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ABSTRACT Topological scores, measures of se-
quence-structure compatibility, are calculated for
all 1,881 single point mutants of the human immuno-
deficiency virus (HIV)-1 protease using a four-body
statistical potential function based on Delaunay
tessellation of protein structure. Comparison of the
mutant topological score data with experimental
data from alanine scan studies specifically on the
dimer interface residues supports previous findings
that 1) L97 and F99 contribute greatly to the Gibbs
energy of HIV-1 protease dimerization, 2) Q2 and T4
contribute the least toward the Gibbs energy, and 3)
C-terminal residues are more sensitive to mutations
than those at the N-terminus. For a more comprehen-
sive treatment of the relationship between protease
structure and function, mutant topological scores
are compared with the activity levels for a set of 536
experimentally synthesized protease mutants, and a
significant correlation is observed. Finally, this
structure-function correlation is similarly identi-
fied by examining model systems consisting of 2,015
single point mutants of bacteriophage T4 lysozyme
as well as 366 single point mutants of HIV-1 reverse
transcriptase and is hypothesized to be a property
generally applicable to all proteins. Proteins 2006;
64:234–245. © 2006 Wiley-Liss, Inc.
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INTRODUCTION

Unlike eukaryotic aspartyl proteases, retroviral pro-
teases are only functional as a homodimer. Human immu-
nodeficiency virus (HIV)-1 protease is responsible for
cleavage of the gag and gag-pol polyprotein precursors, an
essential step in the assembly of mature, infectious virus
particles. Areas of particular interest among the 99 amino
acids comprising the HIV-1 PR monomer [Fig. 1(A)] in-
clude the dimer interface (residues P1-T4 and C95-F99
from each monomer, forming an interdigitated, antiparal-
lel N-C�-C-N� �-sheet), the active site triad (D25-T26-G27),
and the flexible flap region (M46-V56).1,2

Owing to the high error rate of HIV-1 reverse transcrip-
tase (RT), mutations are readily introduced into the pri-
mary sequence of HIV-1 protease. Whereas substitutions
occurring at evolutionarily conserved positions are rarely
if ever tolerated, other positions in protease are capable of

withstanding certain types of mutations. The latter in-
clude mutations that, while maintaining various degrees
of enzyme activity, greatly reduce the binding affinity for
protease inhibitors. An effective approach for gauging the
relative contributions of constituent amino acid residues
on the overall stability, adaptability, flexibility, and ligand
binding capability of HIV-1 protease is via systematic
mutational studies.3–8

Experimental studies of mutations in proteins are expen-
sive and time-consuming, and thus the number of mutants
included in such studies is limited. However, computa-
tional mutagenesis investigations can be performed on a
large number of mutants, and with efficient algorithms
and software, all possible mutants of a given protein can be
analyzed. Several computational mutagenesis studies have
been described recently in the literature that rely on
readily available sequence and structure information,
including physical and chemical properties of the substi-
tuted residues.9–14

Using a computational geometry technique based on
Delaunay tessellation of protein structure, we previously
reported on results of a comprehensive mutational analy-
sis of HIV-1 protease.15 First, a topological score measur-
ing overall sequence-structure compatibility of protease
was calculated by application of a Delaunay tessellation-
derived four-body statistical potential function. Next, indi-
vidual residue environment scores were also evaluated for
each of the 99 positions in the protease monomer and
plotted in a three-dimensional–one-dimensional (3D-1D)
profile. Finally, a comprehensive mutational profile (CMP)
was obtained for protease, whereby a score was calculated
at each residue position that captures the mean environ-
mental change caused by all possible residue substitu-
tions. The 3D-1D and CMP profiles for protease were
strongly inversely correlated (R2 � 0.88).

By incorporating additional physical and evolutionary
features of individual residues in the analysis, further
important insights into structure-function correlations in
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HIV-1 protease may be derived. In the current study, we
begin by identifying evolutionarily conserved residue posi-
tions in protease and by correlating the level of conserva-
tion of residue positions with the level of sensitivity to
mutations. Next, we analyze dimer interface mutants of
protease in the context of the Delaunay tessellation ap-
proach, by comparing the topological score data with

published experimental results from alanine scans per-
formed at these residue positions. In the final step, we
investigate the connection between structure and function
in HIV-1 protease as follows. Every single point mutant of
protease has an associated residual sequence-structure
compatibility score, defined as the difference between the
mutant and wild-type (WT) topological scores and initially
obtained for the purpose of calculating the CMP. Theoreti-
cally there are a total of 99 residues � 19 substitutions/
residue � 1,881 single point HIV-1 protease mutants. The
residual scores of 536 of these mutants are compared with
published data from a study in which the activity levels of
these experimentally synthesized single missense pro-
tease mutants, located throughout the primary sequence
of the protein, were measured relative to WT.16 Although
limited by the extent of the experimental data available
(28% of all possible single point mutants), the investiga-
tion reveals a striking structure-function correlation.

We also perform a similar study on two additional
systems: T4 lysozyme and HIV-1 RT. Residual scores are
compared with mutant activity data obtained from pub-
lished experiments involving 2,015 bacteriophage T4 ly-
sozyme single point mutants17 as well as 366 HIV-1 RT
single point mutants.18 A significant correlation between
residual scores of the mutants and their activity levels is
demonstrated for both of these model systems as well. The
results lead us to conclude that our topological score data
encode the relevant information about mutant structural
changes from WT that is necessary to accurately reflect the
influence of protein structure on function.

MATERIALS AND METHODS
Tessellation and Scoring Function

Delaunay tessellation of a protein structure, repre-
sented by the coordinates of the C� atoms of each of the
constituent amino acid residues, yields an aggregate of
non-overlapping, space-filling, irregular tetrahedra.19–21

The vertices of each Delaunay simplex in a protein tessel-
lation objectively define a set of four nearest-neighbor
residues in 3D space. The Quickhull algorithm is used to
perform the protein tessellations.22 A suite of programs
has been written to perform all of the data extraction and
formatting prior and subsequent to tessellation, as well as
all of the calculations and data analyses subsequent to
tessellation as described below.

In general, assuming that residue composition of Delau-
nay simplices is order independent, the 20 naturally
occurring amino acids are capable of yielding 8,855 dis-
tinct quadruplets as vertices for a simplex.20,21 For each
quadruplet, a log-likelihood score is defined by qijkl �
log(fijkl/pijkl), where fijkl represents the frequency of the
quadruplet compositions containing residues i, j, k, l in a
non-redundant training set of high-resolution structures
with low primary sequence identity obtained from the
Protein Data Bank (PDB),23 and pijkl is the frequency of
random occurrence of the quadruplet.20,21 These 8,855
quadruplets of amino acid residues, along with their
respective log-likelihood scores, define the four-body statis-
tical potential function.

Fig. 1. A: Delaunay tessellation of a monomer of HIV-1 protease,
highlighting the dimer interface (P1-T4 and C95-F99), the active site
(D25-G27), and the flap region (M46-V56) residues along the backbone of
the protein chain. The vertices used for the Delaunay simplices are the
center of mass coordinates of the constituent amino acid side-chains.
Only simplices whose edge lengths are all less than 10.4 Å are shown. B:
Ribbon diagram of a functional homodimer of HIV-1 protease, highlighting
the locations of 16 conserved residue positions derived from a multiple
sequence alignment of 17 retroviral proteases (Fig. 4). The ribbon
diagram was produced using the UCSF Chimera package.32
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Using the above scoring function, a log-likelihood score
can be assigned to each Delaunay simplex in a sample
protein tessellation, based on the identity of the residue
quadruplet whose C� coordinates form the vertices of the
simplex. The topological score of the protein is obtained by
summing the log-likelihood scores of all the simplices
forming the Delaunay tessellation of the protein struc-
ture.20,21 A residue environment score can also be calcu-
lated for each amino acid position by summing only the
log-likelihood scores of simplices that use the C� coordi-
nate of the residue position as a vertex. A graphical display
of all the individual residue scores in a protein is referred
to as a 3D-1D profile (Fig. 2). The PDB codes of the protein
structures analyzed for this article include 3phv (HIV-1
protease monomer), 1g35 (HIV-1 protease dimer), 3lzm
(bacteriophage T4 lysozyme), and 1rtjA (HIV-1 RT).

CMP

The CMP is based on the tessellation of the WT protein.
All 19 possible substitutions at each residue position are
individually evaluated by changing only the identity of the
WT amino acid while maintaining the original C� coordi-
nate. A mutation at a particular residue position impacts
the log-likelihood scores of all the simplices that use the
corresponding C� coordinate as a vertex. Hence, the indi-
vidual residue scores of all amino acids with C� coordi-
nates participating in these simplices are affected, as is
the overall topological score of the protein. For each
mutant protein, a residual is calculated as the difference
in topological scores between the mutant sequence and the
WT sequence, using the WT C� structural coordinates. For
a single point mutant, this difference in sequence-
structure compatibility from WT is an overall measure of
the environmental change resulting from the mutation at
the residue position under consideration. At each residue
position in the protein, a CMP score is defined as the mean

of the residuals associated with all possible mutations
(Fig. 3). Mathematically,

CMPj �
1

20 �
i � 1

20

[(mutant topological score)ij

� (wt topological score)]

�
1

20 �
i � 1

20

(mutant residual score)ij

� {mean residual score}j (1)

where the index i refers to the 20 standard amino acids,
and the index j refers to the position in the primary
sequence of the protein. The null residual associated with
a substitution of a WT residue with itself is included at
each position for completeness.

Robustness With Respect To Amino Acid Point
Representations of Proteins

The C� coordinate point representation of amino acids in
a protein for the purpose of Delaunay tessellation is clearly
not unique. Use of the center of mass (CM) of amino acid
side-chains as a means of discretizing the protein struc-
ture is one alternative that may provide a slight advantage
by incorporating implicit information about side-chain
directionality. Calculation of topological and residue envi-
ronment scores, as well as 3D-1D and CMP profiles, for a
protein represented by its amino acid CM coordinates
requires that a scoring function first be generated based on
Delaunay tessellation of a representative training set of
proteins from the PDB using CM coordinates. The HIV-1
protease and T4 lysozyme results presented in this article
reflect the use of both a CM coordinate representation of
the protein structures as well as a CM coordinate-derived

Fig. 2. A 3D-1D profile of a wild-type HIV-1 protease monomer (PDB
ID: 3phv). Highest scoring residues tend to be found in the hydrophobic
core, whereas lower scoring residues are exposed. A local minimum
occurs at the active site catalytic residue D25. The topological score of the
protease is 27.93.

Fig. 3. CMP of an HIV-1 protease monomer. At each residue position,
the plot reflects the mean of the residuals (the difference between mutant
and wild-type topological scores) associated with all possible amino acid
substitutions. The CMP is strongly inversely correlated with the 3D-1D
profile in Figure 2 (R2 � 0.88).
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scoring function. The HIV-1 RT results, however, are
derived using the original C� approach. In the case of
HIV-1 protease, the 3D-1D profiles obtained using the C�

and CM approaches are remarkably similar (R2 � 0.88);
the same is true for the CMP profiles of protease (R2 �
0.84).

Experimental Data

All of the activity levels of the mutants analyzed in the
current work have been collected from previously pub-
lished accounts detailing the results of large-scale experi-
mental trials. In the first system of protein mutants, Loeb
et al.16 studied the ability of single missense mutations of
HIV-1 protease to process the Pol precursor in an Esche-
richia coli expression system. The 336 mutants analyzed
in the study were placed into three phenotypic categories.
A mutant was considered to be positive if it maintained a
level of activity similar to WT, as evidenced by the
appearance of mature Pol products. The negative pheno-
type was reserved for mutants that did not yield any
mature products, with only the unprocessed Pol being
observed. Finally, the intermediate category contained a
wide variety of phenotypes, with variable amounts of both
mature and unprocessed Pol products being detected. The
data set has subsequently been enlarged with the inclu-
sion of 200 additional mutants (R. Swanstrom, personal
communication), providing a total of 536 mutants for this
study.

For the second system that we investigated, Rennell et
al.17 systematically introduced amber mutations into 163
of the 164 codons (all except for the initial AUG) of
bacteriophage T4 lysozyme. The same 13 amino acid
substitutions, representative of the entire spectrum of
side-chain structural and chemical characteristics, were
inserted at each of the 163 positions, yielding 2,015 single
amino acid mutants of the enzyme as well as 104 nonmu-
tants used as an experimental control. The effect of each
mutation on T4 lysozyme function was qualitatively mea-
sured as high (��), medium (�), low (�/�), or negative

(�) by visualizing the size of E. coli plaques that formed on
agar plates. The authors provide a complete tabular listing
of the activity levels of these mutant T4 lysozyme enzymes
in their article. Given the substantial variability inherent
in the experimental conditions, the analyses and results
presented by the authors is based on the consideration of
only two activity classes: positive/active (�� and � com-
bined) and negative/inactive (�/� and � combined).

In the third experimental system, the phenotypic effects
of 366 single amino acid substitutions, at residue positions
comprising the fingers and palm subdomains of HIV-1 RT,
were analyzed by Wrobel et al.18 These subdomains cover
a 109 amino acid segment of the 66-kDa subunit of the RT
heterodimer that spans residues P95-E203. The level of
RT mutant activity was quantitatively measured as a
percentage of the activity displayed by a WT RT clone.
Mutants were binned into four classes according to their
activity levels: positive (�50% of WT activity), high inter-
mediate (20–50% of WT activity), low intermediate (3–
20% of WT activity), and negative (�3% of WT activity).

RESULTS AND DISCUSSION
Evolutionarily Conserved Residue Positions
Among Retroviral Proteases

We begin by performing a multiple sequence alignment
on a set of 17 retroviral proteases, as described in Pechik et
al.24 Their study details a sequence alignment, partially
based on a structural alignment, of a large set of aspartic
proteases from a wide variety of organisms. Only the
amino and carboxyl ends of the retroviral protease se-
quences are tabulated in their alignment, and the only
information that we actually use from that study is the
identity of the 17 retroviruses. Here, we begin de novo by
locating the complete amino acid sequences of these retro-
viral proteases and focusing exclusively on a modified
alignment of only these sequences, using ClustalW with an
appropriately chosen set of parameters.25

As shown in Figure 4, the six fully conserved positions in
the alignment, as they appear in the primary sequence for

Fig. 4. Multiple sequence alignment of 17 retroviral proteases performed using ClustalW.25 Numbering is based on the primary sequence of HIV-1
protease. Six residue positions marked by “*” are fully conserved; 10 residue positions marked by “:” are conserved when allowing for conservative
substitutions (see text for details). All 16 conserved residue positions are highlighted in red in the ribbon diagram of the HIV-1 protease dimer of Figure
1(B). Abbreviations, as described in Pechik et al.,24 are as follows: HIV, human immunodeficiency virus; SIV, simian immunodeficiency virus; VISNA,
visna lentivirus; FIV, feline immunodeficiency virus; EqiAV, equine infectious anemia virus; FELV, feline leukemia virus; Mo-MLV, Moloney mouse
leukemia virus; AKV-MLV, AKV mouse leukemia virus; M7-BEV, baboon endogenous virus M7; MMTV, mouse mammary tumor virus; HERV-K, human
endogenous virus K; RSV, Rous sarcoma virus; HTLV, human T-cell leukemia virus; STLV, simian T-cell leukemia virus; BVL, bovine leukemia virus.
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HIV-1 protease, are L23, D25, G27, A28, G86, and R87. An
additional 10 positions contain only residues that are
considered to be conservative substitutions of the protease
residue. With residues grouped according to Dayhoff et
al.26 as (A, S, T, G, and P), (V, L, I, and M), (R, K, and H),
(D, E, N, and Q), (F, Y, and W), and (C), a conservative
substitution is defined as replacement with an amino acid
from within the same class because they share similar
structural or functional characteristics; an interclass sub-
stitution is considered to be nonconservative. The 10
positions in the alignment containing only conservative
substitutions, as they appear in the primary sequence for
HIV-1 protease, are L24, T26, D29, T31, L33, G49, I84,
N88, L90, and L97. Collectively, these 16 positions (six
fully conserved in the alignment, and 10 conserved with an
allowance for conservative substitutions) will be referred
to as the conserved residue positions of HIV-1 protease
[Fig. 1(B)]. The remaining 83 positions in the alignment
contain nonconservative substitutions of the HIV-1 pro-
tease residue and will be referred to as the nonconserved
residue positions.

Although the experimental mutagenesis data obtained
for HIV-1 protease and described in the Materials and
Methods section is not exhaustive (536/1,881, or 28% of all
possible single point mutants), a reasonable way to exam-
ine the functional significance of conserved residue posi-
tions in protease is to construct an association table
measuring level of conservation of residue position versus
sensitivity to mutations. As Table I illustrates, all 16
conserved positions are sensitive to at least one substitu-
tion (i.e., there exists at least one single point protease
mutant at each of these positions with a negative pheno-
type), as are 48 of the 83 nonconserved positions. In both
association tables, C and NC refer to the 16 conserved and
83 nonconserved residue positions. The S and NS abbrevia-
tions in the 2 � 2 association table refer to positions that
display sensitivity to at least one substitution and posi-
tions that are not sensitive to any substitutions, respec-
tively. Alternately, the N, I, and P designations in the 3 �
3 association table refer to the number of negative, interme-
diate, and positive mutants, respectively.

Applying a 	2 test statistic (based on the number of
residues) with 1 degree of freedom (df) yields 	2 � 10.44
and results in rejection of the null hypothesis that no

association exists between residue position conservation
and level of sensitivity to mutation, with P � 0.01. The
analysis was repeated by counting the total number of
single point mutants at each level of activity (positive,
intermediate, and negative phenotypes). Again, a 	2 test
statistic (with 2 df) based on the number of substitutions
yields 	2 � 75.49 and results in rejection of the null
hypothesis, with P � 0.001.

Mutagenesis at the Dimer Interface

An active area of research involves mutations at the
HIV-1 protease dimer interface. A better understanding of
these mutations may lead to the discovery of novel dimer-
ization inhibitors for protease capable of inactivating the
enzyme. Whereas the side-chains of Q2, T4, T96, and N98
are polar and directed outward toward the solvent, the
residues P1, I3, L97, and F99 have side-chains directed
inward toward the enzyme and form hydrophobic con-
tacts.27 For instance, F99 in one chain of the protease
dimer is known to make extensive contacts with I3, V11,
L24, I66, C67, I93, C95, and H96 in the complementary
chain.28 Using our computational geometry approach,
these contacts are revealed by calculating the difference in
3D-1D profiles for a single subunit of an HIV-1 protease
homodimer, with and without and F99A mutation in the
complementary chain, as follows. First, the profile of the
single chain is obtained following Delaunay tessellation of
the complete WT protease dimer. Next, an F99A mutation
is introduced in the opposite chain, and the profile of the
chain under consideration is recalculated. The difference
profile, shown in Figure 5, illustrates which residues form
contacts with F99 in the complementary chain and to what
degree the F99A mutation impacts their residue environ-
ment scores.

Using an E. coli expression system in which a tethered
dimer of HIV-1 protease was coexpressed with �-galactosi-
dase containing a protease cleavage site, Choudhury et
al.27 performed an alanine scan on the dimer interface
residues. Residues were substituted with alanine individu-
ally and in pairs, in a single subunit as well as in both
chains, and protease activity was measured by the fre-
quency of �-galactosidase cleavage. Identical mutations in
both subunits that diminished protease activity experi-
enced modest to significant rebounds when one chain was

TABLE I. Residue Position Conservation and Sensitivity to Substitutions

Contingency table based on number of
residues: Contingency table based on number of substitutions:

S NS Total N I P Total

C 16 0 16 C 111 6 3 120
NC 48 35 83 NC 201 78 137 416
Total 64 35 99 Total 312 84 140 536

A. Residues fully conserved in alignment (number of negative/intermediate/positive substitutions): Leu23
(3/1/0), Asp25 (3/0/0), Gly27 (7/0/0), Ala28 (4/0/0), Gly86 (16/0/0), Arg87 (11/0/0).
B. Residues conserved in alignment with the allowance for conservative substitutions: Leu24 (2/2/0),
Thr26 (4/0/0), Asp29 (5/0/0), Thr31 (7/1/0), Leu33 (8/0/2), Gly49 (12/0/0), Ile84 (7/1/1), Asn88 (15/1/0),
Leu90 (4/0/0), Leu97 (3/0/0).
C. Nonconserved residues: 83/99, with 48 of these leading to loss of enzyme activity through at least one
substitution (201/78/137).

PROTEINS: Structure, Function, and Bioinformatics DOI 10.1002/prot

238 M. MASSO ET AL.



maintained as WT. Plots of residual scores (the difference
between the topological scores of the mutant and the WT
proteases) versus % cleavage of �-galactosidase yields R2

values of 0.61 and 0.57 for the homodimer and single-chain
mutants of the tethered protease constructs, respectively,
as illustrated in Figure 6 (A and B).

Comparing the residual scores for the double and single
chain mutants in Figure 6(C) reveals that the individual
substitutions showing the greatest increase by keeping
one WT subunit are I3A, L97A, and F99A. These substitu-
tions also lead to maximally negative residuals when
introduced into either one or both subunits, echoing find-
ings in previously published reports. Shultz and
Chmielewski28 obtained these results while analyzing an
alanine scan of a prospective dimerization inhibitor of
HIV-1 protease, and Bowman and Chmielewski29 empha-
size that L97 and F99 were found by Todd et al.30 to be
among the top three most important residues contributing
Gibbs energy toward protease dimerization. However,
alanine substitutions at the polar Q2 and T4 positions
yield minimally negative residual scores at the N-
terminus for protease when incorporated into either one or
both subunits. The experiments of Choudhury et al.27

reveal a minimal decrease in protease activity with these
substitutions, and they refer to the minimal contribution
of Q2 and T4 to the Gibbs energy of dimerization described
in Todd et al.30 Next, with the exception of the L97A�N98A
substitution, the residual scores of the other paired muta-
tions in both subunits of protease exhibit significant
increases when a pair in one of the subunits is maintained
as WT. This correlates well with the Choudhury et al.27

data, whereby all four paired mutants exhibited increases
in activity when one of the monomers did not incorporate
the mutations. Finally, our results mirror previously re-

ported findings concluding that, overall, the C-terminal
residues tend to be more sensitive to substitutions than
those at the N-terminus.4,27,30,31

Structure-Function Correlation

Turning to the activity data for the 536 experimentally
synthesized single point mutants of HIV-1 protease, we
were interested in understanding the relationship be-
tween the level of activity of the mutants and their
residual sequence-structure compatibility scores (differ-
ence between mutant and WT topological scores). At each
level of activity (positive, intermediate, negative), a mean
residual score was calculated by averaging the residuals of
all the mutants in the given class. The mutants in each
activity class were further subdivided into conservative
(C) and nonconservative (NC) substitutions of the WT
residue as described at the beginning of the Results
section, and a mean residual score was also calculated for
each subgroup.

The findings, summarized in Figure 7, reveal several
important facts. First, a strong correlation exists between
the level of mutant activity and the mean residual of the
mutants in each class (ALL bar graph in Fig. 7). Next, an
equally strong correlation exists between the level of
activity and the mean residual for the NC substitutions in
each class. This result appears to be intuitively clear,
because NC mutations that do not adversely affect the
functionality of HIV-1 protease are not expected to nega-
tively impact the sequence-structure compatibility of the
enzyme to the same extent as NC deleterious substitu-
tions. Finally, no measurable correlation exists between
the level of activity and the mean residual for the C
substitutions in each class. Again, this follows intuitively
from the fact that C substitutions, regardless of how they
impact protease activity, are expected to minimally impact
sequence-structure compatibility. Although C mutants
exhibiting an intermediate level of activity appear to yield
a more negative mean residual compared with their coun-
terparts in the positive and negative classes, we consider
this observation to be a consequence of both the qualitative
nature of the activity measurements and the wide latitude
for inclusion into the intermediate category.

These results parallel previous observations that were
made as we deconstructed the strong inverse correlation
found to exist between the 3D-1D and CMP profiles of
HIV-1 protease (R2 � 0.88).15 As a way to begin to
understand the factors influencing the correlation, the
3D-1D profile was compared with a CMP profile based on
using only the C mutants, as well as a CMP profile
obtained by using only the NC mutants. Whereas a C/NC
clustering of the mutants for the purpose of obtaining their
respective CMP profiles again led to a strong inverse
correlation between the 3D-1D and NC-CMP profiles (R2 �
0.88), no significant correlation existed between the 3D-1D
and C-CMP profiles (R2 � 0.16).15 This earlier work on
clustered CMP profiles reflecting the important role of the
NC mutants is mirrored by the observations in Figure 7.

Next, residual scores were calculated for each of the
2,015 single point mutants of T4 lysozyme with experimen-

Fig. 5. Plot of the difference in 3D-1D profiles for one subunit in the
HIV-1 protease homodimer with and without a single point mutation in the
opposite chain. The WT profile is subtracted from the profile obtained
when an F99A mutation is introduced in the complementary chain.
Residues in the subunit exhibiting a non-zero difference participate in at
least one nearest-neighbor Delaunay simplex with F99 of the opposite
chain in the Delaunay tessellation of the protease homodimer.
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tally measured activity levels, representing nearly 65%
of the 164 residues � 19 substitutions/residue � 3,116
possible single point mutants. A structure-function cor-
relation plot for T4 lysozyme analogous to that of HIV-1
protease in Figure 7 is shown in Figure 8(A), where the
four activity classes used in the plot are identical to
those defined by Rennell et al.17 While the correlation is
slightly tempered by the mean residual score of the
negative class, we attribute this observation to the
higher degree of activity measurement error for mutants

in the medium and low classes compared with those in
the high and negative classes, as described by the
authors and leading them to use only two classes in their
subsequent analyses of the data. However, Figure 8(A)
again illustrates the overwhelming influence of the NC
substitutions in driving the trend of the overall plot
(ALL bar graph), with minimal mean residual scores for
the C mutants that do not contribute to the trend.
Following the approach of Rennell et al.,17 Figure 8(B)
presents the same data by considering only an active

Fig. 6. Plots of residual score (the difference between the topological scores of the alanine mutant and the
WT protease) versus % cleavage of �-galactosidase for the homodimer (A) and single-chain (B) mutants of
tethered protease constructs. A strong structure-function correlation is evident in both cases, with R2 � 0.61 in
(A) and R2 � 0.57 in (B). Residuals for single and double alanine mutants, occurring in a single chain as well as
both subunits, are shown in (C).
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class (mutants in the high and medium classes com-
bined) and an inactive class (mutants in the low and
negative classes combined). With a two-class system,

the correlation of mean residual score with activity is
apparent, driven primarily by the NC substitutions with
no contribution from the C mutants.

Figure 6. (Continued.)

Fig. 7. Comparison of the activity of 536 experimentally synthesized HIV-1 protease mutants with the mean
residual of the mutants within each functional class. The residual of a mutant is defined as the difference
between mutant and wild-type topological scores (i.e., sequence-structure compatibility scores). Two sample
t-tests for independent samples with unequal variances show that there is a highly statistically significant
difference between the mean residual scores of the positive and negative classes (P � 1.65 � 10�11), as well
as the intermediate and negative classes (P � 9.90 � 10�6). Mutants in each activity class are further
subdivided based on whether they are conservative (C) or nonconservative (NC) substitutions of the WT
residue (see text for details). A significant structure-function correlation is evident, driven specifically by the NC
mutants within the activity classes. The C mutants in each of the three activity classes generally have residuals
that are small in magnitude because of the minimal change in sequence-structure compatibility from WT;
hence, the mean of the residual scores of the C mutants in each activity class remains relatively constant
across all three classes.
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Finally, the calculated residual scores of the 366 single
point mutants of RT with experimentally determined
activity levels were used to produce the plots in Figure 9(A
and B). These residue substitutions are restricted to 109
positions (P95-E203) comprising the fingers and palm
subdomains of the 66-kDa subunit of the RT heterodimer,
and they represent approximately 18% of all 109 resi-

dues � 19 substitutions/residue � 2,071 possible single
point mutants within this region of the subunit. The plot in
Figure 9(A) is based on the use of the four activity classes
used by Wrobel et al.18 in their work. As with the T4
lysozyme plot in Figure 8(A), the RT correlation of mean
residual score with activity in Figure 9(A) is slightly
tempered by the mean score of the negative class. How-

Fig. 8. Comparison of the activity of 2,015 experimentally synthesized bacteriophage T4 lysozyme mutants
with the mean residual of the mutants within each of four functional classes (A) and within each of two
functional classes (B) as described in Rennell et al.17 Two sample t-tests for independent samples with
unequal variances show that there is a highly statistically significant difference between the mean residual
scores of the high and medium classes (P � 4.97 � 10�9), the high and low classes (P � 5.61 � 10�5), and the
high and negative classes (P � 0.010). Similarly, there is a highly statistically significant difference between the
mean residual scores of the active and inactive classes (P � 0.0003). The C and NC designations are
described in the caption to Figure 7 and in the text.

PROTEINS: Structure, Function, and Bioinformatics DOI 10.1002/prot

242 M. MASSO ET AL.



ever, this observation is likely attributable to the fact that
so few mutants have been experimentally analyzed within
the fingers and palm subdomains for inclusion into the
plot. Figure 9(B) shows that this correlation is essentially
maintained after increasing the number of activity classes
from four to seven. The plots in Figure 9(A and B) also
reveal that the correlation of mean residual score with
activity is again driven primarily by the NC mutants, with

no effective contribution by the mean residual scores of the
C mutants in each class.

The overwhelming similarity of the results for the three
model systems described above, especially given the limita-
tions on number of single point mutants with known
activity in each system available for the analysis, supports
the suggestion that mutant residual scores encapsulate
structural information about proteins that can be used to

Fig. 9. Comparison of the activity of 366 experimentally synthesized HIV-1 RT mutants with the mean
residual of the mutants within each of four functional classes (A), as described in Wrobel et al.,18 and within
each of seven functional classes (B). Two sample t-tests for independent samples with unequal variances
show that there is a highly statistically significant difference between the mean residual scores of the positive
and negative classes (P � 0.013). The C and NC designations are described in the caption to Figure 7 and in
the text.
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illuminate the strong impact of protein structure on func-
tion. Additionally, whereas the residual scores of the NC
protein mutants are specifically correlated with changes in
activity, the residual scores of the C mutants are generally
small in magnitude because of the minimal impact that C
substitutions typically have on sequence-structure compat-
ibility.

CONCLUSIONS

A multiple sequence alignment of retroviral aspartic
proteases has identified six fully conserved positions in the
99 residues comprising HIV-1 protease, and an additional
10 positions are conserved when allowing for conservative
substitutions. Comparing this information with the re-
sults of a study that measured the activity of 536 experi-
mentally synthesized single point HIV-1 protease mutants
reveals a strong association between residue position
conservation and sensitivity to mutation. Data from a
second study examining the activity of protease mutants
obtained via an alanine scan of the dimer interface resi-
dues is compared with topological score data for the
mutants (an indicator of sequence-structure compatibil-
ity). Specifically, a significant correlation is observed be-
tween the activity levels and the residuals (the change in
sequence-structure compatibility from WT) of the mu-
tants. The residuals associated with these mutants are
less dramatic when the mutants occur in a single chain as
opposed to both subunits of the HIV-1 protease ho-
modimer. Additionally, our results echo previous findings
that L97 and F99 are two of the three greatest contributors
of Gibbs energy for HIV-1 protease dimerization, Q2 and
T4 contribute the least toward the Gibbs energy, and
C-terminal residues are more sensitive to mutations than
those at the N-terminus.

A comparison is also made between the measured activ-
ity of the 536 experimentally synthesized HIV-1 protease
mutants of the first study and their corresponding residual
scores, again yielding a strong structure-function correla-
tion. Specifically, each mutant is placed in one of three
functional classes (positive, intermediate, or negative)
based on its level of activity relative to WT. At each
activity level, a mean residual is calculated for the set of
mutants in that class. We observe that a decrease in
activity level is associated with a decrease in mean re-
sidual. This correlation is driven primarily by the noncon-
servative residue mutations in each of the activity classes.
Within each activity class, the mean residual of the
conservative substitutions is minimal in magnitude, and
they do not contribute to the correlation. Analogous results
are also observed with 2,015 mutants of bacteriophage T4
lysozyme as well as 366 mutants of HIV-1 RT. These
results support our assertion that protein topological
scores based on the Delaunay tessellation encode the
necessary structural information required to demonstrate
the structure-function relationship inherent in proteins.
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