 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 fo1111 
-S:T-X-V'I-COO-.. and class I1 dornains bind 
to sequences of the form -Fly-X-\.':A-COO- 
(19, 20). An important determinant of ligand 
specificity is domain position 76 (14, 21), 
\I-hich appears to select the identity of the 
antepenultinlate peptide position. In class I 
domains, a histidine at this position hydrogen 
bonds to the serine or threonine hydroxyl of 
the characteristic recognition motif (14). 

To exanline 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 IClSA 
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. \.Ye 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. 2 A ,  top) but is largely unaffected 
by the perturbation at position 76 .  Conse- 
quently, this position displays a low coupling 
energy (1.1G;7,t7, = 0.31 kT" ,  o = 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 (11G;7-t7, = 1.32 kT*, o 
= 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. .wead ,  
only a small set of statistical couplings 
emerged from noise (Fig. 2B) .  Mapping the 
data on the PDZ domain tertiary str-Llctlire 
sho~\-s that the coupled sites fall into three 
classes (Fig. 2, C through Fj.  A slnall set of 
residues [SO, 84, 33, 341 are in the immediate 
environment of position 76 ,  a finding consis- 
tent with expected local propagation of ener- 
gy from a site of pe~turbation. I11 addition, 
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type GFP-PDZ~P"'~~ protein and a TMR- long range are connected by a set of juxta- 
labeled class I peptide, demonstrating that posed coupled residues. These residues form 

other interaction surface residues implicated 
in target sequence recognition [29, 261 
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- 

this assay is capable of high-resolution map- a pathway of energetic connectivity linking 
ping of binding energies. these positions (Fig. 4). For example, PDZ 

Using this assay, we measured coupling 
energies for a mutation at position 76 [His76 
+ Tyr76 (H76Y)l 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 

position 76 couples through the substrate 
peptide to the floor of the binding site 
(position 29), to position 5 1 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 (residues 76, 80, and 
84 fall along one face of a helix), the 
pathway as a whole is an inherent property 
of the tertiary structure. 

dues. Finally, we observed unexpected cou- 
pling at long range from sites in the core and 
on the opposite side of the PDZ domain [5 1, 
57, 66, 901. 

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 (PDZ3psd-9q] and com- 

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 261 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 

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, 1481 that connects 
the oligomerization interface with the oppos- 
ing protein surface through four aromatic- 
aromatic interactions (25), two of which are 
l l l y  buried in the core of the protein (Fig. 4, 

pared these data to the statistical predictions. 
In the mutant cycle method, the energetic 
effect of one mutation, ml, is measured for 
two conditions: (i) the wild-type background 
(AG,,) or (ii) the background of a second 
mutation, m2 (AG,, I,,). 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 (AGmlIm2 Z AG,,), then 
AAG,,,,, is nonzero and indicates thermo- 
dynamic coupling of the two mutations. 

To follow energetic coupling, we devel- 
peptide position directly interacting with C and D). Position 148, which forms one end 
PDZ position 76 [Thr7 + Phe7 (T7F)I and at of the pathway, has been implicated in the 
the position carrying the terminal carboxylate binding of K+ channel P subunits to the POZ 
[Val9 + Ala9 (V9A)l were also thermody- domain of Shaker-class K+ channels; these 

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- 

namically coupled to the H76Y mutation subunits confer properties of rapid stimulus- 
(Fig. 3D). dependent channel inactivation (26). The ap- 

With regard to the process of energy prop- parent energetic connectivity between two 
agation in proteins, the overall mapping of POZ protein interaction surfaces may repre- 
coupling shows that residues interacting at sent a mechanism of P subunit-dependent 

Fig A Pathways of physical 
connectivity through the core 
underlie longdistance propaga- 
tion of energetic coupling in 
two fold familie. 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 
sumunded by uncoupled posi- 
tions. The color m l e  is the 
same as in Fig. 2. (6) and (D) 
show stereo images of the 
pattern 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- 
tiary structure. The figure was prepared with Molscript (33), CLRender (34), Povray (35). and Raster3D (36). 
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regulation of K-- channel activity. 
The ability to efficiently propagate energy 

through tertiary st~ucture is a fundamental 
property of many proteins and is the physical 
basis for key biological properties such as 
allostery and slgnal transmlsslon. The cou- 
pled pathways may represent condults along 
which energy distributes through a protein 
structure to generate these functional fea- 
tures. Protein interaction rnodules 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 filnctional 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 fioln the finding that in- 
teraction of the guanylate kinase domain of 
the multi-PDZ protein PSD-95 with bIAP1A 
depends on the binding of target peptides to 
the PSD-95 PDZ domains (28).  

As Lvith any the~modynamic 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 path~vays through the 
core of the PDZ and POZ protein folds sug- 
gests that one lnechanisrn 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. Mrith 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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