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ABSTRACT: The analysis of a multiple-sequence alignment (MSA) with =——@——=———@——@— k /K P
correlation methods identifies pairs of residue positions whose occupation with —'—.— —.— cat M *

amino acids changes in a concerted manner. It is plausible to assume that

—_— ——0—
positions that are part of many such correlation pairs are important for protein —.—.— _‘— TM ?

function or stability. We have used the algorithm H2r to identify positions k in
the MSAs of the enzymes anthranilate phosphoribosyl transferase (AnPRT) \ AN/ ESOA T

and indole-3-glycerol phosphate synthase (IGPS) that show a high conn(k) |

value, i.e., a large number of significant correlations in which k is involved. The

importance of the identified residues was experimentally validated by performing mutagenesis studies with sAnPRT and sIGPS
from the archaeon Sulfolobus solfataricus. For sAnPRT, five H2r mutant proteins were generated by replacing nonconserved
residues with alanine or the prevalent residue of the MSA. As a control, five residues with conn(k) values of zero were chosen
randomly and replaced with alanine. The catalytic activities and conformational stabilities of the H2r and control mutant proteins
were analyzed by steady-state enzyme kinetics and thermal unfolding studies. Compared to wild-type sAnPRT, the catalytic
efficiencies (k.,/Ky;) were largely unaltered. In contrast, the apparent thermal unfolding temperature (Ty**) was lowered in
most proteins. Remarkably, the strongest observed destabilization (ATy*? = 14 °C) was caused by the V284A exchange, which
pertains to the position with the highest correlation signal [conn(k) = 11]. For sIGPS, six H2r mutant and four control proteins
with alanine exchanges were generated and characterized. The k,./Ky values of four H2r mutant proteins were reduced between
13- and 120-fold, and their T}/ values were decreased by up to 5 °C. For the sIGPS control proteins, the observed activity and
stability decreases were much less severe. Our findings demonstrate that positions with high conn(k) values have an increased
probability of being important for enzyme function or stability.

he analysis of a multiple-sequence alignment (MSA) of for enzyme catalysis.*” Recent in silico analyses have

homologous proteins provides information about the demonstrated that correlated mutations tend to be over-
significance of individual residues. Strictly conserved residues represented near active site residues'®'' and that point
are in most cases essential for protein function,"* whereas a mutations at coevolving sites are associated with human
prevalent but not exclusivelgr found amino acid is often diseases more frequently than expected."?
important for protein stability.”* Moreover, it has been realized An important practical application for correlation analysis is
that the analysis of the mutual interdependence of residue protein design. Complementary to the consensus approach,
frequencies found in several columns of an MSA can also be which assumes that the most frequent residue observed in the
instructive.”® For instance, the occurrence of a specific amino respective column of an MSA is the most stabilizing one, the
acid at a given position of the MSA may crucially depend on the detection of covariation can contribute to the identification of

local environment, which can impose restrictions with respect
to the size or chemical properties of the neighboring residues.
Thus, an amino acid replacement at one position is tolerated
only together with a complementary residue substitution at a
correlated site. As a consequence, the frequencies of particular
residues at adjacent positions in the structure of a protein can
be interrelated. This coupling can be detected by a column-wise
correlation analysis of the MSA based on information theory;
classical approaches have been reviewed.” In addition to direct
contacts, a correlation of residue frequencies can also be due to

residues that are important for the integrity of a protein.'® For
example, it has been demonstrated that an energy function,
which encompasses coevolution between amino acid residues,
is able to specify sequences that fold into a compact three-
dimensional structure.'*

The majority of the established protocols for the
identification of correlated mutations are based on the
computation of a global covariation signal.””">~" Related to

the concerted action of amino acids that are far from each other Received: June 6, 2012
in the three-dimensional structure. For example, it has been Revised:  June 26, 2012
shown that coupled motions of remote residues can be crucial Published: June 27, 2012
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this concept, “perturbation” methods have been introduced.® In
the first step of a perturbation analysis, for a given position k,
the amino acid aa; occurring most frequently at position k is
identified. Then, a correlation signal between k and any other
position [ is calculated. To this end, the mean residue
composition at | is compared with the residue composition at
| for the sequences possessing aal.’® In combination with
molecular dynamics simulations, perturbation analysis has been
successfully applied to predict residues essential for catalysis
that are coupled by coevolution and motion.” However,
perturbation analysis has been under debate®’ because it
ignores all information contained in sequences not possessing
aaf. In addition, it is unclear whether this approach assesses in
an appropriate manner the strong phylogenetic signal that
interferes with the signal originating from structural or
functional coupling.”*

In an attempt to advance correlation methods, we have
recently implemented the algorithm H2r that is based on
Shannon’s information theory.”® As schematically outlined in
Figure 1, H2r uses the information content of the complete set

Sequences
ordered on k
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Figure 1. Illustration of correlation analysis as implemented in H2r.
The residues found in three columns of an MSA representing positions
k, I, and m are shown in the left panel. In the right panel, the sequences
are sorted according to the composition of column k to highlight
mutual interdependencies. The frequencies f(aaf-‘,aaf) of amino acid
pairs aa; and aa; observed in columns k and ! are biased, as only a small
number of specific combinations occur. Using these frequencies, the
term U(k]) is computed, which is a normalized measure for the
correlation between the content of columns k and ! (for details, see ref
23). This measure is a symmetric one; hence, U(kl) = U(Lk). No
correlation is detectable for the k, m pair. A perturbation method
would compare only the mean residue frequencies at column [ with the
frequencies observed in those sequences that carry in column k the
most frequent amino acid (here R). Thus, correlation signals related to
less abundant residues would be ignored. Note that without removing
highly similar sequences, an overrepresentation of amino acid pairs
could be due to a close phylogenetic relationship and might cause false
positive predictions. A prerequisite for the computation of U(k])
values is a sufficiently large MSA. To deduce the pairwise frequencies
f(aaf-‘,aaf) with acceptable precision, the MSA has to consist of at least
125 sequences.

of sequences of an MSA to identify correlations between amino
acid frequencies. The algorithm computes the term U(k)]),
which is a normalized measure for mutual information and
quantifies the degree of coupling between positions k and [ of
an MSA. Using a large set of synthetic MSAs, we have shown
that U(k,) values identify correlated positions in a manner
independent of a specific pattern of residue conservation.*?
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However, pairs of positions with strictly conserved residues are
excluded from the analysis because they per se do not contain a
correlation signal. Because we have noted that in alignments of
native sequences those positions with high U(k,l) values are
interlinked, we utilize concepts of network analysis for their
characterization. Specifically, all U(k,!) values derived from an
MSA are rank-ordered, and the N highest Uy(k,l) values are
used to determine the connectivity conn(k) for each position k.
We define conn(k) as the number of high-scoring pairs Uy(k,)
of which position k is an element; the value of N is chosen
according to the size of the protein. Figure 2 illustrates how
conn(k) values are calculated.

Figure 2. Scheme illustrating the determination of conn(k) values. For
the shown virtual example, 25 U(k,l) values were used to create the
graph. Each node represents a residue k (or [), and each vertex is due
to a U,s(k,l) value. Nodes differ by their conn(k) value, which is the
number of vertices ending in k. Here, conn,; of residue 52
[connyg(52)] is 3 and conn,(88) is 10. Note that H2r uses at least
the 75 most extreme U(k,l) values to determine conn(k).

By computing conn(k), we achieve two objectives. (i) As we
focus on those positions k that cause the strongest correlation
signals, we reduce the risk of predicting false positives. Our
simulations have shown that conn(k) values of >3 are highly
unlikely when analyzing an MSA of random composition with
default settings of H2r. (ii) Rather than merely focusing on the
coupling between k, [ pairs, we are also able to assess individual
positions k with respect to their significance for the protein.** A
recent independent report confirmed that conn(k) is a robust
indicator for the detection of covariation signals between
residue positions.24 H2r is accessible as a web service at http://
www-bioinf.uni-regensburg.de.

In this work, we describe the first experimental validation of
predictions made by H2r. For this purpose, we have performed
a mutagenesis study with two well-characterized enzymes from
the tryptophan biosynthetic pathway, anthranilate phosphor-
ibosyl transferase (sAnPRT; encoded by the strpD gene) and
indole-3-glycerol phosphate synthase (sIGPS; encoded by the
strpC gene) from the hyperthermophilic archaeon Sulfolobus
solfataricus. Both sAnPRT and sIGPS are highly thermostable
but only marginally active at room temperature.”>*® Crystal
structure analysis has shown that SAnPRT is a homodimer with
a subunit fold similar to that of nucleoside phosphorylases, and
that sIGPS is a monomer with the ubiquitous (fa)s-barrel
enzyme fold.””*® Previous site-directed mutagenesis experi-
ments have led to the identification of amino acids crucial for
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dimer formation of sSAnPRT and of conserved residues essential
for substrate binding and catalysis of sAnPRT and sIGPS.**~>!
We have now analyzed the significance of nine positions of
sAnPRT and sIGPS, which were assigned conn(k) values of >3
by H2r but are not conserved among the known AnPRT and
IGPS proteins. The amino acids at these positions were
replaced with either alanine or the prevalent residue found in
the respective column of the MSA. As a control, nine positions
of sAnPRT and sIGPS with a conn(k) value of zero were
chosen and replaced with alanine. The recombinant sSAnPRT
and sIGPS mutant proteins were produced in Escherichia coli,
purified, and analyzed by thermal unfolding and steady-state
enzyme kinetics. The results show that the effects leading to a
reduced thermal stability in the case of SAnPRT or a diminished
catalytic activity in the case of SIGPS are much stronger at
positions with high conn(k) values than at positions with a
conn(k) value of zero. These findings confirm that H2r
identifies important nonconserved residue positions of a
protein without requiring structural information.

B EXPERIMENTAL PROCEDURES

Computational Methods. Two MSAs were §enerated for
AnPRT and IGPS proteins by using BLAST®® to extract
sequences from the NCBI database™ and by aligning the
output with MAFFT.** H2r was utilized with default cutoffs of
20 and 90% sequence identity to eliminate too dissimilar and
too similar sequences, respectively.”> The program determined
U(k,]) values for all columns k and [ of an MSA that were <90%
conserved. U(k,!) values indicate the coupling in the pairwise
amino acid distribution of residue positions k and I. The higher
the U(kl), the stronger the mutual dependency of the residue
composition. On the basis of the 75 most extreme U(k,l)
values, conn(k) values were determined for all residues of a
protein. Residue positions with a conn(k) value of >3 were
considered for H2r mutant proteins and those with a conn(k)
value of zero for control mutants.

Cloning, Expression, and Purification of Recombinant
Proteins. To introduce amino acid exchanges into sAnPRT
and sIGPS, strpD and strpC mutant genes were generated by
mega-primer>> or overlap-extension®® polymerase chain reac-
tion using the oligonucleotides listed in Table S1 of the
Supporting Information, together with flanking oligonucleo-
tides specific for the used expression plasmids. The strpD
mutants were cloned into the pQE40 plasmid (Quiagen) using
the restriction sites for BamHI and HindIIl, and the strpC
mutants were cloned into the pET21a(+) plasmid (Stratagene)
using the restriction sites for Nhel and Xhol. As a consequence,
the recombinant sSAnPRT and sIGPS mutant proteins carried
N-terminal and C-terminal hexahistidine tags, respectively. The
strpD mutants were expressed heterologously in E. coli strain
W3113 trpEA, which contained the repressor plasmid
pDMI,l,37 and the strpC mutants were expressed in E. coli
strain BL21-CodonPlus(DE3) RIPL (Stratagene). The re-
combinant sAnPRT and sIGPS mutant and wild-type proteins
were purified by heat precipitation of the E. coli host proteins
and metal chelate affinity chromatography.”*® Additionally,
sAnPRT proteins were purified by ion exchange chromatog-
raphy using a Resource Q column (1 mL, GE Healthcare).
Bound protein was eluted from the pre-equilibrated column
with a linear gradient from 0 to 750 mM KCl in 50 mM Tris-
HCI (pH 9.0). Fractions containing pure sAnPRT and sIGPS
were identified by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis, pooled, and dialyzed. The yields per liter of cell
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suspension were between 0.05 and 0.3 mg for the sAnPRT
mutant proteins and between 5 and 30 mg for the sIGPS
mutant proteins. The proteins were dropped into liquid
nitrogen and stored at —80 °C. Protein concentrations were
determined by measuring the absorbance at 280 nm, using
molar extinction coefficients that were calculated from the
amino acid sequence.*

Protein Characterization. The AnPRT reaction was
monitored under steady-state conditions at 37 °C by a
fluorimetric assay performed in 50 mM Tris-HCl (pH 7.5)*
in the presence of 200 uM MgCl,. The IGPS reaction was
monitored under steady-state conditions at 25 °C by a
fluorimetric assay performed in SO mM HEPPS-KOH (pH
7.5) containing 4 mM EDTA.*® The Michaelis constants (Ky**
and Ky"™™" for sAnPRT and Ky“®* for sIGPS) were
determined by fitting a hyperbolic equation (using SigmaPlot,
Systat Software Inc.) to saturation curves of the various
substrates. For sAnPRT, saturation curves for anthranilate (AA)
and PRPP were recorded in the presence of an excess (10Ky,)
of the second substrate. The turnover numbers (k) were
determined by dividing the fitted maximum velocity (V) by
the concentration of active sites ([Eo]).

Thermal denaturation of sSAnPRT and sIGPS dissolved in 50
and 10 mM potassium phosphate (pH 7.5), respectively, was
monitored with a JASCO J-81S5 circular dichroism (CD)
spectrometer (Jasco, Easton, MD) in a 0.1 cm cuvette by
following the loss of ellipticity at 220 nm. Unfolding was
induced by increasing the temperature in 0.1 °C increments at a
ramp rate of 1 °C/min using a Peltier-effect temperature
controller. The measured ellipticity values were normalized, and
the midpoint temperature of the unfolding transition (T**)
was determined.

The association states of sAnPRT and sIGPS mutant
proteins were determined by analytical gel filtration chroma-
tography using a Superdex 75 column. Elution was performed
at 25 °C with a flow rate of 0.5 mL/min on a calibrated
Superdex 75 column (1 cm X 30 cm, GE Healthcare) that was
equilibrated with 50 mM potassium phosphate (pH 7.5)
containing 300 mM KCL

B RESULTS

Identification by H2r of Putatively Important Residue
Positions in sAnPRT and sIGPS. For the identification of
important residue positions in sAnPRT, 412 AnPRT sequences
were collected with BLAST** and aligned in an MSA. To
eliminate dissimilar sequences that might introduce noise as
well as highly similar sequences that might cause a correlation
signal because of their close phylogenetic relationship, pairwise
comparisons were performed with sAnPRT as the first
reference. A sequence was removed if the comparison yielded
<20 or >90% identical residues. An MSA composed of the 288
remaining AnPRT's was analyzed with H2r, which identified five
positions with conn(k) values of >3 (Table S2 of the
Supporting Information). The corresponding residues of
sAnPRT, glutamate S0, glutamate 54, isoleucine 23S, valine
284, and phenylalanine 297, were replaced with alanine (Table
1). Alanine is the standard exchange in mutagenesis studies as it
is chemically inert and does not introduce charge or steric
constraints. Additionally, in cases where a clear amino acid
preference deviating from wild-type sSAnPRT could be deduced
from the MSA, the most frequently encountered (“consensus”)
residue was also introduced because it has been shown that this
strategy can lead to increased protein stability.>* This

dx.doi.org/10.1021/bi300747r | Biochemistry 2012, 51, 5633—5641



Biochemistry

Table 1. Experimentally Validated Positions of sAnPRT and
sIGPS*

residue at most
identified frequent  occurrence  conservation
protein position conn(k)  residue (%) rank
sAnPRT E 50 4 E 77.5 62
E 54 4 E 90.5 33
1235 4 E 50.7 149
V 284 11 A 19.7 309
F 297 4 Y 384 211
E 123 0 E 69.1 82
K 203 0 E 33.8 234
F 251 0 F 41.7 194
1316 0 I 60.3 117
K 318 0 S 65.1 100
sIGPS \VA] 10 K 73.7 65
R 54 7 K 64.1 88
R 64 14 F 62.0 89
S 181 4 N 86.2 44
S 56 0 S 99.5 9
S 58 0 S 92.6 34
L 187 0 F 78.8 54
V 208 0 \' 73.3 67

“For sAnPRT (331 residues), five wild-type residues with the highest
conn(k) values were replaced by site-directed mutagenesis, both with
alanine and with the most frequent (consensus) residue of the MSA.
These residues constitute the H2r mutant proteins. As a control, five
randomly selected residues with a conn(k) value of zero were also
replaced with alanine. For sSIGPS (248 residues), from the 13 positions
with conn(k) values of >3 (cf. Table S2 of the Supporting
Information), two wild-type residues located in the proximity of the
substrate CARP within the crystal structure (PDB entry 1LBF) were
exchanged. In addition, residues at positions 64 and 54 were replaced
together on the basis of their high conn(k) and U(54,64) values. As a
control, four residues in the proximity of CdRP with a conn(k) value
of zero were selected. “The value is the rank of the positions according
to their conservation in the MSAs.

consideration led to the replacement of isoleucine 235 with
glutamate and phenylalanine 297 with tyrosine. At positions 50
and 54, no additional exchanges were introduced because at
both sites sSAnPRT contained the consensus residue glutamate.
At position 284, the prevalent residue was alanine, albeit with a
frequency of only 19.7% (Table 1). In the following, we name a
set of proteins with amino acid exchanges selected on the basis
of a conn(k) value of >3 “H2r mutant proteins”. As a control,
five positions with a conn(k) value of zero and a degree of
conservation comparable to that observed in the H2r mutant
proteins were chosen stochastically from all 331 positions with
the help of a random number generator. The corresponding
residues of sAnPRT, glutamate 123, lysine 203, phenylalanine
251, isoleucine 316, and lysine 318, were replaced with alanine,
and the resulting proteins served as a reference for the effects
observed with the H2r mutant proteins.

For the identification of potentially important residues of
sIGPS, we generated an MSA composed of 567 IGPS
sequences. Its processing by H2r identified 13 positions with
a conn(k) value of >3 (Table S3 of the Supporting
Information). Four of them were tested by site-directed
mutagenesis based on the following rationale: Previously, a
number of putative active site residues, which were selected
because of their conservation, were analyzed with respect to
their role in catalysis using IGPS from E. coli.*’ We now tested
also nonconserved residues, which were identified by H2r and
are located close to the active site of SIGPS. On the basis of this
criterion, we replaced tryptophan 8 and serine 181 with alanine.
In addition, tryptophan 8 was replaced with lysine and serine
181 with asparagine, which are the consensus residues at these
two positions of the MSA (Table 1). As a control for serine
181, serines 56 and 58 were selected, and as a control for
tryptophan 8, the hydrophobic residues leucine 187 and valine
208 were chosen and replaced with alanine. These residue
positions have conn(k) values of zero, are at least as conserved
as the residue positions selected for the two H2r mutant
proteins, and are located in similar proximity of the active site.

Table 2. Catalytic Activities and Thermal Stabilities of sAnPRT Mutant Proteins®

sAnPRT Ky PReP K™
protein ke (s7Y) (uM) (nM
H2r mutant proteins WT 0.35 £ 0.013 127 + 23 38+2
ESOA 0.37 £ 0.017 278 £ 52 70 £ 8
ES4A 0.44 + 0.025 203 + 43 96 + 10
1235A 0.32 + 0.008 146 + 18 24+1
1235E 0.38 + 0.019 367 + 65 44 +£3
V284A 0.24 + 0.006 180 + 19 S3+4
F297A 0.32 + 0.015 251 + 46 12+2
F297Y 0.28 + 0.009 373 £ 49 31+ 4
controls WT 0.12 + 0.006 163 + 32 9+3
E123A 0.11 + 0.003 S7+£9 33+8
K203A 0.05 + 0.004 560 + 140 18+3
F251A 0.04 + 0.002 147 + 42 24+ 4
1316A 0.03 + 0.001 116 + 20 9+1
K318A 0.05 + 0.003 530 £ 75 9+1

Ko/ Ko EP Koo/ K™ effect on TP AT
M1sh M1t activityb (°C) (°C)
2.7 X 10° 9.2 % 10° - 91 -
1.3 X 10° 53 % 10° <2, <2 87 —4
22 % 10° 4.6 x 10° <2, <2 86 -5
22 % 10° 13.3 x 10° <2,0.7 85 -6
1.0 X 10° 8.6 X 10° 3,22 80 —11
1.3 x 10° 4.5 x 10° <2, <2 77 —14
1.3 x 10 26.7 x 10° <2,03 91 0
0.8 X 10° 9.0 X 10° 3, <2 91 0
7.4 X 10* 1.3 X 107 - 91 -
1.9 x 10° 3.4 x 10° 4, 4 83 -8
0.9 x 10* 2.8 X 10° 8,5 90 -1
2.7 X 10* 1.7 x 10° 3,8 82 -9
2.6 X 10* 3.4 % 10° 3,4 89 -2
0.9 X 10* 5.6 X 10° 8,2 90 -1

“The steady-state constants k., and Ky were determined by the analysis of substrate saturation curves, which were constructed from initial velocities
measured at different concentrations of anthranilate (AA) and PRPP, in the presence of saturating concentrations of the second substrate (>10Ky,).
Experiments were conducted in S0 mM Tris-HCI (pH 7.5) at 37 °C in the presence of 200 uM MgCl,. The shown mean values and standard
deviations were deduced from the analysis of multiple measurements. Steady-state constants for wild-type sSAnPRT (WT) were determined with two
different protein preparations. The apparent melting temperatures (T,*?) were determined by the analysis of thermal unfolding traces monitored by
far-UV CD spectroscopy. The accuracy of the given values is +1 °C. Experiments were conducted in S0 mM potassium phosphate (pH 7.5). The
values are the (kcat/KMPRPP)wild»type/(kcat/I<MPRPP)mutant and (kcat/KMAA)wild-type/(kcat/KMAA)mutant ratios.
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Table 3. Catalytic Activities and Thermal Stabilities of SIGPS Mutant Proteins®

sIGPS protein ke (s71) Ky S (M)
H2r mutant proteins wWT 0.06 + 0.002 0.05 + 0.006
WSA 0.13 + 0.002 1.40 £+ 0.08
W8K 0.31 + 0.01 0.37 £ 0.03
S181A 0.008 + 0.003 0.59 + 0.09
S181N 0.39 + 0.03 0.69 + 0.11
RS4A/R64A 0.17 + 0.008 2.70 + 0.40
RS4K/R64F 0.14 + 0.003 1.80 £ 0.13
controls SS6A 0.13 + 0.009 0.16 + 0.03
SS8A 0.09 + 0.004 0.17 £+ 0.02
L187A 0.13 + 0.007 0.19 + 0.04
V208A 0.21 + 0.007 0.21 + 0.02

Koo/ Ky S (M2 s7Y) effect on activityb T\ (°C) AT (°C)
1.20 X 10° - 92 -
0.09 x 10° 13 90 -2
0.84 x 10° <2 87 -5
0.01 x 10° 120 93 1
0.56 x 10° <2 90 -2
0.06 X 10° 20 94 2
0.08 x 10° 15 94 2
0.81 x 10° <2 91 -1
0.53 X 10° <2 93 1
0.68 x 10° <2 91 -1
1.00 x 10° 0.8 88 —4

“The steady-state constants ke, and Ky " were determined by the analysis of substrate saturation curves, which have been constructed from initial
velocities measured at different concentrations of CdRP. Experiments were conducted in SO mM HEPPS-KOH (pH 7.5) at 25 °C in the presence of
4 mM EDTA. The shown mean values and standard deviations were deduced from the analysis of multiple measurements. The apparent melting
temperatures (T, *?) were determined by the analysis of thermal unfolding traces monitored by far-UV CD spectroscopy. The accuracy of the given
values is +1 °C. Experiments were conducted in 10 mM potassium phosphate (pH 7.5). “The value is the (k.,./Ky " )wﬂd_type/ (eae/ KngS) atant

ratio.

Remarkably, positions 54 and 64 are characterized by large
conn(k) values of 7 and 14, respectively, and a high U(54,64)
value (not shown), which indicates a strong correlation.
Therefore, we also generated proteins that carry at these
positions either alanines (RS4A/R64A) or the consensus
residues (RS4K/R64F) (Table 1).

Catalytic Activity and Thermal Stability of sAnPRT
and sIGPS Mutant Proteins. Nucleotide exchanges leading
to the planned amino acid substitutions in SAnPRT and sIGPS
were introduced into the strpD and strpC genes by site-directed
mutagenesis, and the plasmid-encoded genes were expressed in
E. coli. The recombinant proteins were purified by heat
precipitation of the host proteins, followed by metal-chelate
affinity chromatography using a hexahistidine tag, and an
additional ion exchange chromatographic step in the case of
sAnPRT. Analytical gel filtration demonstrated that all SAnPRT
mutant proteins form homogeneous homodimers and that all
sIGPS mutant proteins form homogeneous monomers.

The catalytic activities of the sAnPRT and sIGPS H2r
mutant and control proteins were analyzed by steady-state
enzyme kinetics. AnPRT catalyzes the Mg**-dependent
conversion of anthranilate and PRPP into N-(5'-
phosphoribosyl)anthranilate and pyrophosphate. To determine
the turnover numbers (k.,) and the Michaelis constants for
anthranilate (K,) and PRPP (K, "*F), saturation curves
were determined for both substrates. Table 2 shows that the
steady-state constants of the H2r mutant proteins are similar to
those of wild-type sAnPRT, which also holds for the control
proteins carrying the E123A and I316A exchanges. For control
proteins K203A and K318A, k_,./Ky"*" is reduced 8-fold, and
for control protein F251A, k.,./Ky™™ is decreased by the same
factor.

IGPS catalyzes the conversion of 1-(o-carboxyphenylamino)-
1-deoxyribulose S-phosphate (CdRP) into indole-3-glycerol
phosphate, whereby carbon dioxide and water are released. The
steady-state constants deduced from saturation curves for the
substrate CdRP are listed in Table 3. All H2r mutant proteins
show a much higher Ky,“**" than both wild-type sIGPS and the
control proteins, indicating that substrate binding is compro-
mised. The k_, value is unaltered for the control protein S58A
and slightly increased for all other control and H2r mutant
proteins besides S181A. The 7-fold decrease in the k., value
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caused by the SI8IA exchange indicates that the specific
occupation of this position influences catalysis. As a
consequence, catalytic efficiency k,./Ky“**" is notably lowered
for four of the six H2r mutant proteins, namely, 13-fold (W8A),
15- or 20-fold (RS4K/R64F and RS4A/R64A), and 120-fold
(S181A). In contrast, k../Ky ™" is changed at most 2-fold for
all control proteins (Table 3).

The stability of the sAnPRT and sIGPS H2r mutant and
control proteins was analyzed by thermal unfolding of the
secondary structure, which was monitored by the loss of the far-
UV CD signal (Figures S1 and S2 of the Supporting
Information). Because thermal denaturation was irreversible,
the free energies of unfolding could not be determined. Instead,
the apparent melting temperature at which 50% of the signal is
lost (T®?) was used as an operational measure for stability.
The sAnPRT and sIGPS wild-type proteins are extremely
thermostable, showing Ty*? values of 91 and 92 °C,
respectively (Tables 2 and 3). The stabilities of the sAnPRT
H2r mutant proteins with the F297A and F297Y replacements
and of the control proteins with the K203A, I316A, and K318A
exchanges differ by at most 2 °C from that of wild-type
sAnPRT. In contrast, the thermal stabilities of the other
sAnPRT mutant proteins are compromised more drastically,
albeit to a different extent. In the H2r mutant proteins,
substitutions ESOA, ES4A, and 1235A lead to a decrease of 4—6
°C, and the I235E and V284A exchanges reduce thermal
stability by as much as 11 and 14 °C, respectively. In the
control proteins, substitutions E123A and F251A lead to a
decrease in the apparent melting temperature of 8—9 °C.

For sIGPS, the thermal stabilities of five H2r mutant proteins
(W8A, S181A, S181N, RS54A/R64A, and RS4K/R64F) and
three control proteins (S56A, SS8A, and L187A) differ by not
more than 2 °C from that of the wild-type enzyme. Two
substitutions reduced Ty*® more significantly by S °C (H2r
mutant protein W8K) and 4 °C (control protein V208A).

B DISCUSSION

H2r Predicts Important Residue Positions with High
Specificity but Limited Sensitivity. Methods analyzing
correlated mutations in an MSA aim to identify residues that
are crucial for the properties of a given protein family. The
criterion used by H2r for such potentially important residue
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Figure 3. Putatively important residues of sAnPRT identified by H2r
and control mutants. Ribbon presentation of one protomeric unit of
homodimeric sAnPRT (PDB entry 1ZYK). Bound substrates (two
molecules of anthranilate and one molecule of 5-phosphoribosyl-a-1-
pyrophosphate, PRPP) are colored blue. The residues validated by
mutagenesis are shown as spheres; those of the five H2r mutant
proteins are colored red and those of the five control mutants orange.
The interface region with the second protomer is indicated. a-Helices
are colored gray, f-strands green, and loops pink. This figure was
created with PyMOL.*

positions is the conn(k) value that corresponds to the number
of other positions with which the considered position is
strongly correlated (Figure 2). For an MSA of random
composition and with default settings of H2r as used here, it
is highly unlikely that a residue position gets assigned a conn(k)
value of >3.>* On the basis of an MSA of IGPS sequences, H2r
identified 13 residue positions with a conn(k) value of >3. We
assessed the two sIGPS residues W8 and S181, which have
conn(k) values of 10 and 4, respectively, and are located close
to the active site. In both cases, the k.,/Ky " values of the
respective alanine mutant proteins are severely compromised
by a factor of 13 (W8A) or 120 (S181A). A 20-fold decrease in
the catalytic efficiency was observed as a consequence of the
R54A and R64A exchanges, which pertain to residues with
conn(k) values of 7 and 14, respectively. In contrast, none of
the control proteins, which contained amino acid exchanges at
positions with proximity to the active site similar to that of the
analyzed H2r mutant proteins, altered catalytic efficiency by a
factor of more than 2. Whereas the H2r mutant protein W8K
and the control protein V208A reduced thermal stability by —5
and —4 °C, respectively, all other exchanges do not
compromise stability. The mean decrease in Ty*? values is
1.7 °C, both for the H2r mutant and for control proteins.
Taken together, for positions located close to the active site of
sIGPS, a noticeable effect on catalytic efficiency was observed
only when replacing residues with a statistically significant
conn(k) value.

For sAnPRT, H2r assigned a conn(k) value of >3 to not
more than five positions, all of which were experimentally
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assessed. None of the H2r mutant proteins show k.,./Ky" " or
keo/ K™ changes exceeding a factor of 3. In contrast, k,/
Ky ™™® and k /Ky values were moderately compromised by
a factor of 2—8 in the control proteins. Thermal stability was
decreased between 4 and 14 °C in five H2r mutant proteins
and by 8 or 9 °C in two of the five control proteins. The mean
loss of stability as a consequence of alanine replacements is 5.8
°C for H2r mutant proteins and 4.2 °C for control proteins.
These findings indicate that for sAnPRT mean activity or
stability effects observed when mutating positions with
statistically significant conn(k) values generally do not exceed
effects when control sites are mutated. However, the strongest
observed destabilization by —14 °C is due to the V284A
exchange, which pertains to the single position with the highest
conn(k) value of 11. These findings are consistent with the
anticipated inverse correlation between sensitivity and specific-
ity notoriously afflicting all predictive algorithms. Concentrat-
ing on high conn(k) values gives rise to few predictions, which
reliably indicate important residue positions. Reducing the
cutoff for the conn(k) value increases the number of candidate
sites but also the risk of false predictions, which means that the
user has to find an optimal balance between coverage and effort
devoted to the generation and characterization of a mutant
protein. Along these lines, in an analysis restricted to sites with
conn(k) values of >4, we would have missed the strongest
activity effect, namely the 120-fold decrease in k /Ky %"
caused by the SI81A exchange in sIGPS, and the second
strongest stability effect, namely the —11 °C decrease in Ty*?
caused by the I23SE substitution in sAnPRT.

Identification of Residues Leading to Beneficial
Exchanges Is Still an Unsolved Problem. As with other
methods used for correlation analysis, H2r provides informa-
tion about neither the property (function or stability) for which
a given position in the MSA is important nor the optimal
residue to be introduced. In our study, this intrinsic limitation
becomes most obvious from the observation that the S181A
and S181N substitutions have inverse effects on the k_, value of
sIGPS (Table 3). This finding supports the conclusion that the
identification of the most beneficial exchange based on an MSA
is generally an unsolved problem. Along the same lines, our
results confirm previous findings that the introduction of the
consensus residue at a given position does not necessarily lead
to an increase in protein stability.***** In SIGPS, the
consensus substitutions W8K and S181N decrease T)/*F by S
and 2 °C, respectively (Table 3). Moreover, although the
combined consensus exchanges R54K and R64K improve
stability by 2 °C, this rather marginal improvement effect is
offset by a 15-fold decrease in k./Ky . Furthermore, for
sAnPRT, the consensus exchanges F297Y and I235E have no
effect on stability or even drastically decrease T** by —11 °C
(Table 2).

The observation that conservation of a residue does not
unambiguously signal a crucial role in catalysis or protein
stability is further confirmed by the analysis of control proteins.
The conservation of serine 56 or serine 58 in sIGPS is as high
as 99.5 or 92.6%, respectively (Table 1). However, for both
control proteins with the SS6A and SS8A exchanges, neither
k /Ky nor TP is compromised. These findings confirm that
each indicator and in silico method (including H2r) reaches a
certain quality level when predicting crucial residues, which is
not 100% because of the many evolutionary factors that are
concurrently affecting the occupancy of residue positions.
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Figure 4. Local environment of V284 and V284A in sAnPRT. (A) Neighborhood in a 6 A shell of V284 (green) as observed in the wild-type enzyme
(PDB entry 1ZYK) in ball (top) and ribbon (bottom) representation; residue V284 is colored green, and a-helices are colored gray and loops pink.
(B) Neighborhood in a 6 A shell of the V284A exchange (cyan) modeled into the wild-type enzyme. The homology model was generated by means

of FoldX 3.0;* PyMOL was used to create figures.*®
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Figure S. Putatively important residues of sIGPS identified by H2r and
control mutants. Ribbon presentation of sIGPS (PDB entry 1LBF).
The protein contains the bound substrate analogue [reduced 1-(o-
carboxyphenylamino) 1-deoxyribulose S-phosphate], which is colored
blue. The residues tested by mutagenesis are shown as spheres; those
of the four H2r mutant proteins are colored red and those of the four
control mutants orange. a-Helices are colored gray, f-strands green,
and loops pink. This figure was created with PyMOL.*
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Structural Interpretation of Effects Caused by
Replacing Residues Identified by H2r. Although H2r
does not use any information other than amino acid sequence,
available crystal structures for sAnPRT and sIGPS help to
rationalize the consequences of the introduced amino acid
exchanges for function and stability. The catalytic activities of
the purified sAnPRT mutant proteins are largely unaltered, in
accordance with the relatively large distance of the amino acid
exchanges from the active site (Figure 3). In the absence of
crystal structures for the mutant proteins, destabilization is
difficult to explain. We therefore concentrated on the V284A
replacement, which causes the strongest decrease in T,/ of 14
°C (Table 2), in accordance with the largest conn(k) value of
11 (Table 1). Molecular modeling based on the crystal
structure of wild-type sAnPRT suggests that the replacement
of the valine side chain with the less bulky alanine side chain
generates a small cavity within the interior of the protein
(Figure 4). As a consequence, the protein core is less densely
packed, explaining the strong destabilization caused by this
exchange.*** In agreement with this conclusion, the recently
characterized T771 exchange of sAnPRT, which fills an internal
cavity and results in denser packing, is strongly stabilizing.*’
The I235E exchange, which leads to the second most drastic
decrease in stability [ATy*" = —11 °C (Table 2)], might be
caused by electrostatic repulsion with the neighboring E242
residue.

For sIGPS, the catalytic efficiencies of all H2r mutant
proteins that introduce alanine are significantly decreased,
mainly because of increased Ky ™" values (Table 3). This
apparent reduction in substrate affinity can be explained by the
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spatial proximity of the exchanges, which are located close to
the active site (Figure S5). Nevertheless, the results are not
trivial as catalytic efficiency was not compromised by any of the
alanine replacements in the control proteins, including the
highly conserved serine residues 56 and 58. In this context, it is
interesting to note that a comprehensive mutational analysis of
the active site of IGPS from E. coli did not include residues
corresponding to W8, R54, R64, and S181 of sIGPS, because of
their lack of conservation.' The effects of the amino acid
exchanges on the thermal stability of sIGPS are generally
modest and difficult to explain in the absence of crystal
structures for the mutant proteins.

Future Directions in Applying and Improving H2r. In a
recent correlation analysis of enzyme superfamilies, mainly
networks surrounding the active sites were identified,
suggesting that the involved positions are more important for
protein function than for structure and stability."' Our findings
emphasize, however, that residue positions remote from the
active site undergo correlated mutations as well and can be
important for protein stability. These diverging findings are
probably due to the different compositions of the studied
MSAs. The MSAs compiled for the superfamilies comprised a
large set of functionally diverse proteins, which can be divided
into subfamilies. Most likely, the entire superfamily shares a set
of correlated positions around the active site occupied by the
substrate specificity-determining residues, which are conserved
within the various subfamilies. Such conservation patterns cause
strong correlation signals, which mask weaker signals elsewhere
in the protein. In contrast, the MSAs compiled for an analysis
by H2r do not contain highly similar sequences, which allowed
us to identify less dominant correlations in AnPRT and IGPS.
It is an attractive perspective to combine the two methods of
correlation analysis to discriminate between positions being
crucial for function and stability in large superfamilies of
enzymes.

It is important for a computational analysis of MSAs to keep
the number of identified candidate amino acids small enough to
allow for their experimental validation with reasonable effort.
An obvious selection criterion for mutational analysis is a high
degree of conservation. Our results show that H2r extends the
number of promising candidate residues beyond conserved
ones as it predicts with a reasonable success rate crucial
positions that show a high degree of sequence variability. When
the MSAs are sorted according to degree of conservation, the
positions identified by H2r rank between 33 and 309 for
AnPRT and between 44 and 89 for IGPS (Table 1 and Tables
S2 and S3 of the Supporting Information).

A prerequisite for an application of H2r is a sufficiently large
MSA covering a broad range of sequence variability. After
filtering, at least 125 sequences have to remain. However, this
requirement is no longer a severe limitation for many proteins
given that thousands of prokaryotic genomes have been
sequenced over the past few years. This large data pool will
allow for the further experimental validation of predictions
made by H2r, and the outcome of these experiments shall lead
to further improvements in the algorithm, e.g. with respect to
sensitivity.

B ASSOCIATED CONTENT

© Supporting Information

Oligonucleotides used for site-directed mutagenesis of strpD
and strpC (Table S1), conservation and conn(k) values for all
residue positions of AnPRT proteins (Table S2), conservation
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and conn(k) values for all residue positions of IGPS proteins
(Table S3), thermal denaturation of sAnPRT mutant proteins
(Figure S1), and thermal denaturation of sIGPS mutant
proteins (Figure S2). This material is available free of charge
via the Internet at http://pubs.acs.org.
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