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1. Overview 
 
In the Novum Organum [2] Francis Bacon described, as the first step in applying the scientific method, the 
compilation of observational data, followed by the categorization of these observations and the generation 
of hypotheses. Our tools facilitate this process by extensively characterizing protein sequence and structural 
constraints leading to plausible hypotheses.  From this may then follow the accumulation of additional 
empirical results through further experimentation with the goal of better understanding how protein 
molecular machines work at the atomic level. Our core hypothesis is that characterizing the most 
statistically significant constraints will reveal otherwise overlooked protein properties responsible for 
underlying molecular mechanisms. Because we seek to identify properties that biochemical and structural 
studies have thus far failed to identify, we allow the data itself to reveal its most statistically surprising 
features without making assumptions about what should be found.  We argue that, in the absence of relevant 
biochemical studies, it is only possible to directly link individual residues to other residues and such residue 
sets to structural features. Hence, our approach focuses on these (observed) properties rather than on 
predicting (unobserved) biochemical properties.  Augmenting a knowledge of biochemical and structural 
properties with visualization of functionally imposed constraints in this way can lead to plausible 
hypotheses for experimental design.  

Our tools are applied to protein superfamilies that have diverged into subgroups, each of which fills a 
functional niche compatible with the superfamily’s common “core" structure.  Within each subgroup, 
proteins from distinct phyla often conserve residues at (non-active site) sequence positions that other related 
proteins fail to conserve. Often a subgroup, G, is composed of smaller subgroups, each of which conserves 
both residues due to G’s functional constraints and other residues due to constraints imposed by its own, 
more specialized function. Repeated rounds of this evolutionary process have led to hierarchically 
interrelated patterns of correlated residues and, in some cases, to networks of functionally critical residues 
embedded within structurally defined clusters.  Moreover, for proteins sharing a common core structure, 
3D contacts between pairs of (often non-conserved) residues generally produce correlated substitution 
patterns: Over evolutionary time substitutions at one residue position often result in compensating 
substitutions at other positions to maintain critical interactions. This leads to a correspondence between 
covarying residue pairs and 3D contacts.  Hence, our tools can characterize statistically significant 
constraints appearing as residues co-conserved in functionally related subgroups, as subtle pairwise 
correlations, and as correlations among these sequence features or with structural features. These can also 
be applied, of course, to proteins that functionally interact with proteins of primary interest. 

A fundamental question in biology is: How do proteins sharing a common structural core perform 
entirely different functions? For example, AAA+ ATPases mediate diverse cellular activities, including 
membrane fusion, DNA replication, microtubule dynamics, intracellular transport, transcriptional 
activation, protein refolding or degradation, and the assembly and disassembly of protein complexes.  By 
identifying diverse types of statistically significant constraints within sequence and structural data, our 
approach both addresses this question and obtains evidence for how such molecular machines work. This 
can suggest plausible hypotheses regarding the roles of various categories of residues responsible for 
functional specificity. Such residues may be remote from an enzyme’s active site and may often mediate 
function through dynamic interactions with each other or with specific cofactors and substrates.  For this 
reason, it can be helpful to apply our tools in conjunction with molecular dynamics simulations.  
Characterizing protein properties in this way may help guide protein engineering efforts, provide insights 
into the molecular basis of human disease, identify potential antibiotic target sites in bacterial proteins, and 
aid the design of highly target-specific drugs. 

This document describes a suite of programs for identifying determinants of protein functional 
specificity that were developed in collaboration with statisticians Stephen F. Altschul (NCBI, NIH)(Gibbs 
sampler, GISMO, BPPS, STARC, SIPRIS, DARC, cCOMPASS), Jun S. Liu (Harvard)(Gibbs sampler, 
GISMO, BPPS), and Charles E. Lawrence (Brown University)(Gibbs sampler).   



Neuwald 2 

2. Statistics and probability in biology 
 

Due to the inherent variability of biological systems, a 
protein, such as the tumor suppressor p53 shown above, does 
not correspond to a specific sequence, but instead must be 
defined probabilistically as an evolutionary ensemble of 
sequences sharing a common cellular function. This 
ensemble can be modeled statistically as a high dimensional 
probability distribution over every possible sequence. A 
generative statistical model (e.g., a hidden Markov model or 
HMM) can ‘emit’ sequences with probabilities defined by 
such a distribution. HMMs are described in section 3 below.  
 
Analogy between our approach and classical genetics. 
Classical geneticists obtained evidence for pairs of linearly 
ordered genes based on patterns of inherited traits in the 
absence of any direct cytological or molecular data. 
Likewise, our approach obtains evidence for underlying 
proteins mechanisms based on patterns within sequence and 
structural data. Just as correlations associated with inherited 
traits are due to each gene’s chromosomal location, correlations associated with protein sequence and 
structure are due to each residue’s biochemical function.  Just as hypotheses generated by early genetic 
analyses have been validated by cytological and genomic studies, our goal is to generate plausible 
hypotheses that can be validated by biochemical and biophysical studies.  However, just as genetic analysis 
works well for some organisms (e.g., peas), but not for others (e.g., hawkweed), there are protein 
superfamilies for which our approach works much better than for others.  Therefore, it is best to focus on 
those superfamilies most amenable to analysis, of which there are many.  
 
Frequentist vs Bayesian statistics. We utilize both frequentist and Bayesian statistics. A frequentist assigns 
probabilities to data, not to hypotheses. Hence, the frequentist looks for the probability of observing the 
data given a model (termed the null hypothesis).  A 
frequentist often focuses on p-values.  A p-value (green 
shaded area in the figure on the right) is the probability of 
an observed or more extreme result assuming that the null 
hypothesis is true.  

In contrast, a Bayesian assigns probabilities to 
hypotheses, arguing that all that we know for certain is 
the observed data; we can’t observe the underlying model 
generating the data.  Bayesian statistics incorporate prior 
probabilities and updates model probabilities as more data 
become available. Prior probabilities provide a way to incorporate either general knowledge about the 
model or else no information at all, the latter being termed a non-informed prior where each outcome is 
treated as equally likely a priori.  

 
Representation of a protein probability 
distribution. The x,y-plane corresponds to a 
projection of the ‘space’ of all proteins onto 2-
dimensions with similar sequences 
corresponding to points in the plane that are 
nearer to each other.  The z-dimension plots the 
probability that each sequence (i.e., each point 
in the plane) is a p53 tumor suppressor protein. 
The point of highest probability may be viewed 
as a consensus sequence for p53. 
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Note that a Bayesian approach tells us what can reasonably be inferred 
given the available data. For example, consider a simple experiment that 
probabilistically predicts a coin’s true property based on the observed data 
(i.e., the coin flips). Such a probabilistic (or ‘blurry’) description most 
accurately represents what the data is telling us.  Without such statistical 
criteria, one can easily be misled either by being too cautious or by not 
being careful enough. 
 
Bayesian version of the scientific method. Our tools are largely based on Bayesian Markov chain Monte 
Carlo (MCMC) sampling, an approach that considers multiple alternative models concurrently: Instead of 
a single hypothesis regarding a specific model (termed Mi) being consistent or inconsistent with the outcome 
of a particular experiment, every possible model is assigned a specific probability of being correct given 
many empirical observations (termed D), which in our case corresponds to sequence and structural data. 
Typically, one cannot compute probabilities for every model, so Bayesian procedures rely—as does the 
scientific method itself—on iterating between hypothesis testing and model refinement using MCMC 
sampling.  In each iterative step, nx alternative hypotheses 
regarding a particular modeled property, x, are evaluated 
(while other properties are held constant) by computing 
model probabilities over the full range of possible 
hypotheses for that property (i.e., P(Mxj | D) for 0 < j ≤ nx ). 
That property of the model is then updated according to the 
outcome of these ‘experiments’ (i.e., proportional to the 
computed probabilities for each hypothesis).  MCMC 
sampling iterates through all model properties in this way 
until convergence on the most probable models. When the 
underlying probability distribution is multimodal, as in the 
figure shown, the sampler can be run from multiple starting 
points to find a near global optimum.  
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3. Multiple Sequence Alignment (the Gibbs sampler and GISMO) 
 
Multiple sequence alignment (MSA) via MCMC sampling. The following describes how the Gibbs 
sampler identifies and aligns ungapped conserved regions (termed ‘blocks’) within protein sequences. The 
sampler starts by arbitrarily selecting a candidate site in each sequence; these will of course be very unlikely 
to correspond to conserved regions.  Next, it iteratively realigns each site proportional to its similarity with 
the other aligned blocks, which, over time, favors the alignment of conserved over unconserved regions.  
Eventually the sampler converges on alignment of the conserved regions; this typically requires application 
of simulated annealing where the sampling “temperature” is gradually lowered (i.e., by distorting the 
sampling probabilities to favor higher probability sites and disfavor lower probability sites more strongly).   

The Gibbs sampler is particularly useful for detecting subtly conserved repeats, as illustrated by our 
discovery of β-propeller-like repeats in UV-damaged DNA-binding protein [3], and of HEAT repeats in 
certain chromosome condensation components [4]. The β-propeller prediction was later confirmed through 
crystal structure analysis [5].  The HEAT-repeat prediction led to our discovery (based on the presence of 
similar HEAT repeats in hypothetical proteins) of a new 
vertebrate condensin component [6].  To detect subtly conserved 
blocks in a set of protein sequences, however, it is important to 
eliminate closely related sequences, which would introduce very 
strong signals to mislead the sampler.  This is done either using 
our purge program [7] or using the (heuristic) cd-hit program 
(by Weizhong Li) [8], both of which take as input a set of fasta 
formatted protein sequences.  

How Gibbs sampling works is analogous to how 
crystallization occurs based on statistical thermodynamics.  
Starting from an arbitrary ‘state’ a thermodynamic ‘system’ 
evolves due to internal ‘forces’ and random fluctuations. The 
attractive forces gradually bring similar ‘objects’ together. So, 
just as some molecules begin to aggregate, some sequences are 
aligned more or less correctly. Eventually both ‘systems’ reach 
equilibrium and given an appropriate temperature the molecules 
crystalize out of solution and the conserved regions are aligned.  

  
MCMC sampling and assignment uncertainty. An 
additional advantage of MCMC sampling is that it can 
provide a measure of model uncertainty as illustrated by 
the flipped coin example above.  This involves continuing 
to sample among alternative models after convergence, in 
which case uncertain aligned blocks will tend to change 
but more certain aligned blocks will tend to be retained. 
The frequency with which states are sampled estimates 
the probability of that prediction being correct.  For 
example, the figure on the left highlights in red and orange 
those β-strands in bacterial porins that the Gibbs sampler 
assigned predictive probabilities ≥ 0.75 and ≥ 0.25, 
respectively. These porins form homotrimers, arranged as 
shown in panel B, with conserved repeats located at non-
interacting surface regions. 
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GISMO (Gibbs Sampler for Multi-alignment Optimization) uses MCMC sampling to search for a protein 
hidden Markov Model (HMM) that is most likely to have generated a set of input sequences [9,10].  In 
the process, it multiply aligns 
the sequences while also 
inferring position specific gap 
penalties. It tends to align 
sequences as conserved 
regions and can easily span 
across large insert regions 
without fragmenting the rest 
of the alignment, as the figure 
on the right illustrates.  Unlike 
most MSA programs, GISMO 
will not align unrelated (e.g., 
randomly generated) 
sequences (see below).  

An HMM is an abstract statistical 
model that probabilistically generates 
strings of characters in an alphabet, which 
for protein sequences consists of the 20 
amino acid residues. The architecture of a 
GISMO HMM is shown on the right.  It 
consists of 5 types of states: a start (S) and 
an end (E) state, and delete (D), insert (I) 
and match (M) states; and of transition 
arrows between states. Transition arrows have assigned probabilities such that the sum of the probabilities 
out of each state sum to 1. An HMM generates a sequence by stochastically following a path through the 
HMM: Beginning in the S state, subsequent states are sampled based on the transition probabilities; upon 
transition into an insertion (I) or a match (M) state, the HMM emits a character in the alphabet (i.e., an 
amino acid residue) based on the emission probabilities assigned to that state.  This process is terminated 
when the end state (E) is reached with the output being the sequence of residues emitted. 

There are three algorithmic operations associated with such an HMM: (1) An arbitrary sequence is 
scored against an HMM as the probability of the HMM having generated that sequence. This requires 
summing probabilities over all possible paths through the HMM that would have generated that sequence; 
this is done using the forward algorithm, which is similar to the Smith-Waterman (SW) algorithm[11]. 
(2) A given sequence is optimally aligned against an HMM by finding the path through the HMM that is 
most likely to have generated that sequence.  This is done using the Viterbi algorithm, which is also similar 
to the SW algorithm.  (3) No tractable exact algorithm is known to find the HMM transition and emission 
probabilities most likely to have generated a given set of input sequences—in other words, to derive the 
maximum likelihood estimate of the parameters of the HMM given a dataset of sequences. However, one 
can use Markov chain Monte Carlo sampling to obtain a near optimal solution.   

GISMO uses MCMC sampling in this way to search for an optimal HMM and an associated optimal 
MSA by probabilistically sampling HMM architectures and corresponding parameter settings based on a 
given set of input sequences. This process begins by arbitrarily aligning the sequences and then using this 
alignment to parameterize an initial HMM, termed M0. An HMM is parameterized by estimating transition 
and emission probabilities based on the observed residue frequencies in the MSA, where each aligned 
column contains those residues emitted upon transition into a corresponding match (M) state or, for gaps, 
to transitions into a corresponding delete (D) state and where each insertion corresponds to transitions into 
a corresponding insert (I) state. Next, GISMO iteratively samples an MSA based on the HMM and then re-
parameterizes the evolving HMM based on the sampled MSA.  Specifically, in the ith iteration GISMO 
computes the probability of each of nx alternative (slightly different) HMMs having generated the input 
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sequence data D (i.e., it computes P(Mi,j | D) for 0 < j ≤ nx ); it then samples one Mi,j (and a corresponding 
MSA) proportional to these probabilities.  Finally, it stops upon convergence on a high probability (ideally, 
nearly optimal) HMM (and MSA).  

On average, GISMO aligned 408 benchmark sequence sets more accurately than did six of the most 
popular MSA programs (panel A in Fig. 3.1), especially for the most difficult to align sequence sets. Unlike 
these other programs, which are deterministic and thus return the same MSA for each run, GISMO is 
stochastic (panel B). However, the program-to-program variability (panel C) is greater than the run-to-run 
variation for GISMO (panel B). 

 
Version 2 of GISMO can run a user-specified number of threads in parallel, which allows for a more 

thorough exploration of the posterior probability distribution over possible HMMs. Rather than speeding 
up the program, this is designed to improve MSA accuracy by improving its ability to find a more nearly 
optimal MSA.  Appendix 1 provides mathematical details regarding GISMO. The GAMBIT program will 
attempt to further improve a GISMO-generated MSA by continuing to apply MCMC sampling, which can 
also provide a measure of alignment uncertainty. The eCOMPASS (evaluative Comparison of Multiple 
Protein Alignments by Statistical Score) program [12] evaluates the relative quality of two alignments of 
the same sequences based on direct coupling analysis (DCA), which is described below.  
 

Example. An early MCMC sampler implemented in conjunction with a database search procedure 
identified very subtly conserved motifs within sequences that included lysophospholipid acyltransferases.  
The MSA obtained in this way is shown here: 
 

 
 

Among the sequences found was tafazzin, which is associated with Barth syndrome, an inherited 
cardiomypathic disorder in children. This predicted that Barth syndrome was due to an acyltransferase 
deficiency, which then was clinically confirmed (see J Pediatr. 2002. 141(5): 729-733), and which later led 
to potential treatments for this disease (see J Lipid Res. 2003. 44(3): 560-566), including the first-ever 

 
Figure 3.1. Alignment quality among various MSA programs based on their SP-scores, which vary from 0 (no correctly 
aligned sequence pairs) to 1 (all pairs aligned correctly). A. The sorted (lowest to highest) SP-scores obtained by six MSA 
programs. B. Run-to-run variability in SP-scores over six GISMO runs.  Test set data points are sorted along the x-axis by the 
SP-score obtained for each set on the first run (red data points) out of six.  C. SP-scores for the six programs analyzed, sorted 
by the GISMO score on each test set.  GISMO SP-scores (for a single run) are shown in red.  Each red data point and the five 
black data points (one point for each program) plotted in the same column correspond to the same test sequence set.   
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approved treatment for Barth syndrome: Elamipretide, a small mitochondrially-targeted tetrapeptide that 
appears to reduce the production of toxic reactive oxygen species, thereby stabilizing cardiolipin. Abnormal 
cardiolipin is a specific diagnostic marker of cardiomyopathies caused by Barth syndrome mutations 
leading to alterations in the fatty acid composition of several phospholipids. The latest version of GISMO 
creates a much better alignment of these proteins, as illustrated here: 
 
 

 
 

Statistical significance. An important feature of GISMO, which most other MSA programs lack, is that it 
will not align sequences lacking statistically significant sequence similarity—though it will align very 
subtly conserved regions that might appear to lack significant similarity. Such subtle similarity is important 
for detecting distant relationships that reflect functional and/or mechanistic properties.  A MAFFT 
alignment of randomly shuffled (PH domain) sequences, which someone might misinterpret as being 
biologically relevant, but that GISMO will not align, is shown here: 
 

 
 

  

consensus  20 E...V.SG....LE..N...IP....KDG..P.V.IIV.ANHPSG.LD..GL.LLAA...LLP.R....D...VK.FL...A.NDL..L.F.K.I..PIL.G....PLL...I.P..VD...RF....K...LKD.N.R..A.TL.K.A.A.L...EH.L.KE.....GG...A.L.G.I..F.PEG.T...V..S.RLG....RLL.PW.KP.G.V..ARL...A.L..KA....GAP...I.VPV..G..IN 140 
WP_021828584.1  98 En..L.QQ....LD..H...IE( 4)RKD..N.V.ILL.ANHQTE.CD..PQ.LMYY...ALG.K( 3)E(4)MI.FV...A.GDR..V.T.S.D..PLA.R....PFS(5)L.C..IY...SK(12)K...LHH.N.Q..K.SM.K.I.L.K...SL.L.HE.....GG(1)F.I.Y.V..A.PAG.G...R..D.RKT( 5)YPA.EF.QPeS.VemFRI...L.T..KA( 3)PVH...F.YPL..A..LK 259 
WP_022931867.1  56 G...L.GN....VE..N...FK( 7)KEG..K.TgLIL.MEHYTN.LD..LP.GILY...LLE.K(11)R...IV.AV...A.GMK..L.N.EaN..PGV.R....AFT(5)V.V..IY...PT(22)A...RKI.N.F..A.AM.R.A.M.D...SC.K.KR.....GQ...M.I.L.V..F.PSG.T...R..Y.RPG....KPE.T-.KR.G.L..REI...D.S..YL....RLF(2)M.ILV..S..IN 224 
WP_021023839.1  93 T...V.SG....VE..N...LD....PSQ..A.Y.LFV.SNHRDIaMD..PA.LVNW...CLH.Q( 3)D...TV.RI...AiGDN..L.L.R.K..PCA.T....ELM(5)F.I..VK...RS( 3)P(2)MMK.S.L..S.QL.S.A.Y.L...RLsL.DE.....GQ...S.I.W.I..A.QRE.G...R..A.KTG....EDI.T-.DP.A.I..LKM...F.F..ME(13)NLN...V.VPV..A..IS 241 
WP_024268427.1  63 E...V.RG....LE..N...VP....RDR..A.V.CVV.SNHQSN.FD..IP.LLMA...YLP.F....P...PG.FI...A.KKE..L.A.R.V..PFF.S....SWI(5)V.F..ID...RK....N...IRA.S.V..T.AL.S.R.A.A...GN.V.KE.....GH...G.M.V.L..F.PEG.T...R..S.RTG....VPG.RF.HA.A.G..PRT...M.A..QQ....GIT...F.LPV..T..IY 188 
ETW98204.1  37 H...A.IR....LS..RtgpFP( 2)PGT..P.A.VVF.LNHPSW.WD..PL.VAIF...LAQ.H( 6)H...YG.PI...D.AEA..L.S.R.Y..RFF.Q....RLG...F.Fg.VA...P-....G...TRQ.G.A..A.TF.L.R.V.S...QAiL.RQ.....PQ(1)V.L.W.V..T.PEG.R...F..S.DPR( 1)RPV.QL.QP.G.L..GAL...A.R..RL( 9)DVV...F.VPL..A..IE 180 
WP_025399664.1  60 T...I.VG....IQ..N...IL( 6)KSGk.S.S.IIL.MEHYSN.FD..FP.CFQF...LLN.E( 8)H...II.PI...A.GVK..L.F.K.D..DLLiK....SLS(5)I.F..IY...PP(13)R...RIF.N.A..N.SM.R.C.V.V...DK.K.SS.....GY...M.I.L.I..F.PTA.T...R..Y.RKD....KPE.T-.KK.I.I..SEI...S.S..YF....KLF(2)F.IMV..G..IN 215 
WP_011890009.1  37 R...V.FM( 2)QT..P...LM....ERGv.P.V.VFY.ANHAYW.WD..GF.-WSQ...LCT.E( 4)Q...NL.FI...A.IEE..-.-.-.-..PQL.R( 2)RFF(5)F.S..IL...RS....N...ARS.A.V..R.SL.E.Y.A.A...EL.L.LQ(  4)QN...A.L.W.I..F.PQG.E...I..H.HVD( 1)RPL.GF.FG.G.T..ASI...V.S..RV( 5)AIY...L.VSV..VsrIE 178 
WP_010047855.1  24 T...L.VG( 1)ED..V...LK....RPG..P.Y.LFM.PNHPAY.AD..PPnLLVR...LWP.R( 1)K...VR.PL...L.LES..N.F.K.G..PLF.A....PIA(5)I.K..MP...DI( 6)D...RRR.A.E..E.AV.G.E.V.I...AT.L.RG.....GG...N.V.I.L..W.PSG.R...L..S.RDG....TER.L-.--.G.G..ART...A.A..DV( 5)NAT...V.VLV..R..TR 160 
WP_036108841.1  443 R...V.SG....VE..K...IP....DEG..A.A.LVV.CNHVSY.MD..AL.ILSA...SIP.R....P...VR.FV...M.YYK..I.F.N.I..PVM.S....WIF(5)I.P..IAg..AK( 1)D...PEV.M.R..R.AF.E.E.I.D...AA.L.AD.....GQ...L.V.G.I..F.PEG.A...L..T.KDG....EIA.AF.KS.G.V..ERV...L.E..KN....PVP...V.IPM..A..LR 570 
WP_012773996.1  420 R...I.IG....RE..N...LP....IEG..P.A.LLI.PNHVTW.AD..AL.LLTA...TNQ.R....R...IR.FV...M.ERS..I.Y.N.T..PVL.N....ALF(5)I.P..VS...SA....D(1)KRE.M.L..Q.FI.K.S.A.R...AA.L.DE.....GY...M.V.C.I..F.AEG.A...L..T.RNG....MLG.EF.RG.G.F..ERI...V.K..DS....GHP...I.VPV..Y..IG 546 
WP_006008144.1  463 R...L.EG....LD..I...LQ( 8)RGR..G.V.LVL.PNHPAF.MD..PA.LLCT...HLA.A( 1)D...LR.PL...A.DSH..Q.I.R.R..PWL.R....PLA(5)I.S..LPdl.RR( 3)S...ARD.RvR..E.AL.D.S.C.A...AA.L.AR.....GE...N.V.L.L..Y.PSG.G...L..S.RDG( 2)HLG.G-.NS.G.A..YRL...L.Q..AV( 1)DCG...L.VLV..R..TR 605 
WP_008724072.1  60 E...V.QG....LE..N...IP....MDR..A.V.LYV.GNHRSY.FD..IL.VGYV...TVP.G....L...TG.FV...A.KKE..M.L.K.I..PLL.R....DWM(5)L.F..LD...RV....N...IKE.G.L..K.AI.L.E.G.I...EK.V.KS.....GI...S.I.W.I..F.PEG.T...R..N.ENE( 3)ELL.PF.HE.G.S..LKI...A.Q..KS....GCP...V.IPV..A..IT 188 
WP_007705113.1  57 V...C.TG....AD..L...IP....KRD..G.F.IMF.PNHQGL.FD..VL.ALFA...TCP.R....P...FS.VV...I.KKE..A.A.E.L..VLV.K....QVL(5)L.S..MD...RD....D...IKD.Q.V..R.VI.G.E.V.T...RR.V.KQ.....GD...N.F.V.I..F.PEG.H...R..S.RNG( 1)EIL.EF.KS.G.T..FKS...A.V..KA....GCP...I.VPV..A..LI 183 
KDO00011.1  513 S...V.TG....LE..H...LP....ESG..A.S.VLA.VNHASY.LD..GV.MLCA...ALP.P....R...FS.FV...A.KRE..L.A.G.Q..WIA.G....RFL(5)R.F..VE...RF....D...LQR.S.A..A.DT.G.H.L.A...EA.L.EA.....GQ...P.L.V.F..F.PEG.T...F..T.REP....GLR.TF.HM.G.A..FVL...A.A..RT....GVP...L.LPV..A..IR 638 
WP_026721533.1  51 Q...V.KN....AE..T...LA( 6)QAGkvR.F.LMA.FRHPEV.DD..PL.CMLY...LLS.R(25)G...ML.LW...A.GD-..-.-.-.-..-WL.G....WFF(5)T.P..IR...R-....G...KRL.D.K..L.GI.Q.N.A.R...NL.F.AN.....GK(1)P.I.A.V..A.PEG.A...T..NgHSG....IIS.PL.EP.G.V..AQF...G.F..WC(11)EVL...I.VPI..T..IQ 215 
WP_027120802.1  60 N...V.EG....YE..N...LT....-KG..P.M.LLV.PNHKNN.MD..PI.IILV...ALA.K(10)I...PT.FL...A.KKE..L.M.K.K..RTT.R....NTL(5)F.F..ID...RN....D...FRQ.S.I..E.AL.N.N.F.G...AF.V.KE.....NR...T.Y.G.Vv.F.PEG.R...R..V.SEK( 1)ELD.EF.KA.G.A..FKI...A.S..SQ....YLP...I.VPV..A..IS 196 
WP_027939820.1  57 V...I.DC( 1)LK..A...LR....KEM..P.A.IFV.GLHQCD.WD..II.TMAD...LPQ.P....G...VV.CV...G.KKS..L.I.Y.T..PIF.G....LIF(5)I.L..ID...RD....N...RTK.A.A..E.AF.L.K.L.A...DK.I.KN.....KG(1)S.V.W.V..F.PEG.S...R..S.GYG....PVK.PF.KT.G.A..LHT...A.M..LS....KVK...V.YP-..-..-- 180 
WP_028403008.1  55 N...V.TG....KE..N...IP....DHE..Q.V.LFI.ANHESH.LD..PI.VLYA...CLN.R....V...PY.FV...M.KEE..I.R.N.I..PIF.R....TWI(5)I.Y..LK...RG....D...RRS.A.V..E.VL.Q.Q.M.K...KY.L.QE.....GK...D.V.F.I..F.PEG.T...I..T.EGE....KEL.PF.KP.G.S..FRS...A.V..DT....ETS...V.VPI..T..IK 180 
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WP_006068897.1  64 I...V.TG....SE..N...IP....QKS..N.V.VIM.GNHIAA.MD..PL.IFIY...TFN.N....P...FV.IL...A.KHS..L.L.R.V..PFV.N....IGL(5)I.F..VN...RK....S...IRS.A.A..A.AE.A.K.A.I...KV.M.RE.....GR...S.I.G.I..F.PEG.T...R..N.RGG....DTK.VF.KK.G.A..IKM...A.L..KT....GTS...I.LPV..T..LY 189 
WP_015425154.1  62 V...V.TG....KE..N...LP....SSV..N.I.CFV.SNHQGL.FD..IP.VILG...FLG.V....H...TG.FV...A.KRE..L.F.R.I..PVL.S....QWM(5)T.F..ID...RR....N...PRK.A.I..Q.TF.Q.K.S.A...EL.I.KK.....GN...P.M.V.I..F.PEG.T...R..S.RSD....KIG.NF.HL.G.S..LKL...P.I..MA....EAT...I.VPL..A..IK 187 
XP_005798044.1  76 E...V.SG....WE..H...LQ....TEG..P.Y.VII.SNHQSS.LD..VL.GMME...ILP.D....R...CT.TI...A.KKE..L.V.Y.A..GTV.G....LIC(5)V.F..IN...RK....K...TSD.A.K..S.VM.A.D.A.A...KT.M.LD.....EQ...IrL.W.V..F.PEG.T...R..N.QNG....DLL.PF.KK.G.A..FHL...A.V..QA....QVP...I.VPV..V..FS 202 
CDJ94047.1  99 V...V.HN....KE..R...FM( 5)RSR..P.L.ITI.SNHRSNlDD..PL.MWSF...IST.R( 9)R...YT.LA...A.HNI..C.F.T.T..PLH.T....RFF(5)V.P..CV...R-....G...EGV.Y.Q..K.GM.D.F.C.V...EK.L.NE.....NG...W.V.H.M..F.PEG.R...V..-.-TV....EPL.RF.KW.G.V..GRL...V.E..DT( 2)PPL...I.LPI..W..CT 238 
XP_002425983.1  86 D...I.VE( 1)GD..D...IG( 2)LEE..R.T.LVL.ANHQST.AD..VP.LLMA...TFN.A( 6)H...LM.WI...M.-DR..V.F.K.F..TNF.G....IVS(5)F.F..IV...S-....G...KNR.R.E..E.SL.Q.S.L.A...KH.L.HS(  6)RK...W.I.V.L..F.PEG.G...F..L.RKR(17)NVS.LP.RV.G.A..LQV...I.M..EN(40)GVP...LdLPT..I..IT 282 
CDQ81241.1  74 T...L.YT( 4)VD..K...FG....KEH..-.V.III.LNHNYE.ID..FL.CGWT...ICE.R( 5)S...SK.VL...A.KHE..L.L.K.V..PLI.G....WTW(5)V.F..CK...R-....K...WEE.D.R..E.TV.F.R.G.L...ER.L.RD(  1)PE(2)W.F.L.L..Y.CEG.T...R..F.TEK(19)HLL.P-.RT.K.G..FTT...A.L..KC(28)QSP...-.-PV..S..YT 253 
XP_008395579.1  124 C...V.NE( 2)IQ..R...LQ( 3)QEH..P.V.VLL.PSHRSY.MD..FL.LMSY...ILY.T( 3)S...LP.VI...A.AGMd.F.M.G.M..KIV.G....EML(5)F.F..IR...RS( 2)G...DKL.Y.W..A.VF.S.E.Y.V...KT.M.LK.....NG(2)P.V.E.F..F.LEG.T...R..S.RTA....KSL.TP.KL.G.L..LNI...V.M..DP( 7)DVS...L.VPV..S..IS 269 
EPB70484.1  118 Y...V.NS( 2)VK..R...IR( 3)KSD..P.V.VFM.PSHRTY.LD..FL.LLSL...FCF.E( 3)P...LP.AI...A.AGMd.F.M.N.S..WFM.S....EVL(5)F.F..IR...RS(12)A...QRK.Q.I..K.KF.A.H.V.V(1)GK.L.DQ.....NA...V.I.T.I..W.SLA.C...V..T.MAQ(10)TYA.EV.HS.E.V..MKL...L.RllEA( 1)DVT...VnIAV..S..VN 279 
KPM04564.1  71 T...I.YY( 2)KN..A...LK( 2)ESK..P.M.ICL.MNHTFE.ID..WV.IAWL...AVD.Y( 5)N...AK.SF...V.KKS..L.R.W.I..PII.G....WSW(5)T.F..LE...RN( 3)D...SKN.I.I..E.SL.T.K.F.L...QF.-.EH.....PV...S.L.L.C..F.AEG.T...R..F.TKT(19)HLL.P-.RP.R.G..FHL...C.V..KT( 4)KAD...V.Y--..-..-- 224 
XP_014681534.1  75 H...I.GG( 1)LD..V...LF( 1)SAK..N.A.IYI.SNHQSD.LD..WI.VSDM...LAI.R( 5)S...IR.YI...L.KNE..L.K.M.V..PLY.G....NCF(5)V.Y..VK...RS....R...GQF.N.Q..E.RM.L.M.H.L...EA.M.KK.....RG(3)W.L.I.I..F.PEG.T...R..Y.D--....---.PL.KT.S.S..IEK...S.E..KH( 4)GFT...V.KPVdvY..IH 211 
XP_007846946.1  27 S...V.SG....FE..N...LR( 9)NGR..G.I.VTV.SNHISTlDD..PL.AWGI...LPA.R( 5)R...LT.RWtlgA.SDI..M.F.T.N..PIF.S....TFF(5)L.E..TF...R-....G...KGI.Y.Q..P.AV.E.T.A.I...SK.L.NQ.....GD...W.I.H.L..F.GEG.K...V..N.QSN(10)RLP.RF.KW.G.I..GRI...I.S..ST( 1)TPP(1)V.IPM..W..IT 181 
XP_002619373.1  178 W...V.NK( 7)KQ..Y...LK....DPM..S.I.ILL.PNHQSH.ID..YV.MLHL...ILI.R( 3)A...IP.MV...I.AGE..N.L.N.V..AVF.G....GIL(5)I.F..IK...RS( 3)E...LYT.E.K..N.LY.N.Y.I.E...YV.L.VN.....KI...N.L.E.V..F.IEG.T...R..S.RDG....KLL.LP.KY.G.I..LKT...L.V..SI(13)DSL...I.QPI..S..II 329 
CDS03314.1  505 R...I.NE( 2)LA..K...LK( 3)KDK..N.V.VYV.PVSKTL.LD..QL.LIWY...VCL.R( 3)P...MP.AI...I.CDEa.L.A.L.L..GPI.S....DIL(5)Y.F..VR...RD( 3)R...SPL.N.T..A.VT.A.A.Y.T...EA.LlHE.....HG...A.L.S.M..L.IEK.T...R..S.RTG....RLH.TA.YAdG.V..IDM...V.L..EA(29)ETV...F.VPF..H..IT 673 
EMF12609.1  99 R...V.SG(16)KC..N...FP....--H..R.L.VLM.GNHQLY.TD..WL.YFWW...IAY.T( 5)R...IY.II...L.KES..L.K.H.I..PII.G....WGM(5)I.F..LS...R-....K...WEQ.D.R..Y.SF.K.R.H.L...DH.L.KN.....PK(3)W.L.L.I..F.PEG.T(4)V..T.RQK(15)QLL.P-.RA.I.G..LQF...C.L..KE( 1)RAT(3)L.YDC..T..IA 267 
XP_007777299.1  72 V...V.TT....SS..T...LP....PGE..S.V.IVI.ANHIAW.SD..FW.LIQE...VAK.R( 5)Y...CR.WF...A.KQE..L.R.W.V..PFL.G....WGL(5)P.L..VS...RQ( 3)D...RKE.M.E..R.VF.G.G.V.V...--.-.KR.....RW...P.I.W.LiaY.SEG.S...R..Y.SAK(32)SVR.EL.RS.S.S..IRA...V.Y..DF(11)AAP...-.---..-..-- 240 
XP_005845938.1  207 S...V.SG....QE..H...MV( 6)PTR..G.L.ITV.SNHVGAiDD..PL.VTAS...IVP.A( 6)G...AV.RWtlcA.TDR..C.F.R.S..AAL.A....PFF(5)L.P..VE...R-....G...AGL.G.Q..F.GM.R.L.A.Q...SR.L.LE.....GQ...W.V.H.V..F.PEG.T...R..S.RDG....RML.PV.RK.G.V..GWL...V.A..SA( 6)PPL...V.LPF..V..HS 353 
XP_005778195.1  102 R...V.EE( 6)GE..R...MG....RSGr.P.C.LVI.ANHTSF.FD..IL.LLVA...LLPfS( 3)R...VK.ML...I.SYR..L.F.A.L..PLL.G....QLN(5)L.A..VR...NS( 3)D...DDA.T.R..A.MF.A.E.S.T(1)KA.L.AE( 10)GG...W.-.-.-..F.PEG.D...V..N.AGN( 2)AVG.LF.KK.G.G..FAP...A.V..KI....DVE...-.---..-..-- 244 
XP_005773682.1  50 E...C.HG....VE..D...FP....AAGe.P.T.LLC.FNHGNGlAD..PL.CLIK...ATP.R....M...VR.FC...A.KDT..L.W.K.V..PIM.G....TLI(5)V.P..IY...RQ( 3)G(3)KDR.N.L..E.VF.R.T.V.I...EV.L.RA.....GG...C.L.G.F..A.PEG.V...S..R.FLP....YME.Q-.-P.I.A..LEA...V.R..QS( 8)KVN...V.VPV..G..LA 189 
CEL73797.1  505 V...V.ES( 2)VE..R...LR( 5)SHG..P.V.ILL.PTHRSY.MD..SL.LLFY...MCL.G( 3)P...LP.FV...A.ADEn.L.A.Q.I..AII.N....RLL(5)F.F..LK...KP(11)S...SRL.Y.Y..T.VV.H.Q.Y.I...QA.V.AK(  1)HG...Y.L.E.F..F.IEG.G...R..S.KTG....LLS.RP.QN.G.I..LRS...V.L..DL( 7)NVT...F.VPI..T..IS 660 
XP_014154605.1  88 V...W.HG....EDvtQ...LN....DKH..-.V.LLI.CNHQST.MD..WV.LVSS...LAI.R( 7)S...LR.YV...M.KAG..C.R.Y.I..PLY.G....LYL(5)P.F..VW...R-....D...WRV.D.E..K.CL.Q.Q.S.A...EW.L.CA(  1)NR(2)W.L.A.L..F.PEG.T...R..Y.NAS(23)RVR.GF.EK.T.L..REI...V.R..HK( 1)DLV...I.YDV..T..YA 247 
XP_001747405.1  77 Hs..T.VD....ED..T...IL....KSE..P.A.LFI.SNHPTH.LD..WH.PIFC...LAE.R( 3)G(2)MR.IL...L.KDE..L.R.K.I..PIF.G....VGW(5)I.F..LK...RT....D...KAA.D.M..H.WI.K.T.M.I...EQ.W.KQ(  3)PG...S.F.L.I..F.PEG.T(4)R..N.VER(15)IIH.P-.RTaG.T..VAI...L.Q..HA( 8)DIT...-.--M..G..FQ 235 
XP_013440848.1  456 R...V.LG....SE..H...AA( 5)QGG..P.C.LVV.CNHCGV.ID..IP.LVGG...FLP.L( 1)H...IR.FV...S.KQE..V.L.S.W..PII.G....HAM(5)V.G..FD...RN....S...VGG.T.V..R.LV.R.E.M.S...QV.V.RQ(131)GA(4)P.V.F.Lg.F.PEG.S...R..A.RDG....RAK.SP.KL.G.L..FQI...A.K..KL....GLF...L.LPV..S..IV 723 
ETO75678.1  89 T...V.EG( 7)LE..Q...RP....KGT..A.V.ITV.SNHSATvDD..PA.VFAN...MMP.W( 5)R...IG.RWsl.A.SQEycY.T.K.G..KLL.S....TIF(5)L.P..VK...R-....G...AGV.D.H..Q.MI.Q.A.I.F...DK.V.EE.....GA...W.V.H.I..F.PEG.K...I..V.QHE(11)EIG.RL.KW.G.V..GKL...I.A..RA....TTP(2)V.VPV..Y..HY 243 
ETW29584.1  173 K...F.LG....IS..N...IK( 7)KGH..N.I.IIF.SNHHIE.AD..AN.IIKY...FFH.I( 8)N...II.FI...G.GHK..I.R.V.D..PLS.R....PFS(5)L.C..IY...SK(12)K...TLF.N.H..K.SL.N.V.L.R...NL.L.NK.....GK(1)I.I.W.L..A.PSG.G...R..D.RKG( 5)HIS.PF.DP.K.I..IQT(4)A.K..RS( 2)KTH...F.IGL..A..LN 337 
position                .            30        .    40       .    50            .          60        .       70            .         80            .        90          .         100            .       110           .    120        .        130            .      140  
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4. Protein sequence divergence and functional specificity 
Proteins sharing a common structural core and, in the case of many enzymes, catalytic residues a well, 
typically have diverged into subgroups involve in distinct cellular functions. In some cases, these functions 
are very different, as is illustrated in Fig. 4.1 for soluble chloroperoxidase (CPO) and integral membrane 
associated type 2 phosphatidic acid phosphatase (PAP2). CPO, which catalyzes the production of 
hypochlorous acid (i.e., bleach), is produced by a parasitic fungus to break down the host cell wall. 
Membrane-associated phosphatidic acid phosphatase (or PAP), on the other hand, is involved in lipid 
metabolism and signal transduction and catalyzes the dephosphorylation of phosphatidic acid to produce 
diacylglycerol and orthophosphate. These enzymes nevertheless share subtle sequence similarity (Fig. 
4.1A) and a common catalytic core (Fig. 4.1B,C).  The CPO reaction is facilitated by a vanadate ion bound 
to the active site.  Because vanadate is a transition state analog of phosphate, this structural relationship 
suggests a catalytic mechanism for PAP2 (see Fig. 4.1D). It also raises the question: Which divergent 
residues within CPO and PAP2 are responsible for their distinct functions? More generally, which divergent 
residues among members of a given protein superfamily are responsible for functional specificity? 
 

 

D

 

Fig. 4.1. Structural relationship between 
soluble haloperoxidases and integral 
membrane phosphatases {ref}.  A. 
Homologous regions within haloperoxidases 
and phosphatidic acid phosphatases PAPs with 
catalytic residues highlighted in red. The 
alignment was obtained using Gibbs sampling. 
B. The vanadium binding domain of 
chloroperoxidase (CPO) (pdb: IVNC). The 
vanadate ion (orange), which is a transition 
state analog of phosphate, is bound from below 
by His-496 and from above by azide (not 
shown).. The backbone is shaded red 
proportional to the degree of sequence 
conservation. C. Model of the active site of 
mouse PAP2 based on the CPO structure. 
Coloring scheme: vanadate and transition state 
phosphate, orange; residue sidechains 
interacting with vanadate or phosphate, cyan; 
Predicted {PMID: 7795533} trans-membrane 
regions in PAP2, blue; diacylglycerol moiety 
of phosphatidic acid, light gray. D. Proposed 
catalytic mechanism for PAP2-related 
phosphatases. Residue positions in parentheses 
indicate corresponding active site residues 
within CPO. 

 

 

Fig. 4.2. Ran family sequence alignment. 
The leftmost column specifies each 
sequence’s phylum; these are colored by 
eukaryotic ‘kingdoms’, as follows: 
metazoans, red; fungi, dark yellow; 
plants, green; protozoans, cyan. 

 

Regarding this second question, consider Ran GTPase, which is essential for the translocation of RNA 
and proteins through the nuclear pore complex and that shares a catalytic core with other P-loop GTPase.  
A sequence alignment of Ran proteins reveals a very high degree of conservation across diverse eukaryotic 
phyla and ‘kingdoms’ (Fig. 4.2).  Most of the conserved residues are not directly involved in catalysis and 
differ from the residues conserved in other P-loop GTPases.  At some conserved positions, even minor side-
chain modifications—such as substitution of leucine for isoleucine, which merely involves rearrangement 
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of a methyl group—appear to be consistently eliminated by natural selection.  This suggests that such 
residues establish functionally important interactions with precise geometric and/or chemical constraints 
important for functional specificity.  

Likewise, within an alignment of all P-loop GTPases, there 
are residues conserved within each protein family as well as 
subgroup conserved residues that span multiple families; this is 
illustrated schematically in the figure on the right, where similarly 
colored horizontal bars correspond to families, vertical bars 
correspond to conserved patterns, and brackets denote subgroups 
of families sharing conserved residue that serve as candidate 
functional specificity determinants. There are dozens of P-loop 
GTPase families that can be aligned and analyzed in this way.  
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5. Sequence detection & alignment using a curated hierarchical MSA 
 
MAPGAPS. Even the best MSA methods will fail to 
correctly align some protein sequences.  Various Ras-like 
GTPases, for example, conserve an Arg-Glu salt bridge 
where the arginine is sometimes preceded by a deletion or 
an insertion and is sometimes followed by a 15-residue 
insertion.  Hence, aligning this arginine correctly is 
impossible without manual curation, which is 
prohibitively time consuming for all but the smallest 
MSAs. The MAPGAPS (Multiply-Aligned Profiles for 
Global Alignment of Protein Sequences) program [13] 
addresses this problem by detecting and aligning database 
sequences using as the query a curated hierarchical MSA 
(hiMSA).  An hiMSA consists of a set of subgroup MSAs 
for a specific protein superfamily that are multiply aligned 

to each 
other using template MSAs—one for the superfamily 
and one for each family, subfamily, etc. in the hierarchy.  
After converting the hiMSA into a set of multiply 
aligned profiles, MAPGAPS uses these both to detect 
and globally align database sequences related to the 
superfamily.  It relies on Karlin–Altschul statistics as a 
measure of significance and on PSI-BLAST (and other) 
heuristics for speed.  

The NCBI maintains a conserved domain database (CDD) [14] of manually curated hiMSAs for various 
protein superfamilies that can be downloaded as query hiMSAs for MAPGAPS [15] after conversion into 
MAPGAPS-readable format using the CDD2MGS program. We typically perform a MAPGAPS search on 
the NCBI fasta-formated non-redundant (nr) [16] and pdbaa databases.  To speed up a MAPGAPS search 
and alignment, it is best to split up the database sequences into smaller sets (of ≤ 250,000 sequences) using 
our fasplit program and then run a grid node MAPGAPS search on each set separately. MAPGAPS 
generated MSAs can be concatenated into a single file and then merged into one MSA using TweakCMA 
with the -m option.  Note that our programs create and utilize MSAs in cma-format, which is more compact 
than most other MSA formats and thereby facilities the creation of very large MSAs.  The ConvertMSA 
program can be used to convert MSAs from cma to fasta format and vice versa.  Often cma-formatted MSAs 
require some additional processing prior to being used as input by our programs, for which TweakCMA 
can again be used.  For example, it is recommended that sequence redundancy be reduced to between 90-
98% sequence identity.  The following table describes some other commonly used TweakCMA options: 
 

Option Description 
-cdhit=<int> heuristically remove all but one sequence among those sharing ≥ <int> percent identity using cd-hit (range: 40-100) 
-csq output a cma formatted consensus sequence corresponding to the input MSA  
-hsw create a *.hsw file (as required by various programs) that down weights aligned sequences for redundancy 
-m  merge concatenated MSAs (all with the same number of columns) into a single MSA 
-mincol=<real> output only those aligned seqs with >= <real> fraction of column matches 
-phyla show the phyla represented in the MSA 
-pdb output a cma file with pdb sequences only 
-rpdb remove pdb sequences from the input alignment 
-rm=<int> randomly remove all but <int> seqs from an alignment; this can speed up analyses by pruning down a large MSA  
-U<int> remove all but one aligned sequence among those sharing ≥ <int> percent identity using an exhaustive algorithm 
-U remove identical sequences from a cma file (keeping first occurrences) 

 

The AddPhylum program can be used to annotate nr input sequences with taxids, and with class, 
phylum and kingdom designations—information that can be used by our other programs; this requires 
downloading the NCBI taxdump.tar.gz,  and prot.acession2taxid.gz files [17] and, for the pdbaa sequences, 
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the pdb.accession2taxid file.  Taxonomic information is added after each sequence identifier (i.e., <seq_id>) 
using the syntax: <seq_id> {|x(t)|p;c(k)>} where x is the starting residue position for N-terminal truncated 
sequences; t is the sequence’s NCBI taxonomy identifier as an unsigned integer; p and c are the names of 
the phylum and class, respectively; and k ∈ {𝐴𝐴,𝐵𝐵,𝑉𝑉,𝑀𝑀,𝐹𝐹,𝐸𝐸} indicates the kingdom, where A=Archaea, 
B=bacteria, V=plants, M=metazoa, F=fungi, and E=protozoa.  

 
LAPIS. The (preliminary) LAPIS (Lots of Accurately-aligned Proteins Initiated from Scratch) program 
takes as input a fasta formatted set of unaligned protein sequences belonging to a specific superfamily and 
outputs a large MSA. It applies the following steps: (1) Using cd-hit, remove redundant sequences from the 
input set and select a relatively small set of representative sequences. (2) Run GISMO on the representative 
set to obtain a starting MSA. (3) Create a hiMSA of depth 1 with each sequence serving as a subgroup 
‘MSA’. (4) Run MAPGAPS using the initial hiMSA as the query and the input sequence set as the database 
to create expanded MSAs for each subgroup. And (5) Run MAPGAPS again using the expanded hiMSA 
as the query to generate the output MSA. Thus, LAPIS provides a way to create very large, relatively 
accurate MSAs for those superfamilies lacking a manually curated hiMSA.  By running the following BPPS 
program on this MSA, one can obtain a starting, representative hiMSA for manual curation.  Note, however, 
that LAPIS is still under development and thus is not quite ready for public release.  
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6. Characterizing protein functional determinants (BPPS) 
 

After obtaining a large, reliably accurate MSA (typically consisting of at least tens of thousands of 
sequences), the next step is to characterize statistically significant sequence constraints.  Bayesian 
Partitioning with Pattern Selection (BPPS) [18,19] does this by partitioning an MSA into a hierarchical 
MSA (hiMSA)(Fig. 6.1A) where hierarchically-arranged subgroups are each defined by ‘pattern residues’ 
that best distinguish the subgroup’s aligned sequences from sequences in other, closely related subgroups 
that generally lack that pattern (Fig. 6.1B). Presumably, such residues play key roles in subgroup-specific 
functions.  Using MCMC sampling [20] with simulated annealing [21], the BPPS sampler [22,23] searches 
for the mode of the posterior probability distribution over possible hierarchies and, as an aid to biological 
interpretation, visualizes pattern residues within representative sequences and structures (as illustrated in 
Fig. 6.2 below).  Among these are residues with well-characterized functions, which is not our primary 
focus. Instead, our focus is on pattern residues of unknown functional relevance—structural interactions 
among which may suggest hypotheses regarding underlying mechanisms [24-34].  
 

Figure 6.1. Basic features of a protein hiMSA. A. Schematic diagram of that part of an hiMSA corresponding to the lineage from 
the root node to leaf node 9. There is one such diagram for each leaf node in the hierarchy.  Horizontal lines represent aligned 
sequences and are color-coded by level in the hierarchy. Thin light gray horizontal lines represent non-homologous and deleted 
regions. Vertical lines represent the residue pattern positions upon which the hierarchy is based and are similarly color-coded by 
levels. On either side are the subtrees for each level of the hierarchy. The colored, gray, and white nodes in each tree correspond, 
respectively, to their foreground, background, and non-participating partitions (as explained in panel B).  The background for the 
entire superfamily (not shown) is based on standard amino acid frequencies.  B. Schematic of a BPPS “contrast alignment” 
corresponding to the (green) subfamily tree rooted at node 8 in panel A. There is one such contrast alignment for each node in a 
hierarchy. Sequences assigned to node 8’s subtree (green nodes of upper right tree in panel A) constitute the ‘foreground’ partition, 
those assigned to the rest of node 8’s parent subtree (dark gray nodes in panel A) constitute the ‘background’ partition, and the 
remaining sequences constitute an omitted, non-participating partition. Horizontal bars represent sequences; these are colored as 
are the corresponding nodes of the ‘subfamily’ tree in panel A. Green vertical bars represent foreground pattern residues (shown 
below each bar); these diverge from (or contrast with) the background residues at those positions (white vertical bars).  Red vertical 
bars heights quantify the degree of divergence.  
 

BPPS runs in various modes; the example shown in Fig. 6.2 corresponding to mode ‘1’. To obtain the 
sort of hiMSA shown schematically in Fig. 6.1, the output from mode ‘1’ must be used as the input to 
BPPS modes ‘2’ and ‘3’, which expand each of the subgroup alignments to include regions corresponding 
to insertions relative to the common core defined for the parent node.  The following table describes these 
and other BPPS modes:  
 

Mode Description 
1 Initial hierarchical partitioning of MSA into subgroups 
2 Create a hiMSA as in Fig. 6.1 using a mode 1 checkpoint file  
3 Create contrast alignments for a specified node’s lineage 
A Run modes 1-3 using default options with optional mapping of pattern residues to structures 
Q Perform a query-centric run in mode 1 
E Evaluate the consistency between two BPPS-generated hiMSAs 
H Run BPPS with a user curated hyperpartition (which need not correspond to a tree) and seed MSAs 
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BPPS mode ‘1’ is used when starting 
from an input MSA. In this mode, BPPS 
explores the ‘space’ of domain 
hierarchies by attaching, moving, 
inserting, and deleting nodes 
corresponding to functionally divergent 
subgroups. Each such hierarchy corresponds to a tree, but for reasons explained in the next section, are 
represented as a hyperpartition (hpt), which (for a tree) consists of an (𝑛𝑛 + 1) × 𝑛𝑛 matrix with rows 
corresponding to nodes in the tree plus an additional node corresponding to a ‘rejected’ category for 
sequences lacking superfamily features and with columns corresponding to contrast alignments (see Fig. 
6.1B). To the right is shown a hpt for globins, where foreground and background partitions are indicated 
by‘+’ and ‘–’ symbols, respectively, 
and omitted sequence sets are left blank.  
At the end of each row, the sequence set 
designation for each node is given with the 
number of sequences assigned to that set 
in parentheses. An asterisk at the end of a 
line indicates an internal (non-leaf) node. 
The lines below the hpt matrix further 
annotate columns. Each line lists: the 
numbers of foreground and background 
sequences; the associated log-probability 
ratio (LPR) in nats, in nats per sequence 
(nps) and in nats per weighted sequence 
(npws); and the number of pattern 
positions (i.e., columns of the MSA) for 
the contrast alignment.  The bottom line 
gives the total LPR, the simulated 
annealing pseudo-temperature, and the 
fraction of ‘failed nodes’—that is, those 
nodes that lack statistical sigificance. 
Common user-modifiable BPPS 
parameters are the following: 
 

Option  Description 
-heatmap generate heatmaps showing, for each pattern, the degree of conservation among hierarchy nodes 
-ichk save intermediate checkpoint files during the run 
-maxcol=<int> set the maximum number of pattern positions per node to <int> (default: 25) 
-minsize=<int> set the minimum set size to <int> sequences (default: 50) 
-minnats=<real> set the minimum required nats per weighted sequence to <real> (default: 5.0) 
-maxdepth=<int> set the maximum tree depth to <int> (default: 2) 
-run=P Create additional output files (requires a checkpoint file) 
-seed=<int> Set the seed for the random number generator to <int> 

The -heatmap option reveals how strongly the pattern residues are 
conserved in the foreground, background and omitted partitions for each 
contrast alignment (see image on the right).  It also reveals pattern residues 
that are ‘cross conserved’; that is, are also conserved in some of the 
background or omitted subgroups.  If so, then a user can create a new 
hyperpartition (that need not correspond to a tree) that can better model 
the patterns of conservation (as discussed in the BPPS-H section below).  
This option requires that PyMOL be installed and on your path. 
 

============== HyperPartition: ============== 
      _Category_ 
Set:  1  2  3  4  5  6  7  8  9 10 11 12 13 14 
  1:  +  -  -  -           -        -     -  -  1.Set1 (290)* 
  2:  +  +  -  -           -        -     -  -  2.Set14 (77) 
  3:  +  -  +  -           -        -     -  -  3.Set13 (59) 
  4:  +  -  -  +  -  -  -  -        -     -  -  4.Set6 (317)* 
  5:  +  -  -  +  +  -  -  -        -     -  -  _5.Set12 (75) 
  6:  +  -  -  +  -  +  -  -        -     -  -  _6.Set11 (51) 
  7:  +  -  -  +  -  -  +  -        -     -  -  _7.Set10 (112) 
  8:  +  -  -  -           +  -  -  -     -  -  8.Set5 (337)* 
  9:  +  -  -  -           +  +  -  -     -  -  _9.Set9 (203) 
 10:  +  -  -  -           +  -  +  -     -  -  _10.Set8 (98) 
 11:  +  -  -  -           -        +  -  -  -  11.Set4 (514)* 
 12:  +  -  -  -           -        +  +  -  -  _12.Set7 (230) 
 13:  +  -  -  -           -        -     +  -  13.Set3 (587) 
 14:  +  -  -  -           -        -     -  +  14.Set2 (1442) 
 15:  -                                         Rejected (609) 
 ============================================= 
 1: 4392 2277  seqs (8223.4; 1.9 nps; 6.4 npws)(19 cols) 
 2: 77 4315  seqs (809.021; 10.5 nps; 28.1 npws)(25 cols) 
 3: 59 4333  seqs (1191.19; 20.2 nps; 49.5 npws)(25 cols) 
 4: 555 3837  seqs (2431.73; 4.4 nps; 14.8 npws)(23 cols) 
 5: 75 480  seqs (125.919; 1.7 nps; 8.6 npws)(19 cols) 
 6: 51 504  seqs (226.983; 4.5 nps; 13.7 npws)(18 cols) 
 7: 112 443  seqs (323.13; 2.9 nps; 10.3 npws)(20 cols) 
 8: 638 3754  seqs (3443.37; 5.4 nps; 16.2 npws)(25 cols) 
 9: 203 435  seqs (567.624; 2.8 nps; 10.2 npws)(24 cols) 
10: 98 540  seqs (570.063; 5.8 nps; 18.8 npws)(25 cols) 
11: 744 3648  seqs (4655.15; 6.3 nps; 25.9 npws)(25 cols) 
12: 230 514  seqs (661.147; 2.9 nps; 14.0 npws)(25 cols) 
13: 587 3805  seqs (4448.66; 7.6 nps; 29.5 npws)(25 cols) 
14: 1442 2950  seqs (4569.38; 3.2 nps; 11.0 npws)(25 cols) 
 ====== Total LPR = 30579.3 (300.0 K) (0/14 failed) ====== 
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Example 6.1: Ras-like GTPases. Phosphate-
binding loop (P-loop) GTPases [35] bind to GDP 
or GTP via Walker A (G-K-[ST]) residues, 
which corresponds to the P-loop, and Walker B 
(D-x-x-G) residues, the conserved aspartate (D) 
of which interacts (indirectly through a water 
molecule) with the Mg++ ion that coordinates 
with nucleotide phosphate groups. An important 
subgroup of P-loop GTPases are Ras-like 
GTPases, which includes Ras, Rab, Rho/Rac, 
Ran, Arf, and Arf-like (Arl) GTPases and α 
subunits of heterotrimeric G proteins. Ras-like 
GTPases [36] function as on-off switches within 
eukaryotic signaling pathways regulating diverse 
cellular processes, including vesicle transport, 
embryonic development, the sensation of vision, odor, taste and pain, microtubule assembly and cell 
division. These GTPases are associated both with guanine nucleotide exchange factors (GEFs), which turn 
them on by mediating the exchange of GTP for GDP, and with GTPase activating proteins (GAPs), which 
turn them off by stimulating hydrolysis of GTP to GDP. The on- or off-state of Ras-like GTPases is 
communicated through conformational changes within their switch I and II regions, which detect the 
presence or absence of the γ phosphate of bound guanine nucleotide.  

 
Figure 6.2. BPPS-1 analysis of Ras-like GTPases. A-D. Four contrast alignments highlighting pattern residues that most distinguish 
the subgroups to which Rab GTPases belong [33,34].  A. Alignment highlighting all residues that are conserved among the 11 
aligned sequences representative of Rab-like GTPases. The bullets above specific columns in the alignment indicate residue 
positions that are well conserved within the displayed sequences but that are not distinctive of the subgroups corresponding to the 
B, C and D contrast alignments; the heights of the red bars above these positions indicate the degree of conservation relative to 
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standard amino acid background frequencies.  The leftmost column gives the phylum to which each sequence belongs and is color 
coded by kingdom (metazoans, red; protozoans, cyan; fungi, dark yellow; plants, green; bacteria, purple; archaea, blue). B. Contrast 
alignment highlighting pattern positions distinctive of P-loop GTPases, with corresponding pattern residues indicated below the 
alignment; directly below these, corresponding residue frequencies are given in integer tenths.  A ‘7’, for example, indicates that 
the corresponding residue occurs in 70-80% of the sequences. Above highlighted columns are red bars quantifying the selective 
constraints imposed on pattern positions. The leftmost column gives the protein identifiers for the 11 representative sequences 
shown and below this column is given the name of the foreground set and (in parentheses) the total number of sequences assigned 
to the foreground.  C. Highlighted residues distinguishing Ras-like GTPases from other P-loop GTPases [35].  The format used is 
as described for alignment B, except that corresponding information regarding the background sequence set is also provided.  D. 
Residues distinguishing the Rab-like subfamily from other Ras-like GTPases. E. Structural locations of subgroup-specific residues 
within Rab11A bound to a GTP analog [37]. Residues generally conserved in all P-loop GTPases (magenta sidechains) bind to 
GTP or to a GTP-bound Mg++ ion. Residues with orange and yellow sidechains correspond to Ras-like family and Rab-like 
subfamily GTPases—that is, to pattern residues highlighted in C and D, respectively. Five of the Ras-like residues occur in the 
Switch II region that undergoes conformational changes associated with signal transduction. These five Ras-like residues [34] 
mutually-interact near the C-terminal end of the switch II region.  As described below, the Rab-like subfamily residues (yellow 
side-chains) form aromatic CH-π interactions hypothesized to stabilize glycine ‘flexible hinges’ within nucleotide binding loops, 
thereby facilitating nucleotide binding and release [33]. In crystal structures these form distinct Rab11A conformations (F, G) [38] 
that have been proposed to play a role in the switching mechanism [34] via repositioning of two other Ras-like residues (Gln70 and 
Glu71 of Rab11A) involved in GTP hydrolysis [39] and in nucleotide exchange [40,41], respectively.      
 

Shown in Fig. 6.2 are four BPPS-generated contrast alignments 
corresponding to the lineage for Rab-like subfamily, which consists of 
Rab, Rho and Ran GTPases. The highlighted positions within aligned Rab-
like sequences reveal discriminating features distinctive of P-loop 
GTPases [34] (Fig. 6.2B), of the Ras-like family [33] (Fig. 6.2C), and of 
the Rab-like subfamily (Fig. 6.2D)—as well as conserved residues that fail 
to be distinctive of any of these categories (Fig. 6.2A). Roles for several 
of the Ras-like GTPase pattern residues in GTP hydrolysis and nucleotide 
exchange were previously proposed. However, BPPS identifies five 
additional Ras-like residues: (i) the pattern [RK]-x-[ILV] preceding the P-
loop, (ii) the pattern [WF] directly preceding the Walker B aspartate, and 
(iii) the pattern [YF]-[YF] at the C-terminal end of the switch II region.  These residues form an aromatic 
pocket around the negative-dipole moment at the end of the switch II helix with the positively charged 
pattern residue inserted into the pocket. This helix is oriented in a specific direction away from the GTPase 
core but is reoriented upon rearrangement of the charge-dipole pocket (Figs 6.2F,G). The charge-dipole 
pocket occurs in both the on and off states and both the charge-dipole pocket and an alternative 
configuration occur within the unit cell of a single crystal structure of Rab5a GTPase in the off state. Thus, 
the charge-dipole pocket configuration is closely associated, not with the on or off state, but rather with 
formation of an outward-oriented helix and, as a result, with restructuring of the switch II N-terminal region, 
which plays a critical role both in sensing the on/off state and in mediating GTP hydrolysis and nucleotide 
exchange via the two other Ras-like residues Gln70 and Glu71 of Rab11A in Figs 6.2F,G. 

An unusual homodimeric Rab27 configuration (Fig. 6.3A), in which the switch I, switch II and inter-
switch regions of each subunit are exchanged and protrude out like an antenna, can explain why the swII-
CT residues are conserved: In this configuration both subunits form charge-dipole pockets (Fig. 6.3B), 
which thus are structurally compatible with the outward-directed switch II helices. An association between 
the charge-dipole pocket and such switch II restructuring is suggested by comparisons between this unusual, 
homodimeric form of GDP-bound Rab27 and monomeric forms of Rab family GTPases. In the 
homodimeric form, the switch II region forms a long α helix that is directed away from the structural core 
of one subunit and toward the structural core of the other subunit. Presumably this helix lacks the 
conformational strain typically imposed on monomeric GTPases—the switch II regions of which need to 
bend around and reconnect to the structural core. Hence the charge-dipole pocket is structurally compatible 
with formation of this unusual, outward-directed switch II helix. Likewise, within monomeric Ras-like 
GTPases formation of a charge-dipole pocket is associated with an outward-directed switch II helix (Fig. 
6.3C), whereas its disruption is associated with disruption of this outward-directed helix (Fig. 6.3D)—a 
theme that occurs repeatedly in many other Ras-like GTPases {ref}.  
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Figure 6.3. Insight from an unusual 
homodimeric configuration of Rab27. 
A. In the Rab27 homodimer {ref}, the 
switch I, switch II and inter-switch 
regions of each subunit are exchanged 
and protrude out like an antenna. B. In 
this configuration both subunits form 
a charge-dipole pocket. C. In the 
monomeric Rab11 GTPase formation 
of the charge-dipole pocket is also 
associated with an outward-directed 
switch II helix. D. In the monomeric 
Rab5 GTPase disruption of the 
charge-dipole pocket is associated 
with disruption of the outward-
directed switch II helix. This 
correlation is seen for various Ras-like 
GTPases, including Arf, Arl, Sar, and 
Gα GTPases {ref}.  

 

BPPS also identifies (Fig. 6.2D) both two Rab-like pattern 
residues (forming a ‘T-A’ motif) previously proposed to perform 
a role in nucleotide exchange [39] and four other previously 
unidentified Rab-like residues forming a structural component, 
termed the glycine brace [33]. These include an aromatic residue 
that forms a CH-π interaction with a Ras-like conserved glycine 
at the start of the guanine-binding loop (Gly123; see figure on 
the right) and a second aromatic residue (nearly always a 
tryptophan) that forms CH-π and NH-π interactions with a 
conserved glycine at the start of the phosphate-binding P-loop 
(Gly18 in the figure). Such aromatic interactions are believed to stabilize the β-strand conformation of 
glycine [42]. The two other Rab-like residues (typically an aspartate and a serine or threonine), together 
with a conserved buried water molecule, form a network of interactions connecting the two aromatic 
residues. These observations suggest that the two glycine residues serve as hinges for the P-loop and for 
the guanine-binding loop and that the glycine brace facilitates guanine nucleotide binding and release by 
either interacting with or dissociating from these glycine hinges. Consistent with this notion, these aromatic-
glycine interactions are disrupted in the structure of Ran GTPase bound to its exchange factor RCC1 
(pdb_id: 1i2m) [43] (not shown).  
 

BPPS H-mode. Some superfamilies exhibit complex 
patterns of residue constraints that cannot be modeled 
hierarchically (i.e., as a tree). This can occur when some 
proteins in different subtrees inherit certain biochemical 
properties from a common ancestor that are lost in other 
members of each subtree due to a relaxation of selective 
constraints. This is seen, for example, for DNA clamp loader 
AAA+ domains [18], where subunits B, C and D of 
eukaryotic replication factor C (RFC) share constraints 
both with RFC-A (because these all hydrolyze ATP) but not 
with inactive RFC-E, and with RFC-E (because these all 
trans-activate ATP hydrolysis) but not with RFC-A (which 
does not). Moreover, all RFC subunits share constraints both 
in common with and distinct from bacterial clamp loader γ subunits. For such complex relationships, the 

 
Hyperpartition for characterizing non-hierarchical 
BPPS constraints imposed on DNA clamp loader 
AAA+ domains. 
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BPPS H-mode may be used, the output of which is illustrated for RFC subunits in Fig. 6.4; this mode 
requires as input a user-defined hyperpartition (edited using the edit_hpt program) along with a 
representative ‘seed’ alignment for each subgroup. The H-mode can also rerun an analysis using a larger 
(updated) MSA of the same superfamily and of the same length as for a previous analysis. The format 
required for an input hyperpartition (hpt) is illustrated and described in Fig. 6.5; a corresponding output hpt 
is shown in Fig. 6.6. 
 

 
 

Fig. 6.4. BPPS H-mode generated contrast alignments showing sequence constraints distinctive of various types of replication 
factor C (RFC) clamp-loader subunits [44]. The sequences shown span a functionally crucial region of RFC subunits, within which 
most of the strongest constraints occur. Each alignment is highlighted to reveal constraints distinguishing a specific subgroup of 
RFC subunits from closely related subgroups. The alignments include representative RFC subunits from fungi (budding yeast), 
animals (human), protozoans (malaria parasite) and plants (mouse-ear cress). As for Fig. 6.2, the conserved patterns and 
corresponding frequencies that are distinctive of the foreground are shown directly below each alignment and, below this, the 
conserved patterns distinctive of the background are shown in gray. (a) Constraints most distinguishing active RFC ATPases from 
catalytically inactive RFC-E subunits. (b) Constraints most distinguishing active AAA+ ATPases from all other proteins. 
(Background pattern residues and frequencies are not shown.) (c) Constraints most distinguishing eukaryotic and archaeal clamp-
loader RFC subunits from bacterial clamp-loader γ subunits. (d) Constraints most distinguishing active RFC ATPases that interact 
with the ATP site of an adjacent RFC subunit from other RFC subunits. (e) Constraints most distinguishing the large RFC subunit 
(RFC-A) from both an alternative large RFC subunit (CTF18) [45] and the structurally adjacent small RFC subunit (RFC-B). (f) 
Constraint most distinguishing all (eukaryotic, archaeal, bacteriophage and bacterial) clamp-loader ATPases interacting with an 
adjacent ATP site from other AAA+ ATPases. 

       

 
 

((aa))  AAccttiivvee  RRFFCCss  vvss..  ccaattaallyyttiiccaallllyy  iimmppaaiirreedd  RRFFCCss                    _                                                            _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                       _   _                                                       _   _                                                       _   _                                                       _   _                                                       _   _                                                       _   _                                                       _   _                                                       _   _                                                       _   _                                                       _   _                                                       _   _                                                       _   _                                                       _   _                                                       _   _                                                       _   _                           _                           _   _                           _                           _   _                           _                           _   _                           _                           _   _                           _                           _   _                           _                           _   _                           _                           _   _                           _                           _   _                           _    _                      _   _                           _    _                      _   _                           _    _                      _   _                           _    _                      _   _                           _    _                      _   _                           _    _                      _   _                           _    _             _________________  ____________    ______________  _____   
pattern positions:            ●   ●                           ●    ●           
RfcB_yeast  71 YADGVLELNASDDRGID..VVRNQIKHFAQK(8).HKIVILDEADSMTA..GAQQA 126 
RfcB_human  66 LKDAMLELNASNDRGID..VVRNKIKMFAQQ(8).HKIIILDEADSMTD..GAQQA 121 
RfcB_plafa  66 AKKAVLELNASDDRGIN..VIRDRIKSFAKE(8).HKIIILDEVDSMTT..AAQQS 121 
RfcB_arath  66 YKEAVLELNASDDRGID..VVRNKIKMFAQK(8).HKVVILDEADSMTS..GAQQA 121 
RfcC_yeast  75 YSNMVLELNASDDRGID..VVRNQIKDFAST(7).FKLIILDEADAMTN..AAQNA 129 
RfcC_human  83 FGSMVLELNASDDRGID..IIRGPILSFAST(7).FKLVILDEADAMTQ..DAQNA 137 
RfcC_plafa  75 RSSFVLELNASDDRGIN..VIRDQIKTFAES(11)LKLIILDEADHMTY..PAQNA 133 
RfcC_arath  101 YRNMILELNASDDRGID..VVRQQIQDFAST(9).VKLVLLDEADAMTK..DAQFA 157 
RfcD_yeast  88 MKSRILELNASDERGIS..IVREKVKNFARL(17)YKIIILDEADSMTA..DAQSA 152 
RfcD_human  101 FRLRVLELNASDERGIQ..VVREKVKNFAQL(14)FKIVILDEADSMTS..AAQAA 162 
RfcD_plafa  67 ISERVLELNASDDRGIN..VVREKIKAYTRI(17)WKLVVLDEADMMTE..DAQSA 131 
RfcD_arath  72 YKSRVLELNASDDRGIN..VVRTKIKDFAAV(15)FKIIILDEADSMTE..DAQNA 134 
RfcA_yeast  370 LGYDILEQNASDVRSKT..LLNAGVKNALDN(19)HFVIIMDEVDGMSGg.DRGGV 437 
RfcA_human  668 LGYSYVELNASDTRSKS..SLKAIVAESLNN(17)KHALIMDEVDGMAGneDRGGI 734 
RfcA_plafa  431 SGYNVIEFNASDERNKA..AVEKISEMATGG(12)KTCIIMDEVDGMSSg.DKGGS 491 
RfcA_arath  417 LGFQAVEVNASDSRGKAnsNIAKGIGGSNAN(21)KTVLIMDEVDGMSAg.DRGGV 488 
conserved (340):   YGSRVLELNASDDRGIN  VVRNKIKSFASK    KKIIIMDEADGMTG  DAGGA  
    LKEAI       E SKS  IL  QV N  RN    H LV L  V S SS  GRQNV  
wt_res_freqs (69):  23226797999849761  566236616621    16348299692862  66236  
   23111       2 121  11  12 1  12    2 23 6  2 4 21  12611  
conserved (87):   WTTYHLELNPSDAGNYD  VVQEIIKEMAST    FKVVVLNEADHLTR  DAQHA  
    FSN  V ITC  V  Q   II DLL  V Q     YRTIII DVEK SK  E  AS  
wt_res_freqs (19):  22458383476638229  547425853723    67546535661943  47935  
   322  3 221  2  1   13 132  1 4     112214 2222 32  2  42  
position       .   80    .     90    .        110    .  120      .    
 
 

((cc))  EEuukkaarryyoottiicc  &&  aarrcchhaaeeaall  vvss..  bbaacctteerriiaall  ccllaammppllooaaddeerrss                   _                                                            _                                                            _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                         _ _                                                         _ _                                                         _ _                                                         _ _                                                         _ _                                                         _ _                                                         _ _                                                         _ _                                                         _ _                                                         _ __                                                        _ __                                                        _ __                                                        _ __                                                        _ __                                                        _ __                                                        _ __                                                        _ __                                                        _ __                                                        _ __                                                        _ __                                                        _ __                                                        _ __                                                        _ __                                                        _ __                                                        _ __                          _     _                       _ __                          _     _               _________________  ____________    ______________  _____   
pattern positions:           ● ●●                          ●     ●             
RfcB_yeast  71 YADGVLELNASDDRGID..VVRNQIKHFAQK(8).HKIVILDEADSMTA..GAQQA 126 
RfcB_human  66 LKDAMLELNASNDRGID..VVRNKIKMFAQQ(8).HKIIILDEADSMTD..GAQQA 121 
RfcB_plafa  66 AKKAVLELNASDDRGIN..VIRDRIKSFAKE(8).HKIIILDEVDSMTT..AAQQS 121 
RfcB_arath  66 YKEAVLELNASDDRGID..VVRNKIKMFAQK(8).HKVVILDEADSMTS..GAQQA 121 
RfcC_yeast  75 YSNMVLELNASDDRGID..VVRNQIKDFAST(7).FKLIILDEADAMTN..AAQNA 129 
RfcC_human  83 FGSMVLELNASDDRGID..IIRGPILSFAST(7).FKLVILDEADAMTQ..DAQNA 137 
RfcC_plafa  75 RSSFVLELNASDDRGIN..VIRDQIKTFAES(11)LKLIILDEADHMTY..PAQNA 133 
RfcC_arath  101 YRNMILELNASDDRGID..VVRQQIQDFAST(9).VKLVLLDEADAMTK..DAQFA 157 
RfcD_yeast  88 MKSRILELNASDERGIS..IVREKVKNFARL(17)YKIIILDEADSMTA..DAQSA 152 
RfcD_human  101 FRLRVLELNASDERGIQ..VVREKVKNFAQL(14)FKIVILDEADSMTS..AAQAA 162 
RfcD_plafa  67 ISERVLELNASDDRGIN..VVREKIKAYTRI(17)WKLVVLDEADMMTE..DAQSA 131 
RfcD_arath  72 YKSRVLELNASDDRGIN..VVRTKIKDFAAV(15)FKIIILDEADSMTE..DAQNA 134 
RfcA_yeast  370 LGYDILEQNASDVRSKT..LLNAGVKNALDN(19)HFVIIMDEVDGMSGg.DRGGV 437 
RfcA_human  668 LGYSYVELNASDTRSKS..SLKAIVAESLNN(17)KHALIMDEVDGMAGneDRGGI 734 
RfcA_plafa  431 SGYNVIEFNASDERNKA..AVEKISEMATGG(12)KTCIIMDEVDGMSSg.DKGGS 491 
RfcA_arath  417 LGFQAVEVNASDSRGKAnsNIAKGIGGSNAN(21)KTVLIMDEVDGMSAg.DRGGV 488 
RfcE_yeast  89 SSPYHLEITPSDMGNNDriVIQELLKEVAQM(15)YKCVIINEANSLTK..DAQAA 153 
RfcE_human  88 ASNYHLEVNPSDAGNSDrvVIQEMLKTVAQS(10)FKVVLLTEVDKLTK..DAQHA 147 
RfcE_plafa  83 QSNYHLELQCFELGNKDkiIVQSIIKELCSY(12)YRIFVFKDAEFLSE..GAQAG 144 
RfcE_arath  90 SSTNHVELTPSDAGFQDryIVQEIIKEMAKN(10)YKVLVLNEVDKLSR..EAQHS 149 
conserved (330):   YGYRVLELNASDERNID  VVKTKVKNFAST    P CIVLDEADGMTG  DRQGV  
    FKTEHV V P  DGSK    LQN I  ALQS    F LVIM  I S      AGQ   
wt_res_freqs (99):  23214484879827144  441122514523    1 142589593442  51521  
   111111 1 1  2121    111 4  2121    2 2351  1 2      521   
conserved (321):   RHIDVIEIDAASNTGVD  DIREILIENVQY    YKVYIIDEVHMLST  QAFNA  
    NSV LL M    HNKIE  EV DVILDKANF    FRIFV  DC   TK  GSW G  
wt_res_freqs (48):  22284395878843556  547526352415    68557798677862  26677  
   121 12 1    12122  12 213231111    21331  11   22  111 1  
position       .   80    .     90    .        110    .  120      .    
 

((ee))  RRFFCC--AA  vvss..  CCTTFF1188  ++  RRFFCC--BB  
                                                            _                                                             _                                                             _                                                             _                                                             _                                                             _                                                             _                                                             _                                                             _                                                             _                                                             _                                                             _                                                             _                                                             _                                                             _                                                             _                                                             _                                                             _                                                             _                                                            __                                                            __                                                            __                                                            __                                                            __                                                            __                                                            __                                                            __                                                            __                                               _            __                                               _            __                                               _            __                                               _           ___                                               _          ____                      _                        _          ____                      _                        _          ____       ____ ___________  ____ _____ ____________________  _______   
pattern positions:                  ●                        ●          ●●●●     
RfcA_yeast  370 LGYDILEQNASDVRSKT..LLNAGVKNALDN(19)HFVIIMDEVDGMSGg.DRGGV 437 
RfcA_human  668 LGYSYVELNASDTRSKS..SLKAIVAESLNN(17)KHALIMDEVDGMAGneDRGGI 734 
RfcA_plafa  431 SGYNVIEFNASDERNKA..AVEKISEMATGG(12)KTCIIMDEVDGMSSg.DKGGS 491 
RfcA_arath  417 LGFQAVEVNASDSRGKAnsNIAKGIGGSNAN(21)KTVLIMDEVDGMSAg.DRGGV 488 
conserved (46):   LGFD IEFNASDTRSKK  LIEKGVSEVLNN    KHVLIMDEVDGMSG  DRGGI  
      Y  V      V   N  SLKEI A S D      T I        AA      V  
wt_res_freqs (16):  5933 592999939693  345124222326    62578899899874  98993  
     5  2      2   1  24111 1 2 2      3 2        22      3  
conserved (117):   YGYAVLELNASDDRGID  VVRNKIKMFAQT    PKCVILDEIDGMTT  GAQQA  
     KEN I I    E S E  AFKTR ENAV K    HNILVI  A SAPS  AFIKV  
wt_res_freqs (30):  55437494999769434  455247424442    54436599495441  45445  
    322 1 3    2 2 2  21112 2132 2    323322  3 4211  12311  
position        .  380    .  390    .         420    .  430     .     
 
 

 
 

((bb))  AAAAAA++  AATTPPaasseess  vvss..  aallll  ootthheerr  pprrootteeiinnss                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           __                                                          __                                                          __                                                          __                                                          __                                                          __                                                          __                                                          __                                                          __                                                          __                                                          __                                                          __                                                          __                                                          __                                                          __                                                          __                                                          __                 _________________  ____________      ____________  _____   
pattern positions:                                            ●●               
RfcB_yeast  71 YADGVLELNASDDRGID..VVRNQIKHFAQK(8).HKIVILDEADSMTA..GAQQA 126 
RfcB_human  66 LKDAMLELNASNDRGID..VVRNKIKMFAQQ(8).HKIIILDEADSMTD..GAQQA 121 
RfcB_plafa  66 AKKAVLELNASDDRGIN..VIRDRIKSFAKE(8).HKIIILDEVDSMTT..AAQQS 121 
RfcB_arath  66 YKEAVLELNASDDRGID..VVRNKIKMFAQK(8).HKVVILDEADSMTS..GAQQA 121 
RfcC_yeast  75 YSNMVLELNASDDRGID..VVRNQIKDFAST(7).FKLIILDEADAMTN..AAQNA 129 
RfcC_human  83 FGSMVLELNASDDRGID..IIRGPILSFAST(7).FKLVILDEADAMTQ..DAQNA 137 
RfcC_plafa  75 RSSFVLELNASDDRGIN..VIRDQIKTFAES(11)LKLIILDEADHMTY..PAQNA 133 
RfcC_arath  101 YRNMILELNASDDRGID..VVRQQIQDFAST(9).VKLVLLDEADAMTK..DAQFA 157 
RfcD_yeast  88 MKSRILELNASDERGIS..IVREKVKNFARL(17)YKIIILDEADSMTA..DAQSA 152 
RfcD_human  101 FRLRVLELNASDERGIQ..VVREKVKNFAQL(14)FKIVILDEADSMTS..AAQAA 162 
RfcD_plafa  67 ISERVLELNASDDRGIN..VVREKIKAYTRI(17)WKLVVLDEADMMTE..DAQSA 131 
RfcD_arath  72 YKSRVLELNASDDRGIN..VVRTKIKDFAAV(15)FKIIILDEADSMTE..DAQNA 134 
RfcA_yeast  370 LGYDILEQNASDVRSKT..LLNAGVKNALDN(19)HFVIIMDEVDGMSGg.DRGGV 437 
RfcA_human  668 LGYSYVELNASDTRSKS..SLKAIVAESLNN(17)KHALIMDEVDGMAGneDRGGI 734 
RfcA_plafa  431 SGYNVIEFNASDERNKA..AVEKISEMATGG(12)KTCIIMDEVDGMSSg.DKGGS 491 
RfcA_arath  417 LGFQAVEVNASDSRGKAnsNIAKGIGGSNAN(21)KTVLIMDEVDGMSAg.DRGGV 488 
conserved (9789):   SNVPFIEINCSDFTGVG  EVEERFRELFEK    PGVLFIDEIDKMSP  DVQNA  
     KA VVSVDAAELRSID  DIRDLIKDAL E    NKIILL DVNRLNK  EAAS   
wt_res_freqs (2573):  11123212212111112  111211111211    12343487431111  11322  
    11 1211111121111  1111111112 1    113223 1111311  1111   
position       .   80    .     90    .        110    .  120      .    
 

((dd))  AAccttiivvee  RRFFCCss  aaddjjaacceenntt  ttoo  aann  AATTPP  ssiittee  vvss..  ootthheerr  RRFFCCss                            _                                                            _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                     _     _                                                     _     _                                                     _     _                                                     _     _                                                     _     _                                                     _     _                                                     _     _                                                     _     _                                                     _     _                                                    __     _                                                  _ __     _     _                                            _ __     _     _                                _________________  ____________    ______________  _____   
pattern positions:               ● ●●     ●     ●                              
RfcB_yeast  71 YADGVLELNASDDRGID..VVRNQIKHFAQK(8).HKIVILDEADSMTA..GAQQA 126 
RfcB_human  66 LKDAMLELNASNDRGID..VVRNKIKMFAQQ(8).HKIIILDEADSMTD..GAQQA 121 
RfcB_plafa  66 AKKAVLELNASDDRGIN..VIRDRIKSFAKE(8).HKIIILDEVDSMTT..AAQQS 121 
RfcB_arath  66 YKEAVLELNASDDRGID..VVRNKIKMFAQK(8).HKVVILDEADSMTS..GAQQA 121 
RfcC_yeast  75 YSNMVLELNASDDRGID..VVRNQIKDFAST(7).FKLIILDEADAMTN..AAQNA 129 
RfcC_human  83 FGSMVLELNASDDRGID..IIRGPILSFAST(7).FKLVILDEADAMTQ..DAQNA 137 
RfcC_plafa  75 RSSFVLELNASDDRGIN..VIRDQIKTFAES(11)LKLIILDEADHMTY..PAQNA 133 
RfcC_arath  101 YRNMILELNASDDRGID..VVRQQIQDFAST(9).VKLVLLDEADAMTK..DAQFA 157 
RfcD_yeast  88 MKSRILELNASDERGIS..IVREKVKNFARL(17)YKIIILDEADSMTA..DAQSA 152 
RfcD_human  101 FRLRVLELNASDERGIQ..VVREKVKNFAQL(14)FKIVILDEADSMTS..AAQAA 162 
RfcD_plafa  67 ISERVLELNASDDRGIN..VVREKIKAYTRI(17)WKLVVLDEADMMTE..DAQSA 131 
RfcD_arath  72 YKSRVLELNASDDRGIN..VVRTKIKDFAAV(15)FKIIILDEADSMTE..DAQNA 134 
conserved (283):   YKSRVLELNASDDRGIN  VVRNKIKSFASK    HKIIILDEADSMTS  GAQNA  
     REM        E   D  I  TQV N  QT      LV      A  E  A  Q   
wt_res_freqs (58):  44227999999859981  789248719822    29458999895991  29929  
    122        4   5  1  121 1  33      34      3  1  1  3   
conserved (118):   FGYYHIELNPSDAGNKD  VIQEIIKEMAQN    FKVLIMDEVDGLSG  DAQGA  
    WTTDVV ITA  VRSY    VEDLV  V ST    KRCVVINDA KMTR  ERGAV  
wt_res_freqs (34):  23235383658725245  435324641423    34544347583554  65544  
   113112 113  2431    31122  2 12    211243213 1322  13321  
position       .   80    .     90    .        110    .  120      .    
 

((ff))  AATTPP--aaddjjaacceenntt  ccllaammpp  llooaaddeerr  vvss..  aaccttiivvee  AAAAAA++  AATTPPaasseess                                            _                                                            _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                                                           _                       _________________  ____________    ______________  _____   
pattern positions:                                       ●                     
RfcB_yeast  71 YADGVLELNASDDRGID..VVRNQIKHFAQK(8).HKIVILDEADSMTA..GAQQA 126 
RfcB_human  66 LKDAMLELNASNDRGID..VVRNKIKMFAQQ(8).HKIIILDEADSMTD..GAQQA 121 
RfcB_plafa  66 AKKAVLELNASDDRGIN..VIRDRIKSFAKE(8).HKIIILDEVDSMTT..AAQQS 121 
RfcB_arath  66 YKEAVLELNASDDRGID..VVRNKIKMFAQK(8).HKVVILDEADSMTS..GAQQA 121 
RfcC_yeast  75 YSNMVLELNASDDRGID..VVRNQIKDFAST(7).FKLIILDEADAMTN..AAQNA 129 
RfcC_human  83 FGSMVLELNASDDRGID..IIRGPILSFAST(7).FKLVILDEADAMTQ..DAQNA 137 
RfcC_plafa  75 RSSFVLELNASDDRGIN..VIRDQIKTFAES(11)LKLIILDEADHMTY..PAQNA 133 
RfcC_arath  101 YRNMILELNASDDRGID..VVRQQIQDFAST(9).VKLVLLDEADAMTK..DAQFA 157 
RfcD_yeast  88 MKSRILELNASDERGIS..IVREKVKNFARL(17)YKIIILDEADSMTA..DAQSA 152 
RfcD_human  101 FRLRVLELNASDERGIQ..VVREKVKNFAQL(14)FKIVILDEADSMTS..AAQAA 162 
RfcD_plafa  67 ISERVLELNASDDRGIN..VVREKIKAYTRI(17)WKLVVLDEADMMTE..DAQSA 131 
RfcD_arath  72 YKSRVLELNASDDRGIN..VVRTKIKDFAAV(15)FKIIILDEADSMTE..DAQNA 134 
RfcE_yeast  89 SSPYHLEITPSDMGNNDriVIQELLKEVAQM(15)YKCVIINEANSLTK..DAQAA 153 
RfcE_human  88 ASNYHLEVNPSDAGNSDrvVIQEMLKTVAQS(10)FKVVLLTEVDKLTK..DAQHA 147 
RfcE_plafa  83 QSNYHLELQCFELGNKDkiIVQSIIKELCSY(12)YRIFVFKDAEFLSE..GAQAG 144 
RfcE_arath  90 SSTNHVELTPSDAGFQDryIVQEIIKEMAKN(10)YKVLVLNEVDKLSR..EAQHS 149 
conserved (581):   YSSDVLELDAADNRGID  DVRNKIKEFAQY    FKIYILDEAHMMTT  GAFNA  
    RKERI  MN SSEN VE  VI DQLIDNVST    Y VF I  VDSLSS  ASQQ   
wt_res_freqs (139):  11145484484415756  349135435423    39437499444351  17358  
   12111  14 4421 31  23 113121212    3 31 4  351531  1151   
conserved (5161):   SDVPFVSINCSELTEVG  EEEERFGGLFEE    PGILFIDEIDKLPP  DVQNK  
     NA LIRVDMASFVS L  ASSKLLREVLKK    NSVILL  VEEMSG  ETLSQ  
wt_res_freqs (1272):  11134212223231214  112222231321    23355398532311  22321  
    11 12122111111 1  111121111211    113223  111111  11111  
position       .   80    .     90    .        110    .  120      .    
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Figure 6.5. Input hyperpartition (hpt) illustrated for AAA+ 
RFC proteins. There are two sections: the first section (labeled 
‘HyperParTition”) shows the columns and rows of the hpt. The 
first row consists of two types of characters (‘!’, and ‘*’) 
corresponding to the columns of the hpt, where ‘!’ and ‘*’ 
indicates that a contrast alignment for that column should or 
should not be printed out. The rows of the hpt correspond to 
the subgroups being modeled. Each row consists of a series of 
‘+’, ‘-‘, and ‘o’ characters, which indicate that the subgroup in 
that row is assigned to the foreground, background, or omitted 
partition for that column’s contrast alignment.   This string is 
followed by the row number, the name of the subgroup, and a 
‘!’, ‘.’, or ‘?’ character, where a ‘!’ and ‘.’ indicates that the 
contrast alignments for which that subgroup is in the 
foreground should or should not be printed, respectively; and 
where a ‘?’ indicates that the row does not correspond to a 
specific subgroup (and thus that the contrast alignment should 
not be printed). The second section (labeled as ‘Settings’) lists the names of the contrast alignment for each column along with 
(optionally) parameter settings specific to each column; this typically includes a seed pattern.  

 

Figure 6.6. Output hyperpartition (hpt) for AAA+ RFC proteins.  
Based on the specifications provided by the input hpt and an input 
MSA, BPPS returns an optimized  of underlying constraints. The 
output again has two sections: The first section (labeled 
‘HyperPartition”) shows the columns and rows of the hpt. The rows 
again correspond to the subgroups, where each row consists of a 
series of ‘+’, ‘-‘, and ‘ ’ characters, corresponding to the foreground, 
background, or omitted partition for that column’s contrast 
alignment, followed by the row number, the subgroup name and 
(parenthetically) the number of sequences assigned to that 
subgroup. The second section lists statistics for the contrast 
alignments corresponding to the columns of the hpt.  The 
information in each of these rows consists of: the column number; 
the number of foreground and background sequences; the log 
probability ratio (LPR) in nats; the nats per sequence (nps); the nats 
per weighted sequence (npws); the number of pattern positions (i.e., 
discriminating columns in the MSA); and the name of the contrast 
alignment. The last line gives the total LPR (in nats); the final 
sampling ‘temperature’; and the number of contrast alignments that 
failed (i.e., that lack statistical significance).  
 

Running BPPS in H-mode can create PyMOL session files showing the structural locations of 
subgroup-specific residues, as illustrated in Fig. 6.7, which shows the locations of constrained residues 
identified in Fig. 6.4.   

 

Figure 6.7. Structural features associated with the six categories of RFC constraints shown in Fig. 6.4. The central hole of the RFC 
complex, through which DNA presumably is thread, is located at the bottom of each panel. (a) Conformation of RFC-B when 
bound to ATP and the clamp [5]. In all four active RFC ATPases, the arginine corresponding to Arg84 in RFC-B forms hydrogen 
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bonds with main-chain oxygen atoms on either side of the putative catalytic base, as shown. Oxygen, nitrogen and (predicted) 
hydrogen atoms establishing hydrogen bonds (broken lines) or involved in ionic interactions are shown in red, blue and white, 
respectively. Ionic and van der Waals interactions are shown as dot clouds. Residues with cyan side chains distinguish active RFC 
ATPases from catalytically impaired RFC-E subunits; the magenta residue corresponds to the putative catalytic base shared by all 
active AAAC ATPases; orange residues distinguish all RFC subunits from bacterial clamp-loader ATPases; and yellow residues 
distinguish active RFC ATPases that interact with an adjacent ATP site from other RFC subunits. (b) A conformation of ADP-
bound RFCS, the archaeal small subunit corresponding to RFC-B [31]. The Walker B-interacting arginine (Arg84 in RFC-B or 
Arg88 in RFCS) is repositioned and, on the basis of a model of the RFC–DNA–clamp complex, could interact with DNA thread 
through the clamp. (c) Regions of interaction between RFC-A, RFC-B and RFC-C subunits in the crystal structure of the RFC–
ATP– clamp complex. The residue side chains corresponding to the NxSD motif have been omitted for clarity. The phenylalanine 
in RFC-B (Phe96) seems to form a hydrophobic pocket for Lys109. Blue residues distinguish RFC-A from other RFC subunits; 
the red residue most clearly distinguishes all clamp-loader subunits interacting with an adjacent ATP site from other AAAC 
ATPases.  
 

The get_pdb, TweakPDB, and vsi2pml programs. BPPS and several other programs can map the structural 
locations of pattern residues (as in Fig. 6.2E-G); this requires as input structural coordinate files, which 
may be retrieved using the get_pdb program, which also adds modeled hydrogen atoms to identify 
hydrogen bonds automatically based on geometric criteria.  TweakPDB can be used to analyze or modify 
a pdb-formated coordinate file. To conserved disc space, BPPS may store pattern residue locations for 
various proteins of known structure within a *.vsi file, from which the vsi2pml program can generate 
corresponding PyMOL session (*.pse) files, automatically.  See the Auxilliary Programs section below for 
detailed descriptions of get_pdb, tweakPDB and vsi2pml. 
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7. Correspondence between sequence and structural constraints (SIPRIS) 
 

SIPRIS (Structurally Interacting Pattern Residues’ Inferred Significance) identifies correlations 
between BPPS- and structurally-defined residue sets. SIPRIS takes as input a set of BPPS-defined pattern 
residues and corresponding structural coordinates for proteins of interest and, for each structure, identifies 
statistically significant clusters or hydrogen bond networks of pattern-residues. The simplest cluster is 
predefined, for instance, by residues at the interface between subunits or in contact with substrate, as 
illustrated in Fig. 7.1 for N-acetyltransferases, which transfer an acetyl group from CoA to a target substrate.  
 

 
Figure 7.1.  SIPRIS [46,47] estimates the statistical significance of all but two of the 25 residues most distinctive of the 
glucosamine-6-phosphate N-acetyltransferase (Gna1) family; these either (A) occur at the interface between homodimeric subunits 
(blue & pink cartoon traces) (p = 8.5×10-7) or (B) interact with substrate (shown in cyan) (p = 6.8×10-5) (pdb_id: 4ag9 [48]). The 
remaining two residues (not shown) are: Lys116, which may position CoA for catalysis by interacting with a CoA phosphate group, 
and Cys141, which covalently links to the sulfur atom of CoA within Gna1 [48].  

 

SIPRIS can also select the optimal, structurally-defined cluster among a nested set of clusters:  Starting 
from the highest scoring BPPS pattern residue or from a user-defined residue, molecule or atom, SIPRIS 
first creates an initial cluster by sequentially adding “structurally-adjacent” residues until reaching a pattern 
residue.  (Structural adjacency can be defined based either on the closest hydrogen bond to a current member 
of the cluster or on the distance either from the starting residue or from another current member of the 
cluster.)  Next, it adds more residues in this way until reaching the next pattern residue; this is the second 
cluster.  Finally, it repeats this process until generating a cluster containing all BPPS residues.  From this 
nested set, SIPRIS selects the cluster that most significantly overlaps with the BPPS-defined residue set 
(after adjusting for the number of hypotheses considered); this is illustrated for Rab, Rho and Ran (R3) 
GTPases in Fig. 7.2.  
 

Fig. 7.2. SIPRIS defined GTPase clusters. A. Rab/Rho/Ran 
(R3) hydrogen-bond network (red sidechains) in Rho1 (pdb_id: 
3refB [49]; p = 6.2×10-5). This includes a salt bridge (R137-
E163) and CH-π interactions (G27-W114; G131-F99) 
hypothesized to modulate nucleotide exchange by stabilizing 
the P-loop and guanine binding loop [19,33,42]. These loops 
(bright green backbone traces) harbor residues (yellow 
sidechains) that bind to guanine-nucleotide and that are 
distinctive of all GTPases. B. A Rab4 R3 hydrogen bond 
network (red sidechains) (p = 2.6×10-6) and a Rab-specific 
cluster (orange sidechains) (p = 2.9×10-8) contacting the 
Rabenosyn-5 effector (pdb_id: 1z0kA [50]). 
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A BPPS-SIPRIS comparative analysis of exonuclease-endonuclease phosphatases (EEPs) [51] 
identifies residues presumably responsible for the functional specificity of APE1 endonucleases (Fig. 7.3) 
and of inositol polyphosphate 5-phosphatases (INPP5) (Fig. 7.4), which cleave phosphodiester bonds in 
nucleic acids and phospholipids, respectively. These analyses suggest that the same core structure and 
catalytic residues can mediate very different reactions by interacting with a network of family-specific 
residues, thereby presumably forming a substrate-specific ‘reaction chamber’.  
 
Fig. 7.3.  BPPS-SIPRIS analysis of APE1 
endonuclease bound to DNA with an abasic site 
analog (pdb_id: 5dfi) [52].  APE1 incises an abasic 
site phosphodiester backbone in DNA. A proposed 
mechanism involves superfamily-conserved active 
site residues forming hydrogen bonds with abasic 
site phosphate group oxygen atoms [53].  A. A 
cluster of EEP superfamily residues (yellow 
sidechains; p = 5.2×10-6) and a hydrogen bond 
network of exoIII-AP-endo family residues (red 
sidechains; p = 1.6×10-6), both of which are 
centered on the abasic site (circled).  Family 
residues aggregate between the catalytic core and 
a loop containing DNA-interacting basic residues (magenta sidechains); they insert into the DNA major groove to form a kink that 
engulfs the abasic-DNA strand and thus appear to form a substrate-specific “reaction chamber”.  Nitrosation of exoIII-AP-endo 
residue Cys310 results in dissociation of APE1 from DNA and relocation to the cytoplasm [54]; thus, the associated hydrogen-
bond network may communicate the nitrosation signal to the DNA binding site. B. Close up of the APE1 active site. (For clarity 
not all residues are shown.) Hydrogen bond atoms use CPK coloring. 
 

Figure 7.4. BPPS-SIPRIS analysis of the 
inositol polyphosphate 5-phosphatase 
INPP5B. Color scheme: EEP 
superfamily, INPP5 family and INPP5B 
subfamily residue sidechains: yellow, red, 
and orange, respectively; ligands, cyan; 
hydrogen bond atoms, CPK coloring.  
A,B. An INPP5 hydrogen bond network 
(p = 1.1×10-7) that forms a secondary 
shell around the active site and is 
hypothesized to recognize inositol 
polyphosphates having phosphate groups 
attached at positions 4 and 5 of the 
inositol ring. This network is adjacent to 
a superfamily hydrogen bond network (p 
= 3.2×10-9).  A. INPP5B bound to the 
reaction product, phosphatidylinositol 
3,4-bisphosphate (pdb_id: 4cml)[55].  
SPIRIS clustering results: EEP, p = 
5.8×10-13; INPP5, p = 3.9×10-7; INPP5B, 
p = 0.0021. The INPP5B subfamily 
network lies between the proposed 
membrane interface [55] and the EEP 
catalytic core, suggesting a role in 
sequestering specific membrane-
associated substrate from the lipid bilayer 
[56].  B. INPP5 hydrogen bond network within INPP5B (pdb_id: 3mtc).  C. View focusing on the substrate 4-phosphate group. 
INPP5 enzymes cleave the 5-phosphate, but require for recognition the 4-phosphate, which directly interacts with three INPP5-
family basic residues (K503, K516, and R518). D. In INPP5B (pdb_id: 5a7i [57]), INPP5-family residues most remote from the 
catalytic core are part of a cleft to which a phosphate is bound. This site may bind a molecule similar to the known substrate and 
may be allosterically linked to the active site via the network of INPP5 residues. E. The INPP5B-like OCRL protein with glycerol 
bound to a site analogous to that indicated in (D) (pdb_id:.4cmn [55]). 
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8. Correspondence between pairwise MSA correlations and structural 
interactions (DCA, STARC) 

 

STARC: Statistical Tool for Analysis of 
Residue Couplings. Predicting residue-to-
residue structural contacts from a multiple 
alignment covariance matrix has been a 
topic of study for some time [58,59], the 
rationale being that residue mutations 
occurring at one position often result in 
compensatory mutations at other, 
structurally interacting positions.  A problem with this straightforward approach is that residue positions 
may be correlated transitively: if position i interacts with position j and j with k, then residues at i and k 
may be correlated even though they fail to interact directly.  A critical breakthrough came with Direct 
Coupling Analysis (DCA) [60-64], which distinguishes direct from indirect correlations [62,65,66].  DCA 
has been validated through numerous studies on globular [63,65,67] and membrane [60,61,68,69] proteins, 
and on protein internal repeats [70] and complexes [71-73].  STARC [74] estimates the statistical 
significance (as S = -log10(p)) of the correspondence between high scoring DC-pairs and 3D structural 
contacts; it can be used to evaluate DCA methods [74] and the potential functional relevance of alternative 
conformations and of homomeric and heteromeric interactions.  Our DARC and SPARC programs (see 
below) incorporate both DCA and STARC. Prior to running STARC they perform DCA using pseudo-
likelihood maximum entropy optimization [75], which outperformed [74] DCA methods based on sparse 
inverse covariance estimation [76] and on multivariate Gaussian modeling [77].  
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9. Multidimensional query-centric analysis of protein constraints (DARC) 
 

DARC [81] (Deep Analysis of Residue Constraints) performs a multidimensional analysis that combines 
DCA, STARC, BPPS, and SIPRIS into a single, query-centric program for identifying and visualizing 
constraints as superfamily and functional-subgroup conserved residues, as family-specific, high DC-scoring 
residue pairs, and as correlations of these with each other and with structure.  It does this by: (1) 
characterizing BPPS pattern residues and high DC-scoring residue pairs most distinctive of subgroup along 
the query sequence’s lineage. (2)  Visualizing pattern residues within representative aligned sequences. (3) 
Automatically generating PyMOL [82,83] session files showing the structural locations of constrained 
residues and of high DC-scoring pairs. (4) Determining how functional subgroup-specific residues and high 
DC-scoring pairs correlate with each other and with structure using SIPRIS. We illustrate DARC for 
bacterial DNA clamp loaders. 

The bacterial DNA clamp loader 
AAA+ complex loads ring-shaped 
sliding β-clamps onto DNA to keep 
polymerase attached during 
replication; it contains one δ, three γ, 
and one δ’ AAA+ subunits semi-
circularly arranged in the order: δ-γ1-
γ2-γ3-δ’.  Only γ is active, though both γ and δ’ functionally influence an adjacent γ ATPase domain. Hence, 
γ and δ’ share certain (γ/δ’-) constraints, while γ is subject to additional (γ-) constraints absent from δ’.  In 
the presence of ATP, the clamp loader binds to and opens the β-clamp and, upon binding to DNA, ATP 
hydrolysis occurs, leading to closing of the β-clamp onto DNA [84-86].  
 

Fig. 9.1. Residue constraints within the E. coli DNA clamp loader complex bound to primer DNA and to an ATP analog 
(pdb_id: 3glf [87]). A. View of the γ- and γ/δ’-residues (red and blue sidechains, respectively) at the γ1/γ2 interface and of the top 
γ/δ’-DC-scoring pairs linking together (within γ2) the DNA-binding α2 and α3 N-termini (magenta rods) and the β-clamp binding 
loops (purple rods). The γ-residues cluster around the catalytic base (yellow sidechain circled in red; p = 1.8×10-9). The γ/δ’-residues 
cluster around L140 (circled in blue; p = 6.7×10-10). B. Close up of constrained residues linking the ATP, DNA, and clamp binding 
sites. Color scheme: γ/δ’-residues, blue. γ-residues, red. Backbones of γ1, γ2 and γ3, blue, dark yellow, and pink, respectively. β-
clamp binding loops in γ1, γ2, and γ3, marine blue, orange, and bright pink, respectively.  Helices α2, α3, and α4 of γ2, orange. 
Walker B catalytic residues in γ1, yellow. ATP analog ADP•BeF3 and DNA, cyan; Zn++, gray; Mg++, green.   
 

The following functionally-congruent features interconnect the ATP, DNA, and clamp binding sites 
[81]: (1) Centered on the catalytic base near the γ-phosphate group of ATP are (SIPRIS-identified) γ- and 
γ/δ’-residue clusters on opposite sides of each γ-to-γ/δ’ interface (Fig. 9.1A); the α3 helix C-terminus 
harbors γ/δ’-residues that interact with the adjacent ATP binding site (Fig. 9.1B). (2) The N-termini of the 
α2 and α3 helices bind DNA (due to their partial positive charges), harbor γ/δ’-residues interacting with 
DNA, and are entwined by six top γ/δ’-DC-scoring pairs (i.e., computed using a subgroup alignment of γ 
and δ’ sequences). And (3) the clamp-binding loop attaches to the α2 helix C-terminus, harbors two top 
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γ/δ’-DC-scoring pairs, and forms hydrogen bonds with γ- and γ/δ’-residues. The positively charged 
sidechain of the γ/δ’-residue, K121, could interact with the α2 C-terminal negative dipole.  Since DNA 
interacts with the α2 N-terminal positive dipole, α2 may act as a leveraging rod between the clamp binding 
site and DNA. Likewise, α3 may act as a rod linking the ATP-binding site to DNA. Together, these features 
appear to constitute an allosteric network coupling DNA binding to ATP hydrolysis & clamp loading [81].  
The corresponding contrast alignments are shown in Fig. 19.1 of Appendix 7:  Using a MSA of 463,471 
AAA+ proteins and the E. coli δ’ clamp loader subunit as the query, BPPS identified those residues that 
most distinguish both γ and δ’ from other AAA+ proteins (Fig. 19.1C).  Using the γ/δ’ sub-MSA and the 
E. coli γ subunit as a query, BPPS identified those residues that most distinguish γ from δ’ (Fig. 19.1E).  
DARC saves a BPPS checkpoint file that can later be used to initiate a deeper analysis by expanding 
subtrees within the query’s lineage. 
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Figure 9.2.  DARC-generated alignments highlighting all residues conserved in γ and δ’ clamp loader proteins and residues 
distinctive of the AAA+ superfamily, of the γ + δ’ subgroup, and of γ but not δ’.  These are shown using five versions of the 

    
 

 
 
A. γ + δ’ AAA+ domains: 
    
Proteobacteria  35 GRIHHaYLFSGTRGVGKTSIARLLAKGLN(19)EQGR.FVDLIEIDAASR....TKVEDTR....D-LL.DNVQYAPARG-RFKVYLIDEVHML.....SRHSFNALLKTLEEPPEHVKFLLATT.DPQKLPVTILSRCLQFHLK.ALDVEQIRH 185* 
Actinobacteria  35 GRLHHaYLLTGTRGVGKTTIARILARCFN(19)NEGR.SVDLIEVDAASR....TKVEDTR....E-LL.DNVQYAPTQS-RYKIYLIDEVHML.....SNHSFNALLKTLEEPPPHVVFLFATT.HPQKIPPTVLSRCLQFHLK.NLTADLIVE 185 
Firmicutes  35 NRLHHaYLFTGTRGVGKTTIARILAKCLN(19)NQGR.YIDLIEIDAASN....TGVDDVR....E-VI.ENAQYMPSRG-QYKVYLIDEVHML.....SKAAFNALLKTLEEPPAHVKFLLATT.DPQKIPVTVLSRCLQFALK.PMSPERVVT 185 
Chloroflexi  48 GRIGHaYLFTGPRGTGKTSTARILAKAVN(19)AEGH.SLDLIEIDAASN....TSVDDIR....D-LR.EKVGFAPAEG-RFKVYIIDEVHML.....SNSAFNALLKTLEEPPAHVIFVLATT.EVHKVPATVLSRCQRFDFQ.RIPVEKIRA 198 
Nitrospirae  35 KRIAHaYLFSGTRGVGKTTVARILAKALN(19)TQGN.SVDVIEIDGASN....TSVDDVR....E-IR.ENVKFTPFRG-QYRVYIIDEVHML.....SNSAFNALLKTLEEPPPHVVFIFATT.EIHKIPATILSRCQHYNFR.RIARAEIIE 185 
Thermodesulfob  35 NRVAHaLLFSGIRGVGKTTIARILAKALN(19)TEGR.AVDVQEIDAASN....RGIDEIR....E-LR.ENVKFPPSRL-RTKVYIIDEAHML.....TREAFNALLKTLEEPPPHVKFVLATT.EPHKIPVTILSRCQRYDFR.RLSFAKLVS 185 
Verrucomicrobi  35 GRVAQaYLFVGPRGIGKTSTARILAKALN(19)AEGR.SLDVLEIDGASN....NGVENIR....E-LR.DNAAYAPARG-PFKVYLIDEVHML.....SAGAFNALLKTLEEPPEHVKFIFATT.EAQKVPATITSRCQRFDLR.RIPTESISA 185 
Lentisphaerae  35 SRVGHaYLFVGPRGIGKTTSARIFAKALN(19)TAGS.ALDVIEIDGASH....NKVEDIR....D-IR.DNVQYTPARS-RYKIYIIDEVHML.....SPAAWNALLKTLEEPPAHVKFLFATT.EPHKVLPTILSRCQRFDLK.RIPVSLIAK 185 
Candidatus Lat  35 GRLAHaYLFAGPRGCGKTTTARLLAKVIN(19)NEGR.HLDVIEIDGASN....RGIDEIR....D-LR.ERIGYAPSQG-KSKIYIIDEVHML.....TPQAFNALLKTLEEPPPHVYLIFATT.EPQKVPATILSRCQRFNFK.RLELSELVG 185 
Planctomycetes  49 GRVAHaYLFTGARGVGKTSAARILAKALN(21)MTGD.DVDVLEIDGASN....NKVEEVR....D-LR.QNVGFRPARG-RYKIYIIDEVHML.....STSAFNALLKTLEEPPEHVKFILATT.EVQKIPITILSRCQRFDFA.HVGPGKIFE 201 
Caldiserica  35 KKVSHaYLFAGPKGSGKTTIARIFAKGLN(19)TNGT.SLDVIEIDAASN....RGIDEIR....S-LK.EHVQYVPVNS-KYKVYIIDEAHML.....TPQAFNALLKTLEEPPQNVVFILATT.EADKIPPTISSRCERLYFK.PISIKRLSK 185 
Proteobacteria  21 GRGHHaLLIQTLPGMGDDALIYALSRYLL(19)QAGT.HPDYYTLAPEKG( 3)LGIDAVR....E-VT.EKLNEHARLGGA-KVVWVTDAALL.....TDAAANALLKTLEEPPAETWFFLATR.EPERLLATLRSRCRLHYLA.PPPEQYAVT 174 
Firmicutes  24 QGLAHaFLMSGVAGVGKQHFVNALSAWLL(20)QAES.HPDYRLVQAQTD( 9)IKVEQVR....E-LI.EFLNKSPQLNGY-RVAVIAAADTL.....NSNAANSLLKTLEEPGEKTAIFLITE.QAQAILPTLRSRCQHLTLT.APNTQQALA 184 
Bacteroidetes  20 DRQHHaILLQGVEGLGKRLLADHLSAGKL(20)QAGS.HPDLVIIEPDGK( 1)IKVDQIR....K-LI.GFVTSTSSYGRG-KSVLIQPAEAM.....NIASANALLKTLEEPNGDCSLLLVAQ.QPMRLPATVRSRCLQLHIH.APSIEQGCQ 172 
Actinobacteria  9 GMTHA.WLFTGPPGSGREAAARAFAAALM(15)LVGS.HPDLETVRPEGL( 1)YGVRQTR....E-LI.LRAAGAPTQGRW-RVILFEDADRA.....TEAAANALLKAIEEPPPRTVWLLCSP.SPDDLMITIRSRCRLVTLT.TPATEAVAH 155 
Fusobacteria  24 GRISHaYMLIGEKGLGKQTLADAFAKMLF(18)EALT.HPDLIHLRHEKP( 2)IGVDDVR....EQLA.AEVAIRPFSGRK-RVFVVPEAEKM.....TVQAQNALLKTIEEPPEYAVIFLLTK.SEEALLETIRSRCVKLKLR.PVAERELAA 176 
Cyanobacteria  23 GRLPHaYVFSGPPGVGKEMLANCLAQVLL(41)AAGT.HPDFHRVHRMLA(15)LGVDVIR....EFLI.KPIGVRPSRGRA-KLFIVAEAERL.....SDEAQNAMLKTLEEPPGHSYLILLAD.STDSLLATTRSRCQPIRFG.ALPDEFVAA 211 
Nitrospirae  34 GRLAPaYLLHGEDGIGKRTVAEAWTRLLQ(23)AAGT.HPDVFRLVPREE( 3)VAIDQIR....E-LQ.AALPYQPLIASP-RVVLIPDATLL.....RPDGANALLKTLEEPPAHALFIVMAP.QRERLLPTIVSRCQAVRCS.PPSQEAVIG 191 
Acidobacteria  21 GRLPNaLLFAGPEGIGKKLFAFEVARLLV(36)FFTQ.HPDVGIVVPYKR( 1)LRINSIR....A-LE.REAYFRPYESSA-RVFVIEDAEKM.....NDAASNALLKTLEEPPATTHLILIAS.REDTLLPTIRSRCQTIRFA.PVPLADLER 189 
Planctomycetes  23 GRLGHaYLFAGPPGIGKQSLARELANTLL(20)TANT.HPDYLYATKPAD( 3)FPIKQVR....E-LI.DQFGMKSLRGGY-KIAVLDDAETL.....STEAANAFLKTLEEPPPKAMLILLSRvDSEQMLPTIRSRCQVVRFS.ALLPADVRE 178 
Chlamydiae  26 GRLPQtLLFSGIDGIGKSLFAHALARELL....QSNQ.SPDFHILKPEGK( 3)YGIDTLR....E-MI.DEDHASSYAGKG-KVFLLEDAHRM.....QPAAASALLKTLEEPSVETTFILLSS.NTAEVLSTILSRSTILVFK.PLKTSEIET 160 
Kiritimatiella  23 GRVPHaQLFTGPEGVGMLAVAIAFMRAVF(15)DRMT.HPDLHFVFPVAS(11)QFLEDWR(33)E-IT.KKLYLTAYEGGW-KGVIVWQADKL.....NLAAANKLLKLVEEPPEKTLLIFISN.HEDQVLETLRSRCQGVHFS.LLPENAISR 213 
position   .   40    .   50    .   60         .    90    .      100    .        110    .   120    .  130         .  140    .  150    .   160    .  170    .   180    .  
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AAA+           ● ●  ● ●●●  ●                                                               ●●●●●●                ●   ●        ●● ●              ●     ●             
3GLF_B  35 GRIHHaYLFSGTRGVGKTSIARLLAKGLN(19)EQGR.FVDLIEIDAASR....TKVEDTR....D-LL.DNVQYAPARG-RFKVYLIDEVHML.....SRHSFNALLKTLEEPPEHVKFLLATT.DPQKLPVTILSRCLQFHLK.ALDVEQIRH 185 
OUW33501.1  35 GRLHHaYLLTGTRGVGKTTIARILARCFN(19)NEGR.SVDLIEVDAASR....TKVEDTR....E-LL.DNVQYAPTQS-RYKIYLIDEVHML.....SNHSFNALLKTLEEPPPHVVFLFATT.HPQKIPPTVLSRCLQFHLK.NLTADLIVE 185 
WP_107866347.1  35 NRLHHaYLFTGTRGVGKTTIARILAKCLN(19)NQGR.YIDLIEIDAASN....TGVDDVR....E-VI.ENAQYMPSRG-QYKVYLIDEVHML.....SKAAFNALLKTLEEPPAHVKFLLATT.DPQKIPVTVLSRCLQFALK.PMSPERVVT 185 
WP_082373856.1  48 GRIGHaYLFTGPRGTGKTSTARILAKAVN(19)AEGH.SLDLIEIDAASN....TSVDDIR....D-LR.EKVGFAPAEG-RFKVYIIDEVHML.....SNSAFNALLKTLEEPPAHVIFVLATT.EVHKVPATVLSRCQRFDFQ.RIPVEKIRA 198 
WP_053378102.1  35 KRIAHaYLFSGTRGVGKTTVARILAKALN(19)TQGN.SVDVIEIDGASN....TSVDDVR....E-IR.ENVKFTPFRG-QYRVYIIDEVHML.....SNSAFNALLKTLEEPPPHVVFIFATT.EIHKIPATILSRCQHYNFR.RIARAEIIE 185 
WP_022852603.1  35 NRVAHaLLFSGIRGVGKTTIARILAKALN(19)TEGR.AVDVQEIDAASN....RGIDEIR....E-LR.ENVKFPPSRL-RTKVYIIDEAHML.....TREAFNALLKTLEEPPPHVKFVLATT.EPHKIPVTILSRCQRYDFR.RLSFAKLVS 185 
WP_075079870.1  35 GRVAQaYLFVGPRGIGKTSTARILAKALN(19)AEGR.SLDVLEIDGASN....NGVENIR....E-LR.DNAAYAPARG-PFKVYLIDEVHML.....SAGAFNALLKTLEEPPEHVKFIFATT.EAQKVPATITSRCQRFDLR.RIPTESISA 185 
OGV79720.1  35 SRVGHaYLFVGPRGIGKTTSARIFAKALN(19)TAGS.ALDVIEIDGASH....NKVEDIR....D-IR.DNVQYTPARS-RYKIYIIDEVHML.....SPAAWNALLKTLEEPPAHVKFLFATT.EPHKVLPTILSRCQRFDLK.RIPVSLIAK 185 
OQX85111.1  35 GRLAHaYLFAGPRGCGKTTTARLLAKVIN(19)NEGR.HLDVIEIDGASN....RGIDEIR....D-LR.ERIGYAPSQG-KSKIYIIDEVHML.....TPQAFNALLKTLEEPPPHVYLIFATT.EPQKVPATILSRCQRFNFK.RLELSELVG 185 
WP_010039885.1  49 GRVAHaYLFTGARGVGKTSAARILAKALN(21)MTGD.DVDVLEIDGASN....NKVEEVR....D-LR.QNVGFRPARG-RYKIYIIDEVHML.....STSAFNALLKTLEEPPEHVKFILATT.EVQKIPITILSRCQRFDFA.HVGPGKIFE 201 
WP_014453368.1  35 KKVSHaYLFAGPKGSGKTTIARIFAKGLN(19)TNGT.SLDVIEIDAASN....RGIDEIR....S-LK.EHVQYVPVNS-KYKVYIIDEAHML.....TPQAFNALLKTLEEPPQNVVFILATT.EADKIPPTISSRCERLYFK.PISIKRLSK 185 
3GLF_E  21 GRGHHaLLIQTLPGMGDDALIYALSRYLL(19)QAGT.HPDYYTLAPEKG( 3)LGIDAVR....E-VT.EKLNEHARLGGA-KVVWVTDAALL.....TDAAANALLKTLEEPPAETWFFLATR.EPERLLATLRSRCRLHYLA.PPPEQYAVT 174 
WP_107865692.1  24 QGLAHaFLMSGVAGVGKQHFVNALSAWLL(20)QAES.HPDYRLVQAQTD( 9)IKVEQVR....E-LI.EFLNKSPQLNGY-RVAVIAAADTL.....NSNAANSLLKTLEEPGEKTAIFLITE.QAQAILPTLRSRCQHLTLT.APNTQQALA 184 
WP_116687323.1  20 DRQHHaILLQGVEGLGKRLLADHLSAGKL(20)QAGS.HPDLVIIEPDGK( 1)IKVDQIR....K-LI.GFVTSTSSYGRG-KSVLIQPAEAM.....NIASANALLKTLEEPNGDCSLLLVAQ.QPMRLPATVRSRCLQLHIH.APSIEQGCQ 172 
WP_111182789.1  9 GMTHA.WLFTGPPGSGREAAARAFAAALM(15)LVGS.HPDLETVRPEGL( 1)YGVRQTR....E-LI.LRAAGAPTQGRW-RVILFEDADRA.....TEAAANALLKAIEEPPPRTVWLLCSP.SPDDLMITIRSRCRLVTLT.TPATEAVAH 155 
WP_106613017.1  24 GRISHaYMLIGEKGLGKQTLADAFAKMLF(18)EALT.HPDLIHLRHEKP( 2)IGVDDVR....EQLA.AEVAIRPFSGRK-RVFVVPEAEKM.....TVQAQNALLKTIEEPPEYAVIFLLTK.SEEALLETIRSRCVKLKLR.PVAERELAA 176 
OWY71121.1  23 GRLPHaYVFSGPPGVGKEMLANCLAQVLL(41)AAGT.HPDFHRVHRMLA(15)LGVDVIR....EFLI.KPIGVRPSRGRA-KLFIVAEAERL.....SDEAQNAMLKTLEEPPGHSYLILLAD.STDSLLATTRSRCQPIRFG.ALPDEFVAA 211 
OGW61681.1  34 GRLAPaYLLHGEDGIGKRTVAEAWTRLLQ(23)AAGT.HPDVFRLVPREE( 3)VAIDQIR....E-LQ.AALPYQPLIASP-RVVLIPDATLL.....RPDGANALLKTLEEPPAHALFIVMAP.QRERLLPTIVSRCQAVRCS.PPSQEAVIG 191 
PYT01413.1  21 GRLPNaLLFAGPEGIGKKLFAFEVARLLV(36)FFTQ.HPDVGIVVPYKR( 1)LRINSIR....A-LE.REAYFRPYESSA-RVFVIEDAEKM.....NDAASNALLKTLEEPPATTHLILIAS.REDTLLPTIRSRCQTIRFA.PVPLADLER 189 
WP_020469205.1  23 GRLGHaYLFAGPPGIGKQSLARELANTLL(20)TANT.HPDYLYATKPAD( 3)FPIKQVR....E-LI.DQFGMKSLRGGY-KIAVLDDAETL.....STEAANAFLKTLEEPPPKAMLILLSRvDSEQMLPTIRSRCQVVRFS.ALLPADVRE 178 
OGN55417.1  26 GRLPQtLLFSGIDGIGKSLFAHALARELL....QSNQ.SPDFHILKPEGK( 3)YGIDTLR....E-MI.DEDHASSYAGKG-KVFLLEDAHRM.....QPAAASALLKTLEEPSVETTFILLSS.NTAEVLSTILSRSTILVFK.PLKTSEIET 160 
OUX38496.1  23 GRVPHaQLFTGPEGVGMLAVAIAFMRAVF(15)DRMT.HPDLHFVFPVAS(11)QFLEDWR(33)E-IT.KKLYLTAYEGGW-KGVIVWQADKL.....NLAAANKLLKLVEEPPEKTLLIFISN.HEDQVLETLRSRCQGVHFS.LLPENAISR 213 
AAA+ (452949):   GRKGN VLFTGEGGSGKSAVAKAVANASG    GAGR GADFVEVSCGAL    VSVGAEA    GRFG GAFEEAAAEAGRGGVVFFDDADKA     SEAAQAALLRAIDGGPAGFRFVGAAN RDGEFDEAFRSRFRRVEFD PLSEAAAVA  
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wt_res_freqs (146229):  11111 34119119199111513141111    1111 111211211111    1112111    1111 111113111111113121821211     11112116511111111112121214 1111111311162111111 241111111  
   1 111 2 41 33 1  61512 31113     111  11211111111     1111121    2221 11111 11 11 1 2424 51111     111111    1131  1111121432 12113121421 1112132  21122111  
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position   .   40    .   50    .   60         .    90    .      100    .        110    .   120    .  130         .  140    .  150    .   160    .  170    .   180    .  
3GLF_B  35 GRIHHaYLFSGTRGVGKTSIARLLAKGLN(19)EQGR.FVDLIEIDAASR....TKVEDTR....D-LL.DNVQYAPARG-RFKVYLIDEVHML.....SRHSFNALLKTLEEPPEHVKFLLATT.DPQKLPVTILSRCLQFHLK.ALDVEQIRH 185 
secondary structure        EEEEE      HHHHHHHHHHHHH            EEEEE          HHHHH    H HH HH           EEEEEE           HHHHHHHHHHHH     EEEEEE         HHHH   EEEE      HHHHHH  
  strand 1 helix 1 strand 2 helix 2 strand 3 helix 3 strand 4 helix 4 strand 5 helix 5               ■■■■■■■■■■               ■■■■■■                               ■■■■■■■■■■■■■■■■■■■■■■                        ■■■■■■■        │   │       
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γ + δ vs AAA+       ●                                 ● ●               ●●  ●                      ●         ●        ● ●  ●●  ●●●       ●           ●● ● ●                  
3GLF_B  35 GRIHHaYLFSGTRGVGKTSIARLLAKGLN(19)EQGR.FVDLIEIDAASR....TKVEDTR....D-LL.DNVQYAPARG-RFKVYLIDEVHML.....SRHSFNALLKTLEEPPEHVKFLLATT.DPQKLPVTILSRCLQFHLK.ALDVEQIRH 185 
OUW33501.1  35 GRLHHaYLLTGTRGVGKTTIARILARCFN(19)NEGR.SVDLIEVDAASR....TKVEDTR....E-LL.DNVQYAPTQS-RYKIYLIDEVHML.....SNHSFNALLKTLEEPPPHVVFLFATT.HPQKIPPTVLSRCLQFHLK.NLTADLIVE 185 
WP_107866347.1  35 NRLHHaYLFTGTRGVGKTTIARILAKCLN(19)NQGR.YIDLIEIDAASN....TGVDDVR....E-VI.ENAQYMPSRG-QYKVYLIDEVHML.....SKAAFNALLKTLEEPPAHVKFLLATT.DPQKIPVTVLSRCLQFALK.PMSPERVVT 185 
WP_082373856.1  48 GRIGHaYLFTGPRGTGKTSTARILAKAVN(19)AEGH.SLDLIEIDAASN....TSVDDIR....D-LR.EKVGFAPAEG-RFKVYIIDEVHML.....SNSAFNALLKTLEEPPAHVIFVLATT.EVHKVPATVLSRCQRFDFQ.RIPVEKIRA 198 
WP_053378102.1  35 KRIAHaYLFSGTRGVGKTTVARILAKALN(19)TQGN.SVDVIEIDGASN....TSVDDVR....E-IR.ENVKFTPFRG-QYRVYIIDEVHML.....SNSAFNALLKTLEEPPPHVVFIFATT.EIHKIPATILSRCQHYNFR.RIARAEIIE 185 
WP_022852603.1  35 NRVAHaLLFSGIRGVGKTTIARILAKALN(19)TEGR.AVDVQEIDAASN....RGIDEIR....E-LR.ENVKFPPSRL-RTKVYIIDEAHML.....TREAFNALLKTLEEPPPHVKFVLATT.EPHKIPVTILSRCQRYDFR.RLSFAKLVS 185 
WP_075079870.1  35 GRVAQaYLFVGPRGIGKTSTARILAKALN(19)AEGR.SLDVLEIDGASN....NGVENIR....E-LR.DNAAYAPARG-PFKVYLIDEVHML.....SAGAFNALLKTLEEPPEHVKFIFATT.EAQKVPATITSRCQRFDLR.RIPTESISA 185 
OGV79720.1  35 SRVGHaYLFVGPRGIGKTTSARIFAKALN(19)TAGS.ALDVIEIDGASH....NKVEDIR....D-IR.DNVQYTPARS-RYKIYIIDEVHML.....SPAAWNALLKTLEEPPAHVKFLFATT.EPHKVLPTILSRCQRFDLK.RIPVSLIAK 185 
OQX85111.1  35 GRLAHaYLFAGPRGCGKTTTARLLAKVIN(19)NEGR.HLDVIEIDGASN....RGIDEIR....D-LR.ERIGYAPSQG-KSKIYIIDEVHML.....TPQAFNALLKTLEEPPPHVYLIFATT.EPQKVPATILSRCQRFNFK.RLELSELVG 185 
WP_010039885.1  49 GRVAHaYLFTGARGVGKTSAARILAKALN(21)MTGD.DVDVLEIDGASN....NKVEEVR....D-LR.QNVGFRPARG-RYKIYIIDEVHML.....STSAFNALLKTLEEPPEHVKFILATT.EVQKIPITILSRCQRFDFA.HVGPGKIFE 201 
WP_014453368.1  35 KKVSHaYLFAGPKGSGKTTIARIFAKGLN(19)TNGT.SLDVIEIDAASN....RGIDEIR....S-LK.EHVQYVPVNS-KYKVYIIDEAHML.....TPQAFNALLKTLEEPPQNVVFILATT.EADKIPPTISSRCERLYFK.PISIKRLSK 185 
3GLF_E  21 GRGHHaLLIQTLPGMGDDALIYALSRYLL(19)QAGT.HPDYYTLAPEKG( 3)LGIDAVR....E-VT.EKLNEHARLGGA-KVVWVTDAALL.....TDAAANALLKTLEEPPAETWFFLATR.EPERLLATLRSRCRLHYLA.PPPEQYAVT 174 
WP_107865692.1  24 QGLAHaFLMSGVAGVGKQHFVNALSAWLL(20)QAES.HPDYRLVQAQTD( 9)IKVEQVR....E-LI.EFLNKSPQLNGY-RVAVIAAADTL.....NSNAANSLLKTLEEPGEKTAIFLITE.QAQAILPTLRSRCQHLTLT.APNTQQALA 184 
WP_116687323.1  20 DRQHHaILLQGVEGLGKRLLADHLSAGKL(20)QAGS.HPDLVIIEPDGK( 1)IKVDQIR....K-LI.GFVTSTSSYGRG-KSVLIQPAEAM.....NIASANALLKTLEEPNGDCSLLLVAQ.QPMRLPATVRSRCLQLHIH.APSIEQGCQ 172 
WP_111182789.1  9 GMTHA.WLFTGPPGSGREAAARAFAAALM(15)LVGS.HPDLETVRPEGL( 1)YGVRQTR....E-LI.LRAAGAPTQGRW-RVILFEDADRA.....TEAAANALLKAIEEPPPRTVWLLCSP.SPDDLMITIRSRCRLVTLT.TPATEAVAH 155 
WP_106613017.1  24 GRISHaYMLIGEKGLGKQTLADAFAKMLF(18)EALT.HPDLIHLRHEKP( 2)IGVDDVR....EQLA.AEVAIRPFSGRK-RVFVVPEAEKM.....TVQAQNALLKTIEEPPEYAVIFLLTK.SEEALLETIRSRCVKLKLR.PVAERELAA 176 
OWY71121.1  23 GRLPHaYVFSGPPGVGKEMLANCLAQVLL(41)AAGT.HPDFHRVHRMLA(15)LGVDVIR....EFLI.KPIGVRPSRGRA-KLFIVAEAERL.....SDEAQNAMLKTLEEPPGHSYLILLAD.STDSLLATTRSRCQPIRFG.ALPDEFVAA 211 
OGW61681.1  34 GRLAPaYLLHGEDGIGKRTVAEAWTRLLQ(23)AAGT.HPDVFRLVPREE( 3)VAIDQIR....E-LQ.AALPYQPLIASP-RVVLIPDATLL.....RPDGANALLKTLEEPPAHALFIVMAP.QRERLLPTIVSRCQAVRCS.PPSQEAVIG 191 
PYT01413.1  21 GRLPNaLLFAGPEGIGKKLFAFEVARLLV(36)FFTQ.HPDVGIVVPYKR( 1)LRINSIR....A-LE.REAYFRPYESSA-RVFVIEDAEKM.....NDAASNALLKTLEEPPATTHLILIAS.REDTLLPTIRSRCQTIRFA.PVPLADLER 189 
WP_020469205.1  23 GRLGHaYLFAGPPGIGKQSLARELANTLL(20)TANT.HPDYLYATKPAD( 3)FPIKQVR....E-LI.DQFGMKSLRGGY-KIAVLDDAETL.....STEAANAFLKTLEEPPPKAMLILLSRvDSEQMLPTIRSRCQVVRFS.ALLPADVRE 178 
OGN55417.1  26 GRLPQtLLFSGIDGIGKSLFAHALARELL....QSNQ.SPDFHILKPEGK( 3)YGIDTLR....E-MI.DEDHASSYAGKG-KVFLLEDAHRM.....QPAAASALLKTLEEPSVETTFILLSS.NTAEVLSTILSRSTILVFK.PLKTSEIET 160 
OUX38496.1  23 GRVPHaQLFTGPEGVGMLAVAIAFMRAVF(15)DRMT.HPDLHFVFPVAS(11)QFLEDWR(33)E-IT.KKLYLTAYEGGW-KGVIVWQADKL.....NLAAANKLLKLVEEPPEKTLLIFISN.HEDQVLETLRSRCQGVHFS.LLPENAISR 213 
γ + δ (21356):   GKVAH YIFSGPEGSGKTAAARAFAAAVN    AAGS HPDFHEVDAAGS    TGVDDVR    DGVQ DKASYAAQEGGKWKVYVVDDADKL     STAAANALLKTIEEPPANAKFVFAAT SPDKVLATVRSRCQQFDFK RVSEAAAAA  
    DRLP  LLLT  P I RLTL LIL RSLL    EE N    LLVLEPESL    IRIEQI     ELLL RFLRLPP RS YFRIILLEPVHMM     NEQSF S   LL    PHVLLLLLTP E HRLPP IL  TRILRLP PPPPEQLLQ  
    N IH    I   R V   SF     K I     DS T    IIFI  D N     K  E       KII K VQ KS QA RY  VII E ER      T E             ERTIII ISH D Q I    I    VI  R  LD DEIVE  
wt_res_freqs (7360):  31127 41519418196311832371313    1241 558113232311    1344227    1111 111121112441166211415215     21274978995199971111611223 1313251913997512141 212111111  
   1532  1822  1 1 1123 123 1163    11 1    211214231    513224     3241 1121214 11 1122111112323     31112 1   17    1221128141 2 11424 72  1112131 221121111  
   1 22    1   3 2   11     3 1     11 1    1113  1 2     2  2       121 1 21 11 11 34  256 3 31      3 1             113115 111 1 1 2    1    11  2  21 12311  
Other AAA+ (431593):   GRKGS VVFTGEGGSGKSAVAKAVANASG    GKER GAPFVEVSCGAL    VSVGAEA    GRFG GAFEEAAAEAGGGGTVFFDDADKL     SPAAQAALLEAIEEGPAGSRFVLASN RDGEFDEAFRSRFRVVEFD PLSEAAAVA  
    P LRP LLLV PP I  TLLVR LHREL     RRKL FV LLRLDLTE     LELLLLE    ELLR ELLRLLDL LLRP LLLL ELHRA     P EVLE   RLMDG  PRLLLLGTTR PPERLPPELLR LLILRLP  PRPEELLE  
    R   N I IY  T V   TI   I E            R  VI INASD         IVS      I  D V R     A R IIII  IE I     D DT      VL D  SDIIIIV      D IR D  D    I I    D DDI    
wt_res_freqs (138869):  11111 31119119199111513141111    1111 112221211111    1112111    1111 111113111111121121821212     11112116411121211112121224 1111111311162111111 241111111  
   1 111 2441 33 1  61512 31113     2111 11 11111111     1111121    1221 11111111 1111 3524 51111     1 1111   11121  1111221432 11113121422 1112132  21122111  
   1   1 1 21  1 2   21   2 1            1  11 22121         111      1  1 1 1     1 1 2212  31 1     2 11      14 1  1111231      1 11 1  1    2 1    2 121    
position   .   40    .   50    .   60         .    90    .      100    .        110    .   120    .  130         .  140    .  150    .   160    .  170    .   180    .  
3GLF_B  35 GRIHHaYLFSGTRGVGKTSIARLLAKGLN(19)EQGR.FVDLIEIDAASR....TKVEDTR....D-LL.DNVQYAPARG-RFKVYLIDEVHML.....SRHSFNALLKTLEEPPEHVKFLLATT.DPQKLPVTILSRCLQFHLK.ALDVEQIRH 185 
secondary structure        EEEEE      HHHHHHHHHHHHH            EEEEE          HHHHH    H HH HH           EEEEEE           HHHHHHHHHHHH     EEEEEE         HHHH   EEEE      HHHHHH  
  strand 1 helix 1 strand 2 helix 2 strand 3 helix 3 strand 4 helix 4 strand 5 helix 5  

D 
 
Clamp loader γ AAA+ domains:  
Proteobacteria  3 YQVLARKWRPQTFADVVGQEHVLTALANGLSL..GRIHHaYLFSGTRGVGKTSIARLLAKGLN(19)EQGR.FVDLIEIDAASRTKVEDTRD-LL.DNVQYAPARG-RFKVYLIDEVHMLSRHSFNALLKTLEEPPEHVKFLLATTDPQKLPVTILSRCLQFHLKALDVEQIRHQLEHILNEEHIAQEPRALQLLARAAEGSLRDALSLTDQAIASGD 229* 
Actinobacteria  3 YQVLARKWRPQSFEALVGQSHVLKALSNALNQ..GRLHHaYLLTGTRGVGKTTIARILARCFN(19)NEGR.SVDLIEVDAASRTKVEDTRE-LL.DNVQYAPTQS-RYKIYLIDEVHMLSNHSFNALLKTLEEPPPHVVFLFATTHPQKIPPTVLSRCLQFHLKNLTADLIVEHLKVVFDAESVDYDDEGLWAIARAGQGSMRDSLSLSDQAIAFGG 229 
Firmicutes  3 YQVLARKYRPKNFAELVGQEHVARALSNALIQ..NRLHHaYLFTGTRGVGKTTIARILAKCLN(19)NQGR.YIDLIEIDAASNTGVDDVRE-VI.ENAQYMPSRG-QYKVYLIDEVHMLSKAAFNALLKTLEEPPAHVKFLLATTDPQKIPVTVLSRCLQFALKPMSPERVVTHLQSVLQQETINFEMGALWELGRAANGSMRDALSLTDQAIAFGQ 229 
Chloroflexi  17 -QALYRKWRSQTFDEIVGQEHVTRTLKNALRA..GRIGHaYLFTGPRGTGKTSTARILAKAVN(19)AEGH.SLDLIEIDAASNTSVDDIRD-LR.EKVGFAPAEG-RFKVYIIDEVHMLSNSAFNALLKTLEEPPAHVIFVLATTEVHKVPATVLSRCQRFDFQRIPVEKIRAHLAYILDAEGVAYEPDALDIVARQATGSLRDALSLLDQLLASGG 242 
Nitrospirae  3 YQVSARKYRPGTFVDVIGQPHVVQTLMNAVDT..KRIAHaYLFSGTRGVGKTTVARILAKALN(19)TQGN.SVDVIEIDGASNTSVDDVRE-IR.ENVKFTPFRG-QYRVYIIDEVHMLSNSAFNALLKTLEEPPPHVVFIFATTEIHKIPATILSRCQHYNFRRIARAEIIERLRHVADQDGLTIEPRSLTALARASEGSMRDALSLLDQAVAFGG 229 
Thermodesulfob  3 YLVLARKYRPQTFAEVVGQEHVVRTLKNAISQ..NRVAHaLLFSGIRGVGKTTIARILAKALN(19)TEGR.AVDVQEIDAASNRGIDEIRE-LR.ENVKFPPSRL-RTKVYIIDEAHMLTREAFNALLKTLEEPPPHVKFVLATTEPHKIPVTILSRCQRYDFRRLSFAKLVSFLAQVCDKENVSIEENALEIIAREAEGSVRDALSLLDQAISSGV 229 
Verrucomicrobi  3 YRVFARKYRPQTFDEVVGQEHITRTLQNAISS..GRVAQaYLFVGPRGIGKTSTARILAKALN(19)AEGR.SLDVLEIDGASNNGVENIRE-LR.DNAAYAPARG-PFKVYLIDEVHMLSAGAFNALLKTLEEPPEHVKFIFATTEAQKVPATITSRCQRFDLRRIPTESISAHLQDIARKENITMEPAAADAIARAAEGGLRDAESMLDQSVAFCG 229 
Lentisphaerae  3 YQVLARKWRPQTFADVVGQEHITQTLQNAISR..SRVGHaYLFVGPRGIGKTTSARIFAKALN(19)TAGS.ALDVIEIDGASHNKVEDIRD-IR.DNVQYTPARS-RYKIYIIDEVHMLSPAAWNALLKTLEEPPAHVKFLFATTEPHKVLPTILSRCQRFDLKRIPVSLIAKSLRRIADAEKVRIDDRALAAIARAADGGMRDAQSIFDQMISFCG 229 
Candidatus Lat  3 YLVLARKWRPQRFSDVIGQDHVVNTLKKAVEK..GRLAHaYLFAGPRGCGKTTTARLLAKVIN(19)NEGR.HLDVIEIDGASNRGIDEIRD-LR.ERIGYAPSQG-KSKIYIIDEVHMLTPQAFNALLKTLEEPPPHVYLIFATTEPQKVPATILSRCQRFNFKRLELSELVGQLEKICKEEKIDYEHDALVLLSRRAEGSMRDAESLLDQCISASE 229 
Planctomycetes  17 YTVVARRYRPQQFSELIGQEHVAGALVNALKS..GRVAHaYLFTGARGVGKTSAARILAKALN(21)MTGD.DVDVLEIDGASNNKVEEVRD-LR.QNVGFRPARG-RYKIYIIDEVHMLSTSAFNALLKTLEEPPEHVKFILATTEVQKIPITILSRCQRFDFAHVGPGKIFEQLKRIVEREGHQADDDALRLVARRAAGSMRDSQSLLDQLLASSS 245 
Caldiserica  3 YIALYRKYRPQTFDEVVEQDAVVKVLRAELKQ..KKVSHaYLFAGPKGSGKTTIARIFAKGLN(19)TNGT.SLDVIEIDAASNRGIDEIRS-LK.EHVQYVPVNS-KYKVYIIDEAHMLTPQAFNALLKTLEEPPQNVVFILATTEADKIPPTISSRCERLYFKPISIKRLSKKIKEVAQSEDVQITDAASELIARASSGSLRNALSLLEQVITVSN 229 
position     .   10    .   20    .   30      .   40    .   50    .   60         .    90    .  100    .    110    .   120    .  130    .  140    .  150    .  160    .  170    .  180    .  190    .  200    .  210    .  220    . 
3GLF_B 3 YQVLARKWRPQTFADVVGQEHVLTALANGLSL..GRIHHaYLFSGTRGVGKTSIARLLAKGLN(19)EQGR.FVDLIEIDAASRTKVEDTRD-LL.DNVQYAPARG-RFKVYLIDEVHMLSRHSFNALLKTLEEPPEHVKFLLATTDPQKLPVTILSRCLQFHLKALDVEQIRHQLEHILNEEHIAQEPRALQLLARAAEGSLRDALSLTDQAIASGD 229 
secondary structure      HHHH            HHHHHHHHHHHH        EEEEE      HHHHHHHHHHHHH            EEEEE      HHHHHH H  HH           EEEEEE      HHHHHHHHHHHH     EEEEEE        HHHH   EEEE     HHHHHHHHHHHHHH      HHHHHHHHHH    HHHHHHHHHHHHHH   
   helix 0 strand 1 helix 1 strand 2 helix 2 strand 3 helix 3 strand 4 helix 4 strand 5 helix 5 helix 6 helix 7  
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γ vs δ’          ●●●                                    ●    ●   ●●     ●              ● ●●●●                                ● ●●     ●                  ● ●●  ●           ●                    ●                    ●●               
3GLF_B  3 YQVLARKWRPQTFADVVGQEHVLTALANGLSL..GRIHHaYLFSGTRGVGKTSIARLLAKGLN(19)EQGR.FVDLIEIDAASRTKVEDTRD-LL.DNVQYAPARG-RFKVYLIDEVHMLSRHSFNALLKTLEEPPEHVKFLLATTDPQKLPVTILSRCLQFHLKALDVEQIRHQLEHILNEEHIAQEPRALQLLARAAEGSLRDALSLTDQAIASGD 229* 
OUW33501.1  3 YQVLARKWRPQSFEALVGQSHVLKALSNALNQ..GRLHHaYLLTGTRGVGKTTIARILARCFN(19)NEGR.SVDLIEVDAASRTKVEDTRE-LL.DNVQYAPTQS-RYKIYLIDEVHMLSNHSFNALLKTLEEPPPHVVFLFATTHPQKIPPTVLSRCLQFHLKNLTADLIVEHLKVVFDAESVDYDDEGLWAIARAGQGSMRDSLSLSDQAIAFGG 229 
WP_107866347.1  3 YQVLARKYRPKNFAELVGQEHVARALSNALIQ..NRLHHaYLFTGTRGVGKTTIARILAKCLN(19)NQGR.YIDLIEIDAASNTGVDDVRE-VI.ENAQYMPSRG-QYKVYLIDEVHMLSKAAFNALLKTLEEPPAHVKFLLATTDPQKIPVTVLSRCLQFALKPMSPERVVTHLQSVLQQETINFEMGALWELGRAANGSMRDALSLTDQAIAFGQ 229 
WP_082373856.1  17 -QALYRKWRSQTFDEIVGQEHVTRTLKNALRA..GRIGHaYLFTGPRGTGKTSTARILAKAVN(19)AEGH.SLDLIEIDAASNTSVDDIRD-LR.EKVGFAPAEG-RFKVYIIDEVHMLSNSAFNALLKTLEEPPAHVIFVLATTEVHKVPATVLSRCQRFDFQRIPVEKIRAHLAYILDAEGVAYEPDALDIVARQATGSLRDALSLLDQLLASGG 242 
WP_053378102.1  3 YQVSARKYRPGTFVDVIGQPHVVQTLMNAVDT..KRIAHaYLFSGTRGVGKTTVARILAKALN(19)TQGN.SVDVIEIDGASNTSVDDVRE-IR.ENVKFTPFRG-QYRVYIIDEVHMLSNSAFNALLKTLEEPPPHVVFIFATTEIHKIPATILSRCQHYNFRRIARAEIIERLRHVADQDGLTIEPRSLTALARASEGSMRDALSLLDQAVAFGG 229 
WP_022852603.1  3 YLVLARKYRPQTFAEVVGQEHVVRTLKNAISQ..NRVAHaLLFSGIRGVGKTTIARILAKALN(19)TEGR.AVDVQEIDAASNRGIDEIRE-LR.ENVKFPPSRL-RTKVYIIDEAHMLTREAFNALLKTLEEPPPHVKFVLATTEPHKIPVTILSRCQRYDFRRLSFAKLVSFLAQVCDKENVSIEENALEIIAREAEGSVRDALSLLDQAISSGV 229 
WP_075079870.1  3 YRVFARKYRPQTFDEVVGQEHITRTLQNAISS..GRVAQaYLFVGPRGIGKTSTARILAKALN(19)AEGR.SLDVLEIDGASNNGVENIRE-LR.DNAAYAPARG-PFKVYLIDEVHMLSAGAFNALLKTLEEPPEHVKFIFATTEAQKVPATITSRCQRFDLRRIPTESISAHLQDIARKENITMEPAAADAIARAAEGGLRDAESMLDQSVAFCG 229 
OGV79720.1  3 YQVLARKWRPQTFADVVGQEHITQTLQNAISR..SRVGHaYLFVGPRGIGKTTSARIFAKALN(19)TAGS.ALDVIEIDGASHNKVEDIRD-IR.DNVQYTPARS-RYKIYIIDEVHMLSPAAWNALLKTLEEPPAHVKFLFATTEPHKVLPTILSRCQRFDLKRIPVSLIAKSLRRIADAEKVRIDDRALAAIARAADGGMRDAQSIFDQMISFCG 229 
OQX85111.1  3 YLVLARKWRPQRFSDVIGQDHVVNTLKKAVEK..GRLAHaYLFAGPRGCGKTTTARLLAKVIN(19)NEGR.HLDVIEIDGASNRGIDEIRD-LR.ERIGYAPSQG-KSKIYIIDEVHMLTPQAFNALLKTLEEPPPHVYLIFATTEPQKVPATILSRCQRFNFKRLELSELVGQLEKICKEEKIDYEHDALVLLSRRAEGSMRDAESLLDQCISASE 229 
WP_010039885.1  17 YTVVARRYRPQQFSELIGQEHVAGALVNALKS..GRVAHaYLFTGARGVGKTSAARILAKALN(21)MTGD.DVDVLEIDGASNNKVEEVRD-LR.QNVGFRPARG-RYKIYIIDEVHMLSTSAFNALLKTLEEPPEHVKFILATTEVQKIPITILSRCQRFDFAHVGPGKIFEQLKRIVEREGHQADDDALRLVARRAAGSMRDSQSLLDQLLASSS 245 
WP_014453368.1  3 YIALYRKYRPQTFDEVVEQDAVVKVLRAELKQ..KKVSHaYLFAGPKGSGKTTIARIFAKGLN(19)TNGT.SLDVIEIDAASNRGIDEIRS-LK.EHVQYVPVNS-KYKVYIIDEAHMLTPQAFNALLKTLEEPPQNVVFILATTEADKIPPTISSRCERLYFKPISIKRLSKKIKEVAQSEDVQITDAASELIARASSGSLRNALSLLEQVITVSN 229 
γ subunits (8423):   YQALARKWRPQSFADVVGQDAVTTALSNAVAS  GKVAQ YLFCGTRGTGKTSAAKIFAKAVN    AAGS SVDVVEIDGASNTGVDNVRDNIR DNAQYAPASGGKYKVYIIDEAHMLSTGAFNAFLKTLEEPPAHAKFVFATTDIEKVLATVRSRCQQYNFKKVSVADIAARLAKVCDAEGVSASDAAIALVAQAGDGGVRDAESILDQASAYGG  
     LV YL Y  RK EELI  EHIVRT R SLKQ  DRLPH F LT P  V   TL RLL RSL     DESR FM LL M A  HRKIEEI EVLL ERIRFP VRSFRF IFL   V   TKQS   L        PYVI IL   EPH LPP IL  TLHFDLRRLPPEEMIKH RRILKK KLKIEPEVLK L RLSE SM  SL L E LLLLSE  
     I        KN D I       K  K  IEN  N IH     S         I   I   I     NN N HL II L    RNS  D   E I  KVK S TEAD               E             E  V       LQ I I  I    R     IT D LVE  K  AEQ NIEVDED  E I K A   L         VISFAD  
wt_res_freqs (732):  73373772993181344992142118166111  32231 78819189499941917296418    1162 31851959199536661292423 32215391231368677899198862178991997899992613913899211831192199771216311211251127112111832111216115171313911997172777313122  
    14 41 6  11 1432  443325 1 1321  15217 1 13 5  3   51 814 115     1212 11 11 1 8  1213225 4161 511221 112141 321   7   3211   8        1163 76   643 271 74  11164334111221112 116222 1112412171 1 4122 63  16 5 1 211121  
    1        11 2 1       1  2  411  2 31     3         1   1   1     11 1 12 14 1    121  5   1 2  141 1 2111               1             2  2       12 3 1  2    4     41 1 221  2  311 2411222  1 6 1 5   2         232211  
δ’ subunits (12309):   FSDAAGAPHPSETADYVGQDAAKAQFQAAAAA  GKVAH WIFSGPAGSGKAAAARAFAAAIN    AAGS HPDFHFVAPDGSIGVDDVRAGVQ EAASLSAQEGGRRKVAVVDEADALTEAAANALLKTIEEPPGGAYFFLTASSLGAVLATIRSRCQRVRFAPLSDAAAAAALAAAGADEGGGAAAAAAAAAAAAAGGAIGAARALADDDAAAAA  
    MMLLPAV MMRVFDRLPWLPRLIRRLLRSLRK  DRLP  LLLT  P L RLEL LRL R LL    LS N    LLLLE PKLLRIEQI ELLL RFLI PPFQS YYRIILLEP ERMNVQSQ S   LL    PRVLLL LTPQPERLPP LL   RLL LP PPPEQLLQW KQLLPRAQ VLEPLELLLLLRLSQ DPLL LR LQ EELRLR  
     KEIE       WSEII HQKIVK  RQ IKQ  N IH  Y I   E I  RTF     K       E  T    I IIS EE  K  E  DKII KKV  KSY A  W  VII D  K   E S     I     EDTIII ISHN DQI    V    II  R  DEDEIEE  QE VRED    DEED E I S    NL R IE  E   FEE   
wt_res_freqs (2676):  41111434252111211641121111113111  31116 11419418185111813371211    1231 76711121512161341271111 11122111343215612121741321176968994199951111418121111117197499741213133211111117111111112111111311231131511216114212111111  
   2112111 123332132211111116111211  1442  2721  1 1 1113 213 1 64    11 2    21121 111113234 2231 1131 13111 113211121 32541111 1   17    111113 2311312515 11   212 31 311211112 11111111 111111111221321 1211 21 21 111112  
    1112       21122 211111  11 211  1 12  3 1   1 2  111     1       1  1    1 121 31  2  1  1121 111  221 1  3  355 2  1   1 1     1     114124 2211 111    1    12  1  1112211  11 1111    1121 1 1 1    11 1 11  1   111   
position     .   10    .   20    .   30      .   40    .   50    .   60         .    90    .  100    .    110    .   120    .  130    .  140    .  150    .  160    .  170    .  180    .  190    .  200    .  210    .  220    . 
3GLF_B 3 YQVLARKWRPQTFADVVGQEHVLTALANGLSL..GRIHHaYLFSGTRGVGKTSIARLLAKGLN(19)EQGR.FVDLIEIDAASRTKVEDTRD-LL.DNVQYAPARG-RFKVYLIDEVHMLSRHSFNALLKTLEEPPEHVKFLLATTDPQKLPVTILSRCLQFHLKALDVEQIRHQLEHILNEEHIAQEPRALQLLARAAEGSLRDALSLTDQAIASGD 229 
secondary structure      HHHH            HHHHHHHHHHHH        EEEEE      HHHHHHHHHHHHH            EEEEE      HHHHHH H  HH           EEEEEE      HHHHHHHHHHHH     EEEEEE        HHHH   EEEE     HHHHHHHHHHHHHH      HHHHHHHHHH    HHHHHHHHHHHHHH   
   helix 0 strand 1 helix 1 strand 2 helix 2 strand 3 helix 3 strand 4 helix 4 strand 5 helix 5 helix 6 helix 7                                                 ■■■■■■■■■■            ■■■■■■                       ■■■■■■■■■■■■■■■■■■■■■■                   ■■■■■■■       │   │                                           ■■■■■■■■                                                                                                                                                         │   │ 

   Walker A (P-loop) (loop C1) (loop C2) Walker B Sensor 1 taThr Arg finger Sensor 2 
 
 

B 

C 

E 



Neuwald 26 

same representative set of γ proteins (in panles a-e) and of δ’ proteins (in panels a to c).  Residues are highlighted to indicate 
amino acid biochemical properties based on the following color code: red font with yellow highlight, non-polar (AVILMWFY) ; 
blue font with yellow highlight, cysteine (C); red, acidic (DE); cyan, basic (KR); magenta, polar (STNQ); green, glycine (G); 
blue, histidine (H); black, proline (P).  Non-conserved positions in panels (a) and (d) and non-pattern residues in panels (b), (c) 
and (e) are shown in gray font.  The leftmost columns in panels (b), (c) and (e) give the NCBI sequence identifiers; these are 
colored the same as the residue sidechains in Figure 2 of the paper.  a. Alignment highlighting all γ + δ’ conserved residues.  
Those sequences above the line within the alignment correspond to representative γ proteins from the (distinct) phyla denoted in 
the leftmost column; the first sequence corresponds to the E. coli γ subunit (pdb_id: 3glfB). Those sequences below the line 
correspond to representative δ’ proteins from distinct phyla, the first sequence of which corrsponds to the E. coli δ’ subunit 
(pdb_id: 3glfE), which was used as the DARC query. The positions listed at the bottom correspond to the E. coli γ subunit.  b. 
BPPS contrast alignment showing the same sequences as in panel (a), but highlighting only those residues most distinctive of the 
AAA+ superfamily.  The heights of the red bars above each highlighted column estimate the selective pressure imposed on 
pattern residues at that position using a semi-logarithmic scale. Directly below the aligned sequences, the characteristic AAA+ 
residues at each position are shown and, directly below these, corresponding frequencies are given in integer tenths. A ‘7’, for 
example, indicates that the corresponding residue occurs in 70-80% of the 452,949 AAA+ sequences in the alignment.  Below 
this is shown the residue positions and sequence of the E. coli γ subunit (with the Thr 165 residue that was mutated to Val 
highlighted in red), and shown below these are predicted secondary structure elements (symbol: H, helix; E, strand), helix and 
strand designations, and AAA+ structural motifs (red font) and putative clamp binding loops C1 and C2 (green font). Secondary 
structure assignments were calculated for the E. coli γ subunit using DSSP {PMID 6667333}.  c. BPPS contrast using the same 
format as in panel (b) to highlight those residues that most distinguish γ and δ subunits from other AAA+ proteins.  d. DARC-
generated alignment highlighting all residues conserved in γ.  e. DARC-generated alignment highlighting residues distinguishing 
γ subunits from δ’ subunits. A few of these are conserved in other catalytically active AAA+ ATPases; see panel (b).   
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10. Constraint analysis of empirical and MD simulated structures (SPARC) 
 

SPARC (Search Procedures for Analysis of Residue Constraints) [88], like BPPS, runs in various modes.  
These modes fall into two categories: (1) the computation of DCA and STARC S-scores for one or more 
structures; and (2) Finding interactions within a time series set of MD simulated structures of a specific 
protein or protein complex. The following table lists the modes for each of these categories: 
 

mode Description 
 Perform DCA and compute STARC S-scores 
rank Rank various protein structures based on S-scores. 
hetmer Compute S-scores for interacting heteromeric subunits (need fasta seqs with NCBI taxids) 
simul Compute S-scores for a time series set of MD simulated structures. 
 Find interactions within a time series set of MD simulated structures 
dist Residue-to-residue or residue-to-ligand heavy atom contact distances 
correl Show contingency tables for correlated residue interactions 
   and report interactions that form and dissociate during the simulation 
sc2sc Residue sidechain hydrogen bond interactions 
sc2bb Residue sidechain to backbone hydrogen bond interactions 
sc2sb Run both sc2sc and sc2bb modes; also reports CH-pi and aromatic-aromatic interactions 
bb2bb Find changes in backbone c=o to backbone n-h distances 

 
SPARC rank mode. In the rank mode, SPARC takes as input an MSA in cma format and the path to a 
directory containing coordinate files for aligned sequences of known structure; it makes associations based 
on sequence/structural identifiers. Specifically, structural file names must use the syntax <pdbid>_H.pdb 
where <pdbid> is the lowercase version of the NCBI pdb identifier  (e.g., '1abc' for pdb identifier 1ABC_A).  
The results for a rank search of death domain structures are shown in Table 10.1.  Fig. 10.1 shows the 
locations of the highest scoring direct couplings at homodimeric interfaces.  
 
Table 10.1. SPARC ranking of pyrin-related death domain structures by S-score. Eighteen proteins of known structure 
were identified among 3,572 pyrin domain aligned sequences, five of which are shown.  Search parameters: r = 4.0 
Å; m = 5. See Table 10.2 for parameter definitions. A colon between two chain designations (e.g., A:C) indicates that 
S was computed using, for each residue pair, the shorter of the internal versus the homodimeric 3D distances (e.g., the 
A-to-A versus the A-to-C residue distances).   

pdbid chain(s) S L D X d F ΔS resolution method Description 
6ncv A:C 42.0 1977 111 141 60 1.9 12.9 3.7 Å cryo-EM NLRP6 filament 
6ncv A:B 41.5 1977 111 141 60 1.9 12.4 3.7 Å cryo-EM NLRP6 filament 
6ncv A:H 37.1 1977 107 141 55 1.9 8.0 3.7 Å cryo-EM NLRP6 filament 
6ncv A:Q 36.6 1977 107 154 57 2.0 7.6 3.7 Å cryo-EM NLRP6 filament 
2n1f A:B 35.2 1977 98 141 53 1.8 11.8 4.0 Å cryo-EM ASC filament 
6ncv A 29.1 1977 92 141 46 1.9  3.7 Å cryo-EM NLRP6 filament 
2n1f A:G 28.2 1977 87 181 50 2.3 4.8 4.0 Å cryo-EM ASC filament 
6ncv A:R 27.7 1977 102 141 47 1.9 -1.4 3.7 Å cryo-EM NLRP6 filament 
2n1f A 23.4 1977 80 181 44 2.3  4.0 Å cryo-EM ASC filament 
2n1f A:H 22.7 1977 88 141 41 1.8 -0.7 4.0 Å cryo-EM ASC filament 
4ewi A 19.4 2045 103 151 42 1.9  2.28 Å X-ray NLRP4 
3qf2 A 18.9 2045 101 187 45 2.4  1.7 Å X-ray NALP3 
4ewi A:B 18.7 2045 107 179 45 2.3 -0.6 2.28 Å X-ray NLRP4 
5h7n A:B 18.2 2042 100 185 44 2.4 0.2 1.85 Å X-ray NLRP12 
5h7n A 18.0 2042 97 185 43 2.4  1.85 Å X-ray NLRP12 
3qf2 A:B 18.0 2045 105 187 45 2.4 -0.9 1.7 Å X-ray NALP3 
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Table 10.2. List of variables defined for STARC S-scores.  
Symbol Definition 

L Total number of MSA column pairs used 
r Maximum 3D distance used to define contacting residue pairs (default: 4 Å) 
D Number of contacting pairs, i.e. distinguished elements 
X Optimum cut point (as defined by STARC) for partitioning an array of length L 
d Number of left-distinguished elements, i.e. contacting pairs to the left of the cut point X (inclusive) 
m Minimum sequence separation between residue pairs in query protein of known structure 
ℓ The length of the input MSA 
F  𝐹𝐹 = 𝑋𝑋 ÷ ℓ indicates how spread-out the value of X is relative to the MSA length 
S -log10 P, where P corresponds to the estimated probability after correcting for multiple tests 

ΔS Change in the value of S upon the inclusion of interactions between homomeric subunit interface(s) 
 

 
Figure 10.1.  SPARC rank analysis of pyrin-relate death domain (DD) proteins. A. Table of the 10 top residue pairs 
for the cryo-EM structure of the NLRP6 PYD filament (pdb_id: 6ncv [89]) based on sub-sampling of aligned pyrin-
related sequences. SPARC robustly ranked residue pairs based on the number of times they were among the top DC-
scoring (i.e., having the top average product corrected Frobenius norms) for 100 input MSA sub-samplings with 
replacement.  Each sub-MSA sampled consisted of 500 sequences randomly drawn from among the 3,572 sequences 
in the input MSA. Seven of the 10 highest ranked pairs (those shown in black font) correspond to interactions that 
include contacts between adjacent death domains—suggesting that these contacts are functionally important. B. Image 
of the NLRP6 PYD filament cryo-EM structure.  The 12 pairs that interact in trans, among the 30 highest ranked pairs, 
are indicated by red rods.  Subunits adjacent to the A chain are colored, whereas non-adjacent subunits are shown in 
light gray. C. Image of the NALP3 PYD crystal structure (pdb_id: 3qf2 [90]).  For this structure, SPARC computes a 
negative value for ΔS suggesting that the interaction lacks biological relevance and thus may be a crystallographic 
artifact.  
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Analyzing heteromeric complexes. SPARC’s hetmer mode 
characterizes constraints associated with a heteromeric 
complex for which the user provides an MSA for each of two 
components. From each MSA, SPARC creates a 
subalignment consisting of the one sequence from each 
species that is most closely related to the corresponding 
‘gold standard’ component within a given Cryo-EM or 
crystal structure of the complex.  Finally, it computes S-
scores for trans interactions between the two subunits, as 
illustrated in Fig. 10.2. Of course, some components may be 
absent for some species. To help identify such cases, SPARC 
outputs, for each component, a histogram of the pairwise 
scores between each of the candidates and its gold standard 
sequence—with scores for true orthologs tending to follow a 
unimodal distribution that is approximately normal. A 
published study [88] reports strong DC-constraints at several heterodimeric enzyme interfaces, indicative 
of selective pressures maintaining the residue couplings.  
 

Dynamic analysis of constraints. 
SPARC aids the interpretation of 
residue constraints by 
characterizing them dynamically 
rather than merely within static 
structures. Unlike standard 
analyses of molecular dynamics 
(MD) simulation data [91-97], this 
can reveal residue interactions and 
allosteric couplings associated with 
otherwise overlooked constraints. 
We illustrate this process for the bacterial enhancer binding protein (bEBP) NtrC1 from Aquifex aeolicus:  
bEBPs activate transcription by remodeling RNA polymerase (RNAP) containing the sigma factor σ54 
[98,99]. Simulations based on various NtrC1 ATP/ADP-bound states reveal alternative interactions 
involving residues distinctive of bEBP ATPases.  For instance, when ATP is bound at the A:B interface 
and ADP at other interfaces, the AAA+ R-finger R299 interacts with the γ-phosphate of ATP (Fig. 10.3, 
right), whereas at the adjacent F:A interface, R299 forms a salt bridge with the bEBP-residue D295—
thereby sequestering it away from ADP, which then may be more easily expelled (Fig. 10.3, middle). In 
the same state, the bEBP-residue R293 in subunit B forms a salt bridge with the catalytic base E239 of 
subunit A, pulling it away from the γ-phosphate 
of ATP to presumably inhibit ATP hydrolysis 
(Fig. 10.4, left).  However, this salt bridge is 
disrupted when the nucleotide binding site of 
subunit F is vacant (Fig. 10.4, right). Together, 
these interactions may prevent ATP hydrolysis 
at the A:B interface until ADP is expelled from 
the F:A interface, perhaps thereby facilitating 
sequential hydrolysis around the hexameric ring. 
These interactions, which are absent in the 
corresponding crystal structure [100], were 
stably maintained during these 1 μs simulations. 
 

 
Fig. 10.2. The highest DC-scoring residue pairs across 
the α and β subunits of tryptophan synthase (pdb_id: 
5e0k [1]) occur at the interface; S= log10(𝑝𝑝) = 21.1. 
Solid and dashed red lines correspond to DC-pairs that 
are separated by ≤ 10 Å and > 10 Å, respectively.   

   
Fig. 10.3. (left) R299 and E239 within the bEBP hexamer bound to 1ATP + 5 ADP. 
(middle) The subunit A D295-R299 interaction may aid ADP release from subunit 
F. (right) The subunit B D295-R293 interaction frees the R-finger R299 to interact 
in trans with the γ-phosphate of ATP bound to subunit A. 
  

 
Fig. 10.4. MD conformations of R293 & E239 at the A:B interface in 
the 1ATP+5ADP (left) & 1ATP+4ADP+apo (right) states. The R293-
E239 salt bridge may prevent ATP hydrolysis until ADP is expelled 
from the adjacent F subunit.  
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Correlated motion & allosteric coupling. SPARC 
can identify correlated interactions among 
constrained residues, as we illustrate here for NtrC1, 
which forms either a heptameric or a hexameric 
complex. Partial ATP occupancy causes the 
heptameric closed ring of NtrC1 to rearrange into a 
hexameric split ring that drives both ATP hydrolysis 
and the interaction of RNAP with σ54 [100]. During 
an MD simulation of the heptamer (pdb_id: 3m0e 
[101]) formation and dissociation of R293-D239-
trans and R293-D295-cis interactions are highly 
correlated: When one salt bridge is formed, the other 
often dissociates, which may help mediate the 
heptamer-to-hexamer transition. An MD simulation 
of the hexamer (pdb_id: 4ly6 [100]) suggests that 
allosteric coupling of an R201:E246 cis-to trans 
switch to ATP-hydrolysis (Fig. 10.5) may mediate 
RNAP-σ54 remodeling.  
 
  

 
Fig. 10.5. Potential allosteric coupling of ATP hydrolysis to 
movement of the α2 and α3 helices, which are linked to the σ54-
binding L1 and L2 loops—as observed during a 1 µs MD 
simulation of the bEBP hexamer. A. A E246-R201 cis-to-trans 
switch associated with bEBP-residues, K250 and E205 (red), and 
with the two highest DC-scoring pairs, E246-R201 and A197-
A249 (orange). B. The trans state is associated with formation of 
catalytically favorable interactions among sensor 1 residues, the 
catalytic base, and the ATP-γ-phosphate. C. Restructuring upon 
ATP hydrolysis of the α3 helix and of the σ54-binding L2 loop. 
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11. Auxiliary programs  
 
Analyses based on our major programs, namely MAPGAPS, BPPS, SIPRIS, DARC, SPARC, and 
eCOMPASS, are facilitated by the auxiliary programs listed in Table 11.1. Several of these are described 
in more detail below. The usage statement for each program provides further information.  
 
Table 11.1. List of auxiliary programs that augment our main analyses. 
program description 
  

addphylum Adds taxonomic information to a file of fasta sequences; requires NCBI nr and taxdump files. 
bpps2vsi Creates a vsi (visualize structural interactions) file from files generated by bpps (see vsi2pml below). 
cdd2mgs Converts CDD hiMSAs (available at ftp://ftp.ncbi.nih.gov/pub/mmdb/cdd/hiMSA) into MAPGAPS format. 
convert_msa Converts an MSA from fasta to cma format and vice versa; also converts an MSA from cma into rtf format. 
edit_cma Performs editing operations on a cma-formatted MSA file. 
edit_hpt Performs editing operations on a bpps hyperpartition (*.hpt) file. 
get_pdb Automatically retrieves and adds hydrogen atoms to pdb coordinate files corresponding to pdb_identifiers 

within a cma-formated MSA or a fasta sequence file. 
getPDB Retrieves pdb coordinate files given a list of pdb_identifiers. 
matchcma Reports matches to user specified pattern residues within a set of bpps subgroup MSAs 
purgemsa Reduces sequence redundancy given a cma-formatted MSA or concatenated MSAs. 
tree2hpt Converts a tree in Newick format into a hyperpartition that can serve as input for bpps in H mode. 
tweakcma Performs a wide variety of operations on a cma-formatted MSA. 
tweakPDB Performs a wide variety of operations on a pdb structural coordinate file. 
vsi2pml Creates PyMOL scripts (*.pml) or session (*.pse) files from a vsi file. 
  

 
Retrieving structural coordinates. Structural coordinate files can be retrieved from the PDB using the 
program get_pdb, which performs the following steps:  It first retrieves NCBI pdbaa identifiers from 
sequences within either an input MSA or fasta file.  Next, it retrieves corresponding structural coordinate 
files from the PDB and then runs the reduce program to add modeled hydrogen atoms. (Adding modeled 
hydrogen atoms aids identification of geometrically-accurate hydrogen bond interactions.) The names of 
final coordinate files take the form <pdb_id>_H.pdb, where <pdb_id> corresponds to the pdb identifier in 
lower case.  This process requires both the fasta file pdbaa, which needs to be formatted using the command 
“makeblastdb -in $FASTADIR/pdbaa -input_type fasta -dbtype prot -parse_seqids”, and the programs 
blastdbcmd and makeblastdb, which may be downloaded from the NCBI via anonymous ftp at 
ftp.ncbi.nlm.nih.gov. The blastdbcmd program must be on your path with the environmental variable 
$FASTADIR set to the path to the directory containing the pdbaa file. You also need to put the script 
batch_download.sh (available at: www.rcsb.org) on your path and to set the environmental variable 
'REDUCE_PRGM' to the reduce program, which is available at https://github.com/rlabduke/reduce.   
 
Examining and editing structural coordinate files. The tweakPDB program takes as input a structural 
coordinate file in pdb format or (for a few options) a file listing the paths to multiple coordinate files.  Its 
many different options allow the user to extract information or to make changes to the input file.  For 
example, such information includes: covalent and hydrogen bond angles and distances; residue interactions 
with other residues or with substrate; residue buried surface areas; and amino acid sequences corresponding 
to protein chains.  Possible changes to the input file include: converting MSE (selenomethionine) residues 
to MET or HIE, HID, HIP to HIS; identifying; eliminating water molecules; renaming chains; truncating 
chains; and renumbering residues in a chain. Such modifications may be necessary to complete an analysis. 
 
Counting matching residues.  The bpps program partitions an MSA into subgroups, which are stored as a 
concatenated series of sub-alignments within the output file <prefix>_new.mma (where the input 
alignment is named <prefix>.mma).   Given this output file, the program matchcma computes the 

ftp://ftp.ncbi.nlm.nih.gov/
http://www.rcsb.org/
https://github.com/rlabduke/reduce
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percentage of matching residues for each subgroup given a user-provided residue pattern corresponding to 
column positions in the MSA. For example, the command: 
 

 matchcma matchcma AAA+_new.mma W4,YF8,D193,P10,E70,R77 
 
with AAA+_new.mma being a set of subalignments of AAA+ domains, returns the following percentages 
of conservation among 64 subgroups of AAA+ proteins. 
  
 ID:   PATTERN:     W4    YF8   D193    P10    E70    R77  Total_sq AvePercent 
  1       RfcA:   90.2   92.0   97.2   97.7   97.4   98.6    1726.8 (95.5)+ 
  7       RfcC:   87.3   94.2   96.6   94.8   96.4   98.6    1168.2 (94.6)+ 
  6       RfcB:   91.2   92.6   94.6   94.6   97.2   97.4     927.5 (94.6)+ 
  8       RfcD:   88.2   87.7   95.2   92.6   98.4   99.2    1274.2 (93.6)+ 
  5       RfcS:   93.5   92.6   95.0   96.2   85.5   87.9    3072.7 (91.8)+ 
  : : : : : : :    :    : 
 14        MCM:    0.2    3.9    0.5    0.0      .    0.0    8121.3 (0.8)- 
 15       DnaA:      .    0.6    3.0    0.0      .    0.5   23669.8 (0.7)- 
 39    Dynein1:    0.2    1.2    1.2    1.0      .      .    1846.8 (0.6)- 
 19        Clp:    0.0    0.6    0.2    0.8    0.1    1.1   72440.2 (0.5)- 
 24       MoxR:    0.1    0.9    0.0    0.0      .    0.0   57145.5 (0.2)- 
 21       ClpX:    0.0    0.4    0.0    0.0    0.1      .   34122.7 (0.1)- 
       PATTERN:     W4    YF8   D193    P10    E70    R77  Total_sq AvePercent 
 
In this case, the pattern matches various replication factor C (Rfc) AAA+ subunits.  
 
Visualizing structural features. Often an analysis involves dozens or hundreds of protein structures.  To 
avoid creating too much output, several of our programs create a *.vsi file, which stores the information 
required to visualize results using PyMOL. The vsi2pml program is used to obtain PyMOL scripts (i.e., 
*.pml files), which requires a separate coordinate file, or, if PyMOL is on your path, session files (i.e., 
*.pse), which include the coordinates.  This allows the locations of and interactions among various 
categories of residues to be visualized using PyMOL, as illustrated in other sections of this tutorial.  
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12. Performing a complete sequence/structural analysis. 
 
This section gives step-by-step instructions on how to perform a sequence/structural analysis using our 
approach. Details regarding the input, output and runtime options are described in the command line usage 
statement for each of our program.  
 

Compiling our source code. The following items are used to compile our source code, which is available 
at https://www.igs.umaryland.edu/labs/neuwald/software/ 
 
     JSON library (https://github.com/json-c); this is required for compilation. 
     CUDA  (https://developer.nvidia.com/cuda-downloads ) is required to run direct coupling analysis 
faster on a GPU; but this is optional. 
     OpenMP for multiprocessing (though any decent compiler should already include it). 

Both bison and flex are required: 
 Download the src for e.g. bison from http://ftp.gnu.org/gnu/bison/  
 Download flex from https://github.com/westes/flex/releases  

  
CMake (https://cmake.org/download/ ) is required for compilation. On many systems it should be already 
installed.  To automatically obtain structural coordinate files and to model hydrogen atoms using our 
get_pdb program, two third-party programs need to be installed and on your path (see below). 
 

Obtaining and annotating sequence data.  The NCBI non-redundant (nr) and pdbaa fasta and taxdump 
files are available via anonymous ftp at ftp://ftp.ncbi.nih.gov/. You can access this site using a command 
line FTP program, login as “anonymous” and give your email address as your password. Once at this cite 
use the following commands to obtain these files: 

 
  cd blast/db/FASTA 
  get pdbaa.gz 
  get nr.gz 
  cd ../../../ 
  cd pub/taxonomy/accession2taxid/ 
  get pdb.accession2taxid.gz ${PROJECT_HOME}/molbio/ncbi_downloads/pdb.accession2taxid.gz 
  get prot.accession2taxid.gz ${PROJECT_HOME}/molbio/ncbi_downloads/prot.accession2taxid.gz 
  cd ../ 
  get taxdump.tar.gz ${PROJECT_HOME}/molbio/ncbi_downloads/taxdump.tar.gz 
 
Move these files to appropriate directories and use gunzip to decompress them. You should set the 
environmental variables $FASTADIR and $TAXDUMPDIR to these directories so that our programs can 
access these files. To taxonomically annotate the fasta files, you first must extract the taxonomy files using 
the commands: 
 
 tar xvf taxdump.tar 
 grep 'scientific name' names.dmp > scientific.dmp 
 
and then use the following commands to taxonomically annotate sequences in the fasta files.  
 
 cat nr | addphylum stdin > nrtx 
 cat pdbaa | addphylum stdin -pdb > pdbaatx 
 

https://www.igs.umaryland.edu/labs/neuwald/software/
https://github.com/json-c
https://developer.nvidia.com/cuda-downloads
http://ftp.gnu.org/gnu/bison/
https://github.com/westes/flex/releases
https://cmake.org/download/
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To access curated hierarchical MSAs (hiMSAs), which are used as queries by our MAPGAPS program, 
again log onto the NCBI ftp site, go into the hiMSA directory (cd pub/mmdb/cdd/hiMSA/) and download 
the files you require.  
 
You can speed up MAPGAPS searches by running many jobs concurrently over grid nodes, in which case 
you will need to first split the nrtx fasta file into subfiles using the command and then combine and merge 
the output (cma-formated) files using our tweakcma program with the -m option.  
 
 fasplit nrtx 250000 < nrtx 
 
This will create many subfiles, designated as: nrtx.1, nrtx.2, nrtx.3, …, containing up to 250,000 sequences 
each.   MAPGAPS searches these files to create input MSAs for analysis by out other programs. 
 

Obtaining structural coordinate (pdb) files. This can be done automatically using our program 
get_pdb.  The command ‘get_pdb <infile>’, where <infile> is a fasta file containing pdbaa (fasta) 
sequences, returns the corresponding structural coordinate files in pdb format and then adds modeled 
hydrogen atoms to the files.  Two files will be created for each pdb identifier: the original pdb-formated 
file (e.g., pdb1abc.ent) and a smaller file that is used by our programs and that includes modeled hydrogen 
atoms.  This requires that two third-party programs be on your path, namely: batch_download.sh, which 
retrieves the files, and reduce, which adds modeled hydrogen atoms. These are available, respectively, at: 

          https://www.rcsb.org/docs/programmatic-access/batch-downloads-with-shell-script  
          and https://github.com/rlabduke/reduce.  

Our program tweakPDB can be used to further modify or analyze pdb files. 
 

Obtaining an input MSA for analysis by our programs. If you have downloaded an hiMSA curated by 
the NCBI CDD group (see above), you can convert this into MAPGAPS-format using the cdd2mgs 
program.   The output files can then be used to search for and multiply align sequences belonging to the 
superfamily modeled by the hiMSA.  Alternatively, if no such hiMSA is available, you can use a cma-
formated MSA (obtained using GISMO or another MSA program) to create a hiMSA using the following 
steps: 
 
 cp <infile>.cma <infile>.tpl 
 foreach file ($FASTADIR/nrtx.*)  mapgaps <infile> file     
 cat $FASTADIR/nrtx.*_map.seq > All 
 mapgaps <infile> All 
 mapgaps All_map    // creates *mpa and other files 
 foreach file ($FASTADIR/nrtx.*)  mapgaps All_map file    
 mapgaps All_map $FASTADIR/pdbaatx  
 cat  $FASTADIR/pdbaatx_A.cma $FASTADIR/nrtx.*_A.cma > X.cma 
 tweakcma X -m    // merges the concatenated cma files 
 tweakcma X.merged -mincol=0.80 // removes sequences fragments 
 tweakcma X.merged.match80 -U90 // reduces sequence redundancy to < 90% identity  
 \mv -f tweakcma X.merged.match80.purge90.cma Main.cma 
 twkcma Main -hsw   // creates a Main.hsw file with sequence weights 
  
The resultant Main.cma and Main.hsw files are used as input to the bpps and darc programs.  If the input 
MSA is in mfasta format, you can use convert_msa (in fa2cma mode) to convert it into cma format. 
Currently under development is the LAPIS (Lots of Accurately-aligned Proteins Initiated from Scratch) 
program, which performs the above steps automatically starting from a fasta file of sequences belonging to 
a given protein superfamily.  To heuristically reduce sequence redundancy the faster tweakcma -

https://www.rcsb.org/docs/programmatic-access/batch-downloads-with-shell-script
https://github.com/rlabduke/reduce
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cdhit=<int> option may be used. The relative quality of MSAs may be assessed using eCOMPASS. An 
input MSA may be modified using the tweakcma or edit_cma programs.  
 

Partition the MSA into subgroups based on conserved patterns.  Running BPPS 1 globally partitions 
an MSA into divergent subgroups based on subgroup-specific patterns. To evaluate consistency between 
runs use the BPPS E mode. To expand the alignment within each partition use BPPS 2 and BPPS 3 modes, 
which will create a hiMSA of the superfamily. If the input MSA is huge, BPPS can take considerable time, 
in which case DARC may be used to create the lineage within an implicit hierarchy for a specific query 
sequence. DARC also runs a STARC (DCA) analysis and creates both a SIPRIS (*.sprs) input file and a 
*vsi file.  SIPRIS identifies and computes the significance of pattern residue structural clusters. The 
vsi2pml program takes as input a *.vsi file to create PyMOL files to visualize the structural locations of 
residue constraints.  For both BPPS and DARC a *.terms output file to assess the fasta define terms and 
taxonomic information for each partition. (Can also create a terms file using tweakcma with the -terms 
option.) 
 

Defining and refining models of protein superfamily residue constraints. BPPS creates both a *.hpt file, 
describing the partitions and corresponding patterns, and a *.sma file, containing a seed sequence for each 
partition. BPPS also has an option (-heatmap) that creates asset of heat map, one for each subgroup showing 
the degree to which that subgroup’s pattern is conserved both within that subgroup and withing other 
subgroups.  Such heat maps may indicate that the hierarchy should be further edited (possibly into a non-
hierarchical ‘hyperpartition’) to model more accurately the constraints imposed on the superfamily. (The 
heatmap PyMOL files can reveal whether certain subgroups share constrained residues in a non-hierarchical 
manner.) Such editing may be performed using either our edit_hpt program and/or a text editor, such as 
vim.  Likewise, the corresponding *.sma file may be edited. Given such *.hpt and *.sma files, the BPPS H 
mode may be used not only to refine a partition, but—given an input MSA of the same length as the original 
MSA—to also update the overall bpps model as addition sequences become available.  This allows models 
of protein superfamilies to be maintained and refined over time without having to start all over again from 
scratch. Of course, high quality hiMSA models may also be used as MAPGAPS queries.   
 

Characterizing residue constraints dynamically.  In a cellular context, of course, proteins typically 
undergo conformational changes that may not be observed in available structural models.  To explore the 
dynamic structural properties associated with BPPS-defined residues and high DC-scoring residue pairs 
one may perform molecular dynamics simulations on proteins of interest.  We typically set up such 
simulations using CHARMM-GUI (https://www.charmm-gui.org/ ) and run the simulation using 
OpenMM (https://openmm.org/ ). The SPARC program can be used to search the set of simulated (or also 
empirical) structures for interactions of interest.  
 

Interpret results in the light of published research. One should read the literature on proteins under 
investigation to help interpret results. 
 
 
  

https://www.charmm-gui.org/
https://openmm.org/
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13. Appendix 1: Gibbs Sampler for Multi-alignment Optimization (GISMO) 
 
GISMO.  

Notation and Definitions. The following notation is used for vectors ( )1,..., T
nv v=v  and ( )1,..., T

nw w=w : 

1 ... nv v= + +v , ( )1 1,..., T
n nv w v w+ = + +v w , ( )1 1 ,..., T

n nv w v w=v w , 1
1 ... nww

nv v=wv , and 

( ) ( ) ( )1 ... nv vΓ = Γ Γv .  Given K proteins, their sequences are defined by ( )1 ,...,
TT T

KR R=R  where each 

vector ( ),1 ,,...,
kk k k nR r r=  corresponds to the k-th sequence, nk is the k-th sequence’s length and the rk,i 

corresponds to the i-th residue in that sequence. ( )h  defines a counting function where, for example, 

( )kRh  returns a length 20 vector of the counts for the residue types in Rk.   
A block-based alignment of the input sequences is defined by w  columns.  The set of variables 

defining the sequence positions for column j is defined by { }1, ,,...,j j K jA a a= .  We define 

[ ] { },j k jj kA A a− ≡ − to denote the set jA  without ,k ja .  An alignment is defined by the matrix 

( )1,..., T
wA A=A  and  { } { }, : 1,.., , 1,...,k ja k K j w≡ = =A  denotes the set of residues indices for the 

alignment variable A.  We represent the collection of residues indexed by elements in a set C as CR . For 

instance, { } { }, : 1,..., ; 1,...k ja k K j w= = =AR  represents the set of residues in the alignment defined by A.  

GISMO Statistical Model. The residue frequencies observed for column c are modeled as a multinomial 

distribution with parameters ( )1, 20,,...,
T

c c cθ θ=θ  where 20
,1

1i ci
θ

=
=∑ and , 0i cθ >  for all i. That is, the 

vector ( )1,..., w=Θ θ θ  defines a product multinomial model corresponding to the full alignment.  The 

vector 0θ  corresponds to a background amino acid residue distribution.  Hence, the complete-data 
likelihood function is given by 

( ) ( )
{ }

0 0
1 0

, ,
Ajw

j

j

π

 
 
 

=

 
∝  

 
∏

h R
h R θ

R θ Θ A θ
θ

 

where it is assumed that ( )DΘ Β  and ( )0 Dθ α  (where D  denotes the Dirichlet distribution), and 

where ( )1,..., wβ βΒ =  specifies the Dirichlet distribution parameters (commonly interpreted as numbers 
of pseudocounts) at each column position j, and α specifies the parameters for the background distribution.  
(Recall that the alignment is specified by the matrix ( ) ( )1 ,,..., w k j K w

A A a
×

= =A  where ,k ja  indicates the 

position of the j-th column, which is assumed to be present in all of the sequences.)  The likelihood of A 
with the θ ’s integrated out is 

( ) { }( )( ) { }( ){ }
1

c
j

w

j
j

π
=

∝ Γ + ⋅ Γ +∏ AA
R A h R α h R β . 

 
(1) 

The conditional predictive probability distribution of this conserved region occurring at position i in 
sequence k is given by 



Neuwald 37 

[ ]( )
( ), ,

1 0

ˆ
, ˆ

k ak jr
w

j
k k

j

a iπ −
=

 
= ∝   

 
∏

h
θ

A R
θ

 

where the θ̂  are the posterior means of the θ , given the observed sequence data R and the current alignment 

[ ]k−A . This statistical model serves as the foundation for the HMM [10] used in later stages of sampling.  

Dirichlet mixture priors. In order to capture the fact that certain biochemically or structurally similar 
amino acid residues are more likely to occur together we have incorporated Dirichlet Mixture priors 
[102,103], as refined by [104]. In order to speed up sampling, GISMO uses a 20 component mixture in the 
first (competitive) phase of sample, inasmuch as the goal is to merely obtain a reasonable starting alignment 
without overtraining the evolving HMM.  After this initial phase GISMO applies a 58-component mixture.  

Down weighting for sequence redundancy.  Sequences are down weighted for redundancy using the 
following procedure.  For each sequence k a non-integer weight is computed using the method of Henikoff 
and Henikoff [105] as: 

( ) ( ) 1

,
1

w

j k j
j

wt k Nt Nr
−

=

= ⋅∑  

where jNt is the number of residue types at each position j and where 

{ }, , ,, 1
x j x j k jk j a a aNr r x K r r= ≤ ≤ ∧ = is the number of sequences with the same residue at position j as for 

sequence k.  The rational for this formulation is that if a sequence matches lots of sequences at most 
positions, then it should receive a lower weight than a sequence that matches few sequences at most 
positions.  These weights are then normalized and integerized as: 

( ) ( ) max100Wt k Wt k wt= ⋅ ÷    

where maxwt corresponds to the maximum non-integer sequence weight. Because these weights depend 
upon the evolving alignment, they are updated after each sampling cycle. 

Inferred HMM transition probabilities. We model the 
transition probabilities for the HMM (shown on the right) 
using a generalization of our previous formulation [10] as 
follows. The probability matrix for transitions from column j 
states in the HMM is: 

1 1M I D
M 1 [ ] [ ] [ ] [ ]
I 1 [ ] [ ] 0
D 1 [ ] 0 [ ]

j j j

j o o o o

j e e

j e e

j j j j
j j
j j

ι δ ι δ
ι ι
δ δ

+ +

− −
−
−

 

where 1 ≤ j ≤ w and where M, I, and D denote match, insertion and deletion states, respectively. The 
probability matrix for transitions out of the start state is: 

1 1M D
Start 1 [0] [0]o oδ δ−

 

Transitions into M and I states emit a residue as specified by the Θ  of our statistical model.  
Inference of transition probabilities. For a given alignment A, each sequence Sk is associated with a 

“path” through the HMM indicating its alignment against the model Θ . We denote the collection of these 
paths by Λ  and the total number of HMM transitions of type M→M, M→I , … , D→D  at position j by 
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[ ]mmN j , [ ]miN j , [ ]mdN j , [ ]imN j , [ ]iiN j , [ ]dmN j  and [ ]ddN j .  
Ignoring the indexing variable j for clarity, the likelihood of the transition probability parameters at each 
position is 

( | , ) (1 ) (1 ) (1 ) .mm mi md im ii dm ddN N N N N N N
o o o o e e e eh ι δ ι δ ι δ ι ι δ δΛ = − − − −  

with independent prior distributions  
( , ,1 ) ~ ( , , ),o o o o mi md mmD n n nι δ ι δ− −  ~ Beta( , ),e ii imn nι  and ~ Beta( , )e dd dmn nδ , 

where , , , , , ,mi md mm ii im dd dmn n n n n n n  are corresponding prior pseudo counts.  The corresponding maximum a 
posteriori probability (MAP) estimates for the transition probabilities at each position j are computed from 
these observed and prior counts. These define the position specific gap penalties. The joint posterior 
distribution for the alignment and transition probability parameters is 

( , , , ) ( | , ) ( | , ) ( , )g P h PΛ ∝ Λ × Λ ×A ι δ R A ι δ ι δ
  

   , 
where ( | , )P ΛR A  is a generalization of Equation (1), and where ι  and δ



are length w vectors representing 
the column-specific transition probabilities with prior probability: 

[ ]( , ) ( , , ) Beta( , ) Beta( , ) .w
mi md mm ii im dd dmP D n n n n n n n= × ×ι δ





 

Given the alignment and thus the paths Λ, we have the conditional posterior distribution 

[ ] [ ] [ ] [ ] [ ] [ ]

[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]

1 1 1

1

1 11 1

( , | , ) (1 )

(1 ) (1 )

mi mi md md mm mm

ii ii dd ddim im dm dm

w
N j n N j n N j n

o o o o
j

N j n N j nN j n N j n
e e e e

p j j j

j j j j

ι δ ι δ

ι ι δ δ

+ − + − + −

=

+ − + −+ − + −

Λ ∝ ⋅ ⋅ − − ×

− ⋅ − 

∏ι δ A




 

Sampling on the distribution for each position j is done by drawing the random variables: 
[ ] [ ] [ ] [ ]~ Beta( , )o md md mm mi mm mij N j n N j N j n nδ + + + + , 

[ ] [ ] [ ]~ Beta( , )e dd dd dm dmj N j n N j nδ + + , 

[ ] [ ] [ ]*(1 )o o oj j jι δ ι= − , where [ ] [ ] [ ]* ~ Beta( , )o mi mi mm mmj N j n N j nι + + , 
and [ ] [ ] [ ]~ Beta( , )e ii ii im imj N j n N j nι + + . 

For computational efficiency, the ι and δ may be integrated out [10] to get  

[ ] [ ] [ ]
[ ]

[ ] [ ]
[ ] [ ]
[ ] [ ]
[ ]

1

( ) ( | , ) ( , )

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

( ) ( ) ( )
( ) ( ) ( )

( ) ( ) ( )
(

w
mi mi md md mm mm m

j m m mi md mm

ii ii im im i

im ii i ii im

dd dd dm dm d

dd

h h P d d

N j n N j n N j n n
N j n n n n

N j n N j n n
N j N j n n n

N j n N j n n
N j

⋅

= ⋅ ⋅

⋅

⋅

⋅

Λ = Λ

Γ + Γ + Γ + Γ
=  Γ + Γ Γ Γ
Γ + Γ + Γ

×
Γ + + Γ Γ

Γ + Γ + Γ
×
Γ

∫∫

∏

ι δ ι δ ι δ
  

  

[ ]
.

) ( ) ( )dm d dd dmN j n n n⋅


+ + Γ Γ 

 

This gives rise to a new posterior distribution ( , ) ( | , ) ( )g P hΛ ∝ Λ × ΛA R A , for which the transition 
probability parameters need not be fixed or updated and which allows the optimal indel penalties to be 
determined from the sequence data.   

Sampling algorithm. GISMO’s MCMC sampling algorithm explores the space of possible alignments 
by executing Markovian transitions between alignments. This involves sampling alternative alignments of 
either individual sequences or groups of sequences.  In either case, such sampling is done as follows: First, 
the sequence or sequences are removed from the alignment and the posterior parameters of the HMM are 
recalculated based on the retained aligned sequences and the priors.  Next, emission probabilities for the 
twenty amino acids at each position are sampled from the posterior emission probability distributions 
defined by the HMM parameters; note that these sampled probabilities define a sampled HMM.  Finally, 
the previously removed sequences are optimally realigned to the sampled HMM. We explored sampling 
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transition probabilities in the same way, but found little benefit of doing so; instead, the MAP estimates for 
transition probabilities are used.  GISMO applies simulated annealing [21] to favor convergence on an 
optimal alignment in later stages of sampling.  Sampling starts at a “temperature” of T = 1 (i.e., sample each 
transition directly proportional to its actual probability p) and ends at T = 0 (i.e., always take the highest 
probability transition); between these two extremes the temperature is dropped in ΔT = 0.1 increments with 

sampling probabilities set to 
1
Tp .  Sampling iteratively through all of the sequences continues until this 

fails to find a new highest probability state.   
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14. Appendix 2: Bayesian Partitioning with Pattern Selection (BPPS) 
 
Bayesian Partitioning with Pattern Selection (BPPS).  Given a typically very large multiple sequence 
alignment (MSA), denoted here as X , BPPS applies Markov chain Monte Carlo (MCMC) sampling to 
articulate a superfamily into a set of hierarchically nested partitions corresponding to a tree.  Each subtree 
h, which may consist of only a single node, when attached to the root corresponds to a family, and, in 
general, when attached to a parent node corresponds to a child subgroup.  The sampler defines each 
subgroup, also denoted by h, based on residue patterns distinguishing subgroup members from sequences 
assigned to other nodes in the parent subtree.  For instance, a simple pattern for subgroup h might consist 
of { }V,I,L , { }D,E , and { }F,Y  at column positions 3, 10 and 23, respectively.  BPPS favors assignment of 
those sequences to subtree h conserving a pattern that is not conserved in sequences assigned to other nodes 
in the parent subtree.  Hence, BPPS favors assignment to each parent node those sequences conserving the 
parent node’s pattern but lacking each of the descendent nodes’ patterns.  For a non-root node n in the 
hierarchy this process defines a ‘contrast’ alignment (as in Fig. 6.2C,D) divided into foreground and 
background sequences, corresponding respectively to the subtree rooted at n and to the rest of the subtree 
rooted at the parent of n.  MCMC sampling is used to determine the number and arrangement of the nodes 
in the tree, the sequences belonging to each node, the pattern positions for each subgroup, and the conserved 
residues at each pattern position.  The sampler favors convergence on a hierarchy where the pattern defining 
the partitioning for each node best distinguishes its foreground from its background.  BPPS weights 
sequences, as in PSI-BLAST[105,106], to avoid modeling conserved patterns merely due to sequence 
redundancy. 

For the ensuing discussion, we define the following: For vectors ( )1,..., Tv v=v


 and ( )1,..., Tw w=w


, 

( )1 1 ,..., Tv w v w=v w
 

, ( )1 1,..., Tv w v w+ = + +v w
 

, ( )1log log ,..., log Tv v=v


, v  is the sum over 

vector elements, and  ,v w  denotes the inner product of v and w and is equivalent, as applied here, to the 

dot product 
1

i i
i

v w
=

⋅ = ∑v w


.  Given an N node hierarchy H , we define S as a vector of N disjoint sets, such 

that nS  contains the sequences assigned to node n, and H  is defined as a vector of tri-partitions of node 

indices 1 n N≤ ≤ , such that , , o
h h h hH H H+ −≡H  specifies subtree h’s foreground, background and “non-

participating” nodes, respectively.  We define node n = 1 as the root and h = 1 as the superfamily tree (i.e., 
{ }1 |1H n n N+ = < ≤ ), for which the background set ( { }1 0H − = ) consists of a single node (n = 0) for 

unrelated sequences (denoted as S0). The remaining hH are configured hierarchically starting from the 

root, such that: hH +  specifies the nodes in subtree h; hH −  specifies the nodes in the tree rooted at the parent 

node of h but absent from hH + ; and o
hH  specifies nodes in neither hH +  nor hH − . To ensure that H  

corresponds to a tree, we require that each hH + , other than 1H + , is a proper subset of only one other hH +
′  

(i.e., : 1 ! : h hh h h H H+ +
′′∀ > → ∃ ⊂ ) and that hH −  consist of nodes in hH +

′  that are not in hH +  

( )i.e., h h hH H H− + +
′= − .   

BPPS defines a prior on H that depends only on N and positive parameter ν and that assumes a 
maximum number of nodes Nmax, so that  
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( ) ( )
N

p N
p

a
=H , where ( )

max1

max

(1 ) (1 ) if 1
1 if =1

NN

p N
N

ν ν ν ν
ν

− ⋅ − − ≠
= 


,  

and where Na , the number of unlabeled, unordered rooted trees with N nodes, is defined recursively as:  

1 2 1

1

2 ... ( 1) 1
1

1 if 1
1

if 1
N

N
k kN

j j N j k k
N

N
a ja N

j
−

−

+ + + − =
= −

=
 + − =  >   

∑ ∏  

with kj  being the number of subtrees with k nodes [107].  Computation suggests that the growth of Na  is 

( )O 2.96N .  By default, max 500N =  and 1ν =  so that ( ) ( ) 1
maxNp a N −=H , which corresponds to a 

uniform prior where every size tree (up to Nmax) is equally likely.  Setting 1ν >  or 1ν <  favors 
hierarchies with more or fewer nodes, respectively.  Note, however, that adding nodes when unjustified by 
the data is disfavored regardless of ( )p H  due to the nature of our Bayesian formulation.   

Let nσ  be the prior for a sequence assigned to node n.  Given N, the prior for S is then given by 

( )
0

.n
N

S
n

n

p σ
=

=∏S   By default, we choose a prior for the rejected sequence node of 0 0.5σ =  and for other 

nodes ( ) 1
01n Nσ σ −= − ⋅  uniformly.   

Given H and S, foreground pattern residue sets are denoted by A , where ,h cA ≠ ∅  for each pattern 

column position c in subgroup h, and ,h cA =∅  for non-pattern positions. The pattern residue sets hΑ  are 

constrained by a foreground consensus sequence for subgroup h , denoted as hy , and by the requirement 
that the residues in each set be functionally similar, as were defined by a detailed analysis of amino acid 
Dirichlet mixture components[104].  For example, if a tryptophan residue occurs at position c of the 
consensus for hH + , then , Wh cy =  and  

{ } { } { } { }{ }(W) W , W,F , W,Y , W,F,Y≡  and { }, (W)h cA ∈ ∪ ∅ , 

where ( )r  denotes the allowed pattern residue sets for consensus residue r.  We define prior probabilities 

for A  as ( )
,

1 1
h c

N C

A
h c

p ρ
= =

=∏∏A (product categorical distributions), where, when ,h cA =∅ , 
,h cA qρ ∅=  

(0.999 by default) and otherwise 
,

,
,

h c

h c

A

A
h c

q
A

ρ κ= ⋅ .  Here, κ  is a constant chosen so that the priors for 

pattern positions sum to 1 q∅− ; 0 1q< <  (and 0.5 by default) is a tuning parameter with smaller values 

yielding higher aggregate priors for the class of “functional” residue sets of smaller cardinality ,h cA ;  and 

,h cA , defined as the number of possible residue sets of cardinality ,h cA , functions to distribute prior 

probabilities uniformly among these sets.  For example, if , Wh cy =  and { }, W,Fh cA = , then , 2h cA =  

because, in this case, there are two possible sets of cardinality 2.   
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Since we are interested only in whether a residue in column c of a sequence s  (i.e., xs,c) is functional or 
non-functional, we introduce the variable χ , where ( )T

, , 1,0h s c =χ  and ( )T
, , 0,1h s c =χ  imply that, for 

subtree h, xs,c corresponds to a ‘functional’ and a ‘non-functional’ pseudo-residue, respectively.  Since 

,h cA =∅  at non-pattern columns, corresponding residues are all non-functional. Gaps are also treated as 
non-functional.   

Given H, S and A, let ,h cθ  be the 2-dimensional vector specifying the observed functional and non-

functional pseudo-residue background frequencies for column c of subtree h, and let Θ  be the matrix of 
all ,h cθ .   Let ( ) ( ) ( )T

, ,1 1,0h
h c h h c h
α α α≡ − +θ θ  model the foreground composition where 1−α  specifies 

the fraction of background ‘contamination’ at pattern positions in the foreground.  The prior probability 
density for hα  is defined by a beta distribution 

( ) ( )
( ) ( ) ( ) ,0,0 1,0 ,0 1

,0 ,0

1 hh bh h a
h h h

h h

a b
p

a b
α α α −−Γ +

= −
Γ Γ

, 
 
 

where ,0ha  and ,0hb  are functional and non-functional pseudo-counts, respectively, and where by default 

,0 ,0 1h ha b= = .  The prior probability density for ,h cθ  is defined by a product Beta distribution: 

( ) ( )
( ) ( )

1 1

, ,1 , ,2
1 1

a b
N C

h c h c
h c

a b
p

a b
θ θ

− −

= =

Γ +
=

Γ Γ∏∏Θ , 
 
 

where C is the number of columns in the MSA, and 1a b= =  by default.   
Conditional on H, χ and S, let ,h cξ  denote the inferred number of functional pseudo-residues in column 

c of subtree h that are not due to background contamination. Then, conditional on hα  and ,h cθ ,  

( ). ,
, ,1

, Binom ,
1

h
h c h h h c

h h h c

Nf αξ α
α α θ

 
  + − 

θ  , 

where , ,1h cθ  and ,h cNf  are, respectively, the background frequency and the total foreground number (with 
background contamination included) of the pattern-matching pseudo-residues in column c for subtree h.  
Conditional on H, χ, S, ( )T

,1 ,,...,h h h Cξ ξ≡ξ , and .h hcc
Nf Nf=∑ , the posterior distribution of hα  is  

( ) ( ). ,0,0 11
,0 ,01 Beta ,h h hh h Nf ba

h h h h h h h h ha Nf bξα α α − + −+ −  ∝ − + − + 
ξξ ξ ξ

. 

The conditional distribution for ,h cθ  is: 

, , , ,1 , , 1 , , ,2 2, , , Beta ,
n nh h h

h c h h h s c h c h c h s c
s S s Sn H n H H

Nfχ ξ ψ χ ψ
− − +∈ ∈∈ ∈ ∪

 
+ − + +  

 
∑ ∑ ∑ ∑θ H S ξ χ   , 

where ( )T,a b≡ψ  specifies pseudo-counts with ( )T1,1=ψ  by default. 

The sampler infers , , , , and H S A α Θ  from X , which defines an MSA.  Given these variables, the 
logarithm of the joint probability distribution[22] is defined as:  

( ) ( ) ( ) ( )
( ) ( ) ( )

log , , , , , log , , , , log log

log log log

P P p p

p p p

= + +

+ + +
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where, assuming statistical independence among subtrees (but see below),  
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, , 0,1h s cχ =  so that ,log , log0 0 log1 1 0h c scx = ⋅ + ⋅ =θ ; hence, these positions contribute nothing to the 

posterior probability.  However, because the configuration of each subtree constrains to some degree the 
possible configurations of other subtrees above or below it in the hierarchy, our independence assumption 
is invalid. These constraints reduce the probabilities for some states to zero, so that the probabilities 
assigned to the remaining, reachable states will sum to less than 1, and our formulation is therefore 
conservative (i.e., computed probabilities are smaller than they should be).  This also occurs due to other 
imposed constraints, such as placing an upper bound on the number of pattern positions or on the depth of 
the hierarchy, or requiring that a minimum number of sequences be assigned to each node.  Nevertheless, 
in searching for an optimum, Equation 1 is valid as an objective function, its use here.   
 
BPPS sampling strategies.  Conditioned on fixed H, BPPS samples over S and A by iteratively applying 
the following.  For each sequence s, let n be its assigned node and remove s from nS .  Then, sample s to a 

new node n′  with probability proportional to ( ), , , , , nP s S ′∈X H S A α Θ  after having updated Θ  and 

α. Likewise, for each column position c in each subtree h, remove the pattern set ,h cA  and sample in a new 

pattern set { }, ,(y )h c h cA′ ∈ ∪ ∅  with probability proportional to ( ), ,, , , , , h c h cP A A′=X H S A α Θ  after 

having updated χ, Θ  and α .  However, if the number of pattern positions for a given subtree h is greater 
than a specified maximum Cmax (25 by default), reduce the number down to Cmax by removing the lowest 
probability pattern positions.  

The BPPS sampler is initialized by setting 1N =  with { } { }1 1 , 0 , o
h h hH H H+ −= = = =∅H , and 

assigning all sequences to the root node ( 1n = ) with Cmax pattern positions for subtree 1h =  and with 
background pseudo-residue frequencies at each position (the 0,cθ ) derived from the overall residue 
frequencies for the entire MSA.  At this stage, sampling over S merely involves iteratively assigning 
sequences either to the foreground ( )1S  or to the background ( )0S , where the background represents 
unrelated sequences inadvertently included in the alignment. Sampling over A generally tweaks pattern 
assignments slightly due to removal of unrelated sequences. This provides a good starting point to speed 
up convergence with essentially no risk of getting trapped in a suboptimal state.  Convergence is defined 
by a cycle of sampling over S and A that fails to improve upon the best configuration found thus far, as 
defined by the log-probability (Equation 1). BPPS saves the best configuration for the final output.  

After convergence with N = 1 nodes, a child node may be added to the root node, as follows. First, 
some of the sequences assigned to the root are reassigned to the child node by selecting a subset of 
sequences that are more similar to each other than they are to the remaining sequences.  Selections are based 
on similarity to the query, when one is designated, and on similarity to an arbitrary sequence otherwise. 
Next, BPPS samples for a few cycles over S and A, as described above, to search for a configuration that 
improves upon the previous hierarchy based on Equation 1.   If the hierarchy fails to improve and a query 
has not been provided, several other candidate queries may be selected in turn until either an improved state 
is found or until a prespecified number of attempts are tried.   If the hierarchy is improved, BPPS further 
enlarges and rearranges the evolving hierarchy H by adding more leaf nodes and by deleting, inserting or 
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moving nodes using this same basic strategy.  To avoid excessively complex hierarchies, BPPS requires 
that each leaf node contain a minimum number of sequences (50 by default); those that do not are pruned.  
After convergence, the sampler applies simulated annealing[21] to ‘drop into’ a more nearly optimal 
configuration.   

When DARC applies BPPS, it focuses on the query’s lineage within the superfamily hierarchy by first 
defining the query’s family based on residues that most distinguish family members from other superfamily 
members.  Next, DARC seeks to recursively define, in a similar manner, the query’s subfamily, and other 
subgroups further down the query’s lineage to a prespecified maximum depth.   
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15. Appendix 3: Direct Coupling Analysis (DCA) 
 
Direct Coupling Analysis (DCA). DARC performs DCA using the algorithm implemented in the 
CCMpred program version 0.3.2 (https://travis-ci.org/soedinglab/CCMpred)[75], which is essentially 
identical to the plmDCA[64] and GREMLIN[108] algorithms and which we modified to output DCA scores 
in PSICOV format.  Our description here follows closely the one given for CCMpred[75].  The rationale 
behind DCA is that, over evolutionary time, mutations at a given residue position are compensated for by 
mutations at interacting positions to thereby maintain structural integrity.  DCA works by avoiding the 
confounding effect of indirect correlations due, for example, to two residues both interacting with a third 
residue, but not with each other.  DARC uses the sub-MSA defined by BPPS to compute the highest scoring 
directly coupled residue pairs (DC-pairs).  
 

The CCMpred algorithm eliminates indirect interactions from an interaction network by inferring a 
generative model of the MSA based on a Markov Random Field (MRF).  We again represent the input 
MSA as an R row × C column matrix X, where element ,s cx  corresponds to the residue in row (i.e., 
sequence) s and column c.  The columns correspond to vertices of the MRF with single-residue emission 
potentials ( )c rε  for amino acid residue { }1,..., 20r∈  in column c; covariation between columns 

corresponds to edges of the MRF with pairwise emission potentials ( ), ,c d c dr rε  for residues rc and rd in 
columns c and d, respectively. In theory, one could optimize the parameters of the MRF given the MSA 
using as the objective function the probability:  
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where Z is a normalization constant to ensure that the sum over all sequences equals 1.  However, because 
computing ( )P ε X  is intractable for a non-trivial MSA, the following pseudo-log-likelihood is used 

instead as the objective function: 
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Because computation of the normalization constants ,s cZ  involve summing over only C terms, these are 

much faster to compute than Z for ( )P ε X . The gradient (the vector of partial derivatives) of this pseudo-

log-likelihood is given by: 

( )
( ) ( ) ( )

( )( )

, ,

, ,

, , , ,
1 1, ,

, , , ,1 , 1 , 1 ,
1

1 exp ,
,

,..., , ,..., , ,

s d s c

s d s c

R C

x r x r c i c s i
s ic d s c

i c

R

x r x r s c s s c s c s C
s

plL
r r x

r r Z

p x r x x x x V E

δ δ ε ε
ε

δ δ

′
= =

≠

′ − +
=

   ∂    = − +   ′∂       

  = − =   

∑ ∑

∑

ε X

 

https://travis-ci.org/soedinglab/CCMpred
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where ,x yδ  is the Kronecker delta function.   

In order to favor sparse solutions, we add an L2 regularization term ( )R ε  and maximize 

( ) ( )plL R−ε X ε  using the nonlinear conjugate gradient method where 

( ) 22
single pair ,2 2

1 , 1

C C

c c d
c c d

d c

R λ ε λ ε
= =

≠

= +∑ ∑ε , 

where the regularization coefficients are  λsingle = 1; λpair = 0.2 × (L - 1) [108], and where 22
,2 2

andc c dV E  

are the sum of squared residuals, which measure the discrepancy between the model and the data (with 
smaller values indicating a tighter fit of the model to the data).   

After a successful optimization, the couplings between residue positions ,c dK  are ranked by the 

Frobenius norms of the edge potentials ,c dε : 
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Lastly, an Average Product Correction[109] is applied to arrive at the final score: 
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where "." denotes averaging over the corresponding row or column and .,.K  is the average over all matrix 
elements. 
 
Evaluating the robustness of DCA score rankings. To determine whether different input MSAs rank DC-
pairs consistently, an auxiliary subsampling routine is included as an option in DARC.  For the analysis 
here, this routine draws from the input MSA 1,000 samples of 1,000 sequences, from each of which DCA 
scores are computed.   Between samplings, the previously sampled sequences are replaced prior to sampling 
the subsequent set.  The percentage of times that each residue pair was among those with the top 20, 10, 5 
or 2 DC-pairs is given in an output table.  Those pairs consistently selected among the 20 top scores are 
also output.  
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16.  Appendix 4: Initial Cluster Analysis (ICA) 
 
Initial Cluster Analysis (ICA). To compute CLSP, 3DSDC, 3DSP, or DCSP (denoted generically here as S) we 
apply Initial Cluster Analysis[110], a statistical approach to address the following question: Consider an 
array of 0s and 1s of length L and containing D 1s.  Are some or all of the 1s significantly clustered near 
the start of the array, and, if so, how surprising is the most significant such clustering?  To make this 
determination, ICA applies the Minimum Description Length (MDL) principle[111], an information 
theoretical regularization method for finding the best hypothesis for a given set of data.  

The MDL principle defines a theory θ  as a probability distribution Pθ  over all possible sets of data and 

the description length of a data set E given a theory θ  as ( ) ( )( )DL logE P Eθθ = − .  A model  is a 

parameterized set of theories, and the description length of E given  is defined as 

( ) ( )DL min DLE Eθ θ∈= M . The MDL principle asserts that among multiple models to explain E, 

one should prefer the model  that minimizes ( ) ( )DL COMPE +  , where the description length 

or complexity ( )COMP   is the log of the number of effectively independent theories  contains.  For 

ICA, the MDL principle determines whether the hypothesis 1 that the 1s cluster near the start of the 
sequence is better than the null hypothesis 0 that the 1s and 0s occur randomly.   

ICA treats 1 as a single-parameter model, whose parameter x describes the location of a cut at a 
discrete point from 1 to 1L −  along the array, thereby dividing it into an initial segment s1 of length x, and 
a terminal segment s2 of length y L x= − . If s1 contains D1 1s, and s2 contains 2 1D D D= −  1s, assume 

that s1 is generated by Bernoulli trials with maximum-likelihood probability 1 1P D x=  for a 1, and s2 is 

generated by Bernoulli trials with probability 2 2P D y=  for a 1.  Given a particular fixed value for x, the 

probability of E is ( ) ( ) ( )1 221
1 1 2 21 1x D y DDD

xP E P P P P Z− −= − − , where Z is a normalization constant taken 

over all length L sequences having D 1s.  Hence the description length of E under 1 is 

( ) ( )( )1DL log max x xS P E= − .  ICA computes the complexity of 1, as  

( )1
1COMP log

2
LD π − ≈  

 
 . 

ICA treats 0 as a model consisting of a single Bernoulli-trial theory for generating E, with the probability 

of a 1 taken as P D L= , and of a 0 as 1Q P= − . Hence, ( ) ( )0DL log D L DE P Q −= − , which is L 

times the entropy of the Bernoulli trial.  Because 0 contains only one theory, its complexity is zero.  The 

MDL principle says that we should prefer 1 to 0 when ( )1DL E   + ( )1COMP   < ( )0DL E  . 

Treating each hypothesis as equally likely a priori, we may view the difference Δ between the two sides of 

this inequality as a log-odds ratio, and use the logistic function 
1

e
e

∆

∆+
 to convert this into a p-value (see p. 

37 of [112]), from which ( )10logS p= −  is defined.  
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17. Appendix 5: Structurally Interacting Pattern Residues’ Inferred 

Significance (SIPRIS) 
 

SIPRIS. SIPRIS relies on Initial Cluster Analysis (ICA), as described in Appendix 4 and which addresses 
the following questions: Consider a string of 0s and 1s of length L and containing D 1s.  Are some or all of 
the 1s significantly clustered near the start of the sequence, and, if so, how surprising is the most significant 
such clustering?  Here we focus on the statistical and information theoretical bases of ICA as applied to 
BPPS-SIPRIS analyses.   
 
BPPS-defined residue sets.  Modes 2-3 of BPPS generate a hiMSA (Fig. 6.1).  For each subgroup (i.e., 
subtree) G within a hierarchy, BPPS defines a corresponding set of “discriminating” residues that most 
distinguish members of that subgroup from closely related subgroups. This set is ordered from the most to 
the least distinguishing residues. We assume that these residues are likely responsible for functions specific 
to subgroup G.  Although such a set typically includes residues with well-characterized functions, our focus 
is on residues of unknown functional relevance.  When mapped to available structures, these distinguishing 
residues may readily suggest plausible hypotheses; in this respect, a BPPS analysis is informative by itself.  
However, SIPRIS can obtain deeper insight into and corroboration of a BPPS analysis by identifying 
significant overlap between BPPS-defined discriminating residues and structurally defined residue sets; we 
term the intersection of two such sets a BPPS-SIPRIS cluster.  SIPRIS analysis was motivated, in part, by 
Karlin and Zhu’s approach [113] for identifying significant clusters of residues that share physical-chemical 
properties.   
 
BPPS-SIPRIS predefined clusters. The simplest BPPS-SIPRIS analysis is based on a specific, predefined 
structural cluster of n residues.  This corresponds to a ball-in-urn problem, in which the BPPS-defined 
distinguishing residues correspond to N1 red balls, the remaining residues to N2 black balls, and the cluster 
to n balls drawn from the urn.  The probability that at least x of the n residues are distinguishing (i.e., are 
“red”) is given by the cumulative hypergeometric distribution: 
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1 2

1 2
max( , )
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i x n N
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BPPS-SIPRIS optimized-clusters. Similar to BPPS-predefined clustering is choosing the optimal BPPS-
structural cluster among various alternatives.  To construct these, we start from a well-defined position in 
space, and sequentially add “structurally-adjacent” residues (variously defined, as described in Results) to 
generate a set of nested, structurally defined clusters.  From this nested set, we select the structural cluster 
that optimally overlaps with the BPPS-defined residue set by applying the Minimum Description Length 
(MDL) principle [111], as described in the next section.  Optimizing over different starting residues, or 
different numbers of discriminating residues, requires further p-value adjustment, for which we currently 
apply the overly-conservative Bonferroni correction to obtain an upper bound. 
 
The MDL principle. To avoid overfitting BPPS-SIPRIS statistical models to observed data, we apply the 
MDL principle [111], which can be understood as formalizing Occam's Razor (“a model should not be 
needlessly complex”).  Conceptually, this principle claims that the best among a set of alternative models 
is that which minimizes the description length of the model, plus the maximum-likelihood description 
length of the data given the model.  This approach accounts for the implicit number of independent tests 
performed when optimizing the parameters of a model, and strikes a balance between a model's complexity 
and its ability to fit the data—in our case to describe biologically relevant amino acid residue patterns.  
More formally, a theory is a probability distribution over all possible sets of data, and a model is a 



Neuwald 49 

parameterized set of theories.  The description length of the data D given a model M, is then defined by 
DL(D|M) ≡ -log P(D|T), where T is maximum-likelihood theory contained in M (i.e. the theory which yields 
the greatest probability for D).  The description length of the model M is defined by DL(M) ≡ log(N), where 
N is the number of the effectively distinct theories (i.e. parameter settings) M accommodates [111].  The 
MDL principle aims to minimize DL(D|M) + DL(M). 
 
MDL applied to BPPS-SIPRIS clustering.  BPPS-optimized clustering presents several mathematical 
challenges. Computing valid p-values requires adjusting for the multiple tests implicit in optimizing over 
starting residues and clusters.  Also, this optimization itself may carry an implicit bias favoring small or 
large clusters, as outlined below. 

We start with a null model in which discriminating residues (e.g., defined by BPPS) are distributed 
randomly throughout an entire sequence. Given a fixed number of discriminating residues, this model yields 
a uniform likelihood for all sets of data, and serves as a basis of comparison for likelihoods generated by 
an alternative model. This model divides the sequence into an initial segment of length x (which we refer 
to as a cluster) having m discriminating residues, and a terminal segment of length y having n discriminating 
residues. The model assumes discriminating residues are generated with different probabilities in the initial 
and terminal segments, and its maximum-likelihood theory assigns the likelihood 

( ) ( )( ) ( ) ( )( )/ // /− −
= − −

x m y nm np m x x m x n y y n y  to the data. For a particular cut-point x, this likelihood 
requires choosing the discriminating-residue probabilities m/x and n/y for the initial and terminal segments, 
and is easily normalized for the selection of these parameters. Our aim, however, is to pick the x (i.e., 
cluster) that yields the greatest likelihood for the data. Applying the MDL principle requires calculating the 
effective number of independent tests N implicit in choosing x [110].  By treating x as a continuous as 
opposed to a discrete parameter, we are able to calculate its Fisher information [110], and thus N.   

One subtlety is that simply choosing the cut point x yielding the greatest likelihood implicitly favors 
low or high values of x.  This occurs because the Fisher information is greater at extreme values of x, 
implying that the likelihoods are more independent of one another at those values.  Empirical analyses show 
that this bias toward large and small clusters often yields suboptimal results from a biological perspective.  
However, by adding an x-dependent correction, derived from the Fisher information, to our optimization, 
we may flatten the implicit prior associated with x [110].  Random simulation shows that analytic p-values 
computed using our approach fall within about 20% of empirical p-values.  We still need to adjust these p-
values for clusters found using different starting residues.  Absent a better approach, we currently apply the 
simple but overly conservative Bonferroni correction [114].  
  



Neuwald 50 

 
18.  Appendix 6: Statistical Tool for Analysis of Residue Couplings (STARC) 
 
DCA and 3D contacts concurrence scores (3DSDC). The 3DSDC-scores apply ICA[110] to measure, as the 

( )10log p− , the statistical significance of the correspondence between pairwise structural interactions and 
DC scores. Given an array of residue pairs ordered by their DC scores, we ask how well it agrees with an 
alternative ordering based on 3D pairwise distances. More specifically, we seek to identify an optimal initial 
cluster of elements of the array (defined by a cut), as measured by a relevant p-value.  We are given an 
array of L residue pairs ordered by their DC-scores.  D of the pairs (denoted by ‘1’s) are separated within a 
reference 3D structure by ≤ z Å (with z = 3.5 Å by default) and L - D (denoted by '0's) are not. 
We ask: what initial cluster, consisting of pairs up to and including a cut point X, contains the most 
surprising number d of '1's, and what is its probability of occurring by chance?  (We term the d 1s in an 
initial cluster “left-distinguished pairs.”)  For L = 18 and D = 7, for example, one such array is 
“101101100000010001”, with optimal cut point X = 7 (underlined), yielding d = 5.  Since the pairs are 
ranked by pairwise distance, we might then represent our example array as “401603200000070005” with 
digits > 0 denoting the ranks of distinguished pairs.   ICA ignores these ranks when choosing the optimal 
X, whereas we would prefer the d distinguished pairs to the left of X to have superior ranks (i.e., lower 
numbers) than those to the right.   

To generalize ICA to exploit ranking information we incorporate a ball-in-urn model to calculate a 
ranking specific p-value Pb.  For a specific cut point X that yields d left-distinguished pairs, we imagine 
first coloring red, among all D distinguished pairs, those d pairs with the smallest pairwise distances; and 
then recording the number R that are red among the left-distinguished pairs.  Ideally, all the left-
distinguished pairs will outrank the remaining distinguished pairs, yielding R = d, but more generally higher 
values of R are better; in the example of the previous paragraph, D = 7, d = 5 and R = 4.   Given the null 
hypothesis that rankings are random, we may then use the cumulative hypergeometric distribution to 
calculate the probability Pb that ≥ R of the left-distinguished pairs are red:   

d
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i R

P
d D d D
i d i d=

=
 −     

÷     −     
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This corresponds to drawing d balls from an urn containing D balls, of which d are red; note that the number 
of balls drawn here equals the number colored red.  A low value of Pb is reported for a cut with a surprising 
number, among its d left-distinguished pairs, having the d smallest pairwise distances.   

Before it corrects for having optimized over all possible cuts, ICA can be understood as calculating a 
p-value aP  for finding d distinguished pairs to the left of a cut point X. Because the calculation of aP  

ignores ranking information, it will be independent of bP , and these two p-values may therefore be 

combined to yield a joint p-value JP [115-117] using the formula 

( )1 lnJ a b a bP P P P P= − .  

Low values of JP  may arise from low values of aP , or bP , or of both.  JP  can provide a statistically 
stronger measure of the congruence of two orderings, here derived from DC scores and 3D distances, than 
does aP  alone.  The p-values P we report in this paper correspond to JP , after it has been corrected for 
optimization over the multiple cut points X considered[110].   

For homomeric structures, DARC assesses the correspondence, not only between DCA scores and 
internal 3D-contacts alone (e.g., labeled as ‘A’ for chain A), but also between DCA scores and both internal 
and adjacent subunit interface 3D-contacts (e.g., labeled as ‘A:B’ for chain A and adjacent chain B).  The 
change in 3DSDC upon inclusion of interface contacts is denoted as ΔSDC.  High positive values for ΔSDC 
suggest that strong selective pressures are maintaining 3D contacts between adjacent subunits.  In contrast, 
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negative values for ΔS suggest that subunit interactions may be functionally insignificant and perhaps due 
to a crystallographic artifact.    

 
BPPS and DCA or 3D contact concurrence scores (DCSP, 3DSP). DARC provides a measure of statistical 
significance (based on ICA) for the concurrence between pairs of BPPS-defined residues and either the 
highest scoring DC pairs or the closest 3D-contacts.  The overlap between BPPS and DCA[74] assessed in 
this way is often weak.  Hence, DCA and BPPS are often complementary, so that combining both analyses 
often provides deeper insight into the relationship between protein structure and function.   
 
Pattern residue 3D-clustering significance scores (CLSP).  DARC applies ICA to estimate constraints 
tending to cluster BPPS-defined residues structurally[74]. The L positions of the ICA array correspond to 
the L residues within a 3D structure of the DARC query protein or of other proteins belonging to the query 
family.  The 1s in the array correspond to a fixed number of BPPS-defined pattern residues and the 0s to 
the remaining residues.  DARC orders array elements based on their 3D distance from a starting residue.  It 
then determines the most significant 3D-cluster of these residues among a nested set of clusters, each 
centered on the starting residue.  This is performed, starting with each of the BPPS-defined residues in turn, 
and the highest scoring 3D-cluster among these is reported along with the starting residue and the 
corresponding CLSP-score.  The CLSP score measures the significance of the intersection between a 3D cluster 
and the BPPS residue set.  In addition to the strategy just described (termed “spherical expansion”), DARC 
allows either core expansion or hydrogen-bond-network expansion[74].  Core expansion sequentially adds 
the residue closest to a residue within the cluster’s “core”. This core is defined as the starting residue R plus 
all cluster residues whose distance to their kth closest cluster residue is less than R’s distance to its kth closest 
cluster residue (with k=7 by default; this was selected empirically to avoid both spherical- and tentacle-
shaped clusters.)  In this case, the cluster typically expands less symmetrically.  Hydrogen-bond-network 
expansion sequentially adds a residue forming the closest sidechain-to-sidechain or sidechain-to-backbone 
hydrogen bond with a cluster residue.    
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19. Appendix 7: Contrast alignments for bacterial clamp loader subunits. 
 

 
Figure 19.1.  DARC-generated alignments highlighting all residues conserved in γ and δ’ clamp loader proteins and residues 
distinctive of the AAA+ superfamily, of the γ + δ’ subgroup, and of γ but not δ’.  These are shown using five versions of the 

    
 

 
 
A. γ + δ’ AAA+ domains: 
    
Proteobacteria  35 GRIHHaYLFSGTRGVGKTSIARLLAKGLN(19)EQGR.FVDLIEIDAASR....TKVEDTR....D-LL.DNVQYAPARG-RFKVYLIDEVHML.....SRHSFNALLKTLEEPPEHVKFLLATT.DPQKLPVTILSRCLQFHLK.ALDVEQIRH 185* 
Actinobacteria  35 GRLHHaYLLTGTRGVGKTTIARILARCFN(19)NEGR.SVDLIEVDAASR....TKVEDTR....E-LL.DNVQYAPTQS-RYKIYLIDEVHML.....SNHSFNALLKTLEEPPPHVVFLFATT.HPQKIPPTVLSRCLQFHLK.NLTADLIVE 185 
Firmicutes  35 NRLHHaYLFTGTRGVGKTTIARILAKCLN(19)NQGR.YIDLIEIDAASN....TGVDDVR....E-VI.ENAQYMPSRG-QYKVYLIDEVHML.....SKAAFNALLKTLEEPPAHVKFLLATT.DPQKIPVTVLSRCLQFALK.PMSPERVVT 185 
Chloroflexi  48 GRIGHaYLFTGPRGTGKTSTARILAKAVN(19)AEGH.SLDLIEIDAASN....TSVDDIR....D-LR.EKVGFAPAEG-RFKVYIIDEVHML.....SNSAFNALLKTLEEPPAHVIFVLATT.EVHKVPATVLSRCQRFDFQ.RIPVEKIRA 198 
Nitrospirae  35 KRIAHaYLFSGTRGVGKTTVARILAKALN(19)TQGN.SVDVIEIDGASN....TSVDDVR....E-IR.ENVKFTPFRG-QYRVYIIDEVHML.....SNSAFNALLKTLEEPPPHVVFIFATT.EIHKIPATILSRCQHYNFR.RIARAEIIE 185 
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PYT01413.1  21 GRLPNaLLFAGPEGIGKKLFAFEVARLLV(36)FFTQ.HPDVGIVVPYKR( 1)LRINSIR....A-LE.REAYFRPYESSA-RVFVIEDAEKM.....NDAASNALLKTLEEPPATTHLILIAS.REDTLLPTIRSRCQTIRFA.PVPLADLER 189 
WP_020469205.1  23 GRLGHaYLFAGPPGIGKQSLARELANTLL(20)TANT.HPDYLYATKPAD( 3)FPIKQVR....E-LI.DQFGMKSLRGGY-KIAVLDDAETL.....STEAANAFLKTLEEPPPKAMLILLSRvDSEQMLPTIRSRCQVVRFS.ALLPADVRE 178 
OGN55417.1  26 GRLPQtLLFSGIDGIGKSLFAHALARELL....QSNQ.SPDFHILKPEGK( 3)YGIDTLR....E-MI.DEDHASSYAGKG-KVFLLEDAHRM.....QPAAASALLKTLEEPSVETTFILLSS.NTAEVLSTILSRSTILVFK.PLKTSEIET 160 
OUX38496.1  23 GRVPHaQLFTGPEGVGMLAVAIAFMRAVF(15)DRMT.HPDLHFVFPVAS(11)QFLEDWR(33)E-IT.KKLYLTAYEGGW-KGVIVWQADKL.....NLAAANKLLKLVEEPPEKTLLIFISN.HEDQVLETLRSRCQGVHFS.LLPENAISR 213 
γ + δ (21356):   GKVAH YIFSGPEGSGKTAAARAFAAAVN    AAGS HPDFHEVDAAGS    TGVDDVR    DGVQ DKASYAAQEGGKWKVYVVDDADKL     STAAANALLKTIEEPPANAKFVFAAT SPDKVLATVRSRCQQFDFK RVSEAAAAA  
    DRLP  LLLT  P I RLTL LIL RSLL    EE N    LLVLEPESL    IRIEQI     ELLL RFLRLPP RS YFRIILLEPVHMM     NEQSF S   LL    PHVLLLLLTP E HRLPP IL  TRILRLP PPPPEQLLQ  
    N IH    I   R V   SF     K I     DS T    IIFI  D N     K  E       KII K VQ KS QA RY  VII E ER      T E             ERTIII ISH D Q I    I    VI  R  LD DEIVE  
wt_res_freqs (7360):  31127 41519418196311832371313    1241 558113232311    1344227    1111 111121112441166211415215     21274978995199971111611223 1313251913997512141 212111111  
   1532  1822  1 1 1123 123 1163    11 1    211214231    513224     3241 1121214 11 1122111112323     31112 1   17    1221128141 2 11424 72  1112131 221121111  
   1 22    1   3 2   11     3 1     11 1    1113  1 2     2  2       121 1 21 11 11 34  256 3 31      3 1             113115 111 1 1 2    1    11  2  21 12311  
Other AAA+ (431593):   GRKGS VVFTGEGGSGKSAVAKAVANASG    GKER GAPFVEVSCGAL    VSVGAEA    GRFG GAFEEAAAEAGGGGTVFFDDADKL     SPAAQAALLEAIEEGPAGSRFVLASN RDGEFDEAFRSRFRVVEFD PLSEAAAVA  
    P LRP LLLV PP I  TLLVR LHREL     RRKL FV LLRLDLTE     LELLLLE    ELLR ELLRLLDL LLRP LLLL ELHRA     P EVLE   RLMDG  PRLLLLGTTR PPERLPPELLR LLILRLP  PRPEELLE  
    R   N I IY  T V   TI   I E            R  VI INASD         IVS      I  D V R     A R IIII  IE I     D DT      VL D  SDIIIIV      D IR D  D    I I    D DDI    
wt_res_freqs (138869):  11111 31119119199111513141111    1111 112221211111    1112111    1111 111113111111121121821212     11112116411121211112121224 1111111311162111111 241111111  
   1 111 2441 33 1  61512 31113     2111 11 11111111     1111121    1221 11111111 1111 3524 51111     1 1111   11121  1111221432 11113121422 1112132  21122111  
   1   1 1 21  1 2   21   2 1            1  11 22121         111      1  1 1 1     1 1 2212  31 1     2 11      14 1  1111231      1 11 1  1    2 1    2 121    
position   .   40    .   50    .   60         .    90    .      100    .        110    .   120    .  130         .  140    .  150    .   160    .  170    .   180    .  
3GLF_B  35 GRIHHaYLFSGTRGVGKTSIARLLAKGLN(19)EQGR.FVDLIEIDAASR....TKVEDTR....D-LL.DNVQYAPARG-RFKVYLIDEVHML.....SRHSFNALLKTLEEPPEHVKFLLATT.DPQKLPVTILSRCLQFHLK.ALDVEQIRH 185 
secondary structure        EEEEE      HHHHHHHHHHHHH            EEEEE          HHHHH    H HH HH           EEEEEE           HHHHHHHHHHHH     EEEEEE         HHHH   EEEE      HHHHHH  
  strand 1 helix 1 strand 2 helix 2 strand 3 helix 3 strand 4 helix 4 strand 5 helix 5  

D 
 
Clamp loader γ AAA+ domains:  
Proteobacteria  3 YQVLARKWRPQTFADVVGQEHVLTALANGLSL..GRIHHaYLFSGTRGVGKTSIARLLAKGLN(19)EQGR.FVDLIEIDAASRTKVEDTRD-LL.DNVQYAPARG-RFKVYLIDEVHMLSRHSFNALLKTLEEPPEHVKFLLATTDPQKLPVTILSRCLQFHLKALDVEQIRHQLEHILNEEHIAQEPRALQLLARAAEGSLRDALSLTDQAIASGD 229* 
Actinobacteria  3 YQVLARKWRPQSFEALVGQSHVLKALSNALNQ..GRLHHaYLLTGTRGVGKTTIARILARCFN(19)NEGR.SVDLIEVDAASRTKVEDTRE-LL.DNVQYAPTQS-RYKIYLIDEVHMLSNHSFNALLKTLEEPPPHVVFLFATTHPQKIPPTVLSRCLQFHLKNLTADLIVEHLKVVFDAESVDYDDEGLWAIARAGQGSMRDSLSLSDQAIAFGG 229 
Firmicutes  3 YQVLARKYRPKNFAELVGQEHVARALSNALIQ..NRLHHaYLFTGTRGVGKTTIARILAKCLN(19)NQGR.YIDLIEIDAASNTGVDDVRE-VI.ENAQYMPSRG-QYKVYLIDEVHMLSKAAFNALLKTLEEPPAHVKFLLATTDPQKIPVTVLSRCLQFALKPMSPERVVTHLQSVLQQETINFEMGALWELGRAANGSMRDALSLTDQAIAFGQ 229 
Chloroflexi  17 -QALYRKWRSQTFDEIVGQEHVTRTLKNALRA..GRIGHaYLFTGPRGTGKTSTARILAKAVN(19)AEGH.SLDLIEIDAASNTSVDDIRD-LR.EKVGFAPAEG-RFKVYIIDEVHMLSNSAFNALLKTLEEPPAHVIFVLATTEVHKVPATVLSRCQRFDFQRIPVEKIRAHLAYILDAEGVAYEPDALDIVARQATGSLRDALSLLDQLLASGG 242 
Nitrospirae  3 YQVSARKYRPGTFVDVIGQPHVVQTLMNAVDT..KRIAHaYLFSGTRGVGKTTVARILAKALN(19)TQGN.SVDVIEIDGASNTSVDDVRE-IR.ENVKFTPFRG-QYRVYIIDEVHMLSNSAFNALLKTLEEPPPHVVFIFATTEIHKIPATILSRCQHYNFRRIARAEIIERLRHVADQDGLTIEPRSLTALARASEGSMRDALSLLDQAVAFGG 229 
Thermodesulfob  3 YLVLARKYRPQTFAEVVGQEHVVRTLKNAISQ..NRVAHaLLFSGIRGVGKTTIARILAKALN(19)TEGR.AVDVQEIDAASNRGIDEIRE-LR.ENVKFPPSRL-RTKVYIIDEAHMLTREAFNALLKTLEEPPPHVKFVLATTEPHKIPVTILSRCQRYDFRRLSFAKLVSFLAQVCDKENVSIEENALEIIAREAEGSVRDALSLLDQAISSGV 229 
Verrucomicrobi  3 YRVFARKYRPQTFDEVVGQEHITRTLQNAISS..GRVAQaYLFVGPRGIGKTSTARILAKALN(19)AEGR.SLDVLEIDGASNNGVENIRE-LR.DNAAYAPARG-PFKVYLIDEVHMLSAGAFNALLKTLEEPPEHVKFIFATTEAQKVPATITSRCQRFDLRRIPTESISAHLQDIARKENITMEPAAADAIARAAEGGLRDAESMLDQSVAFCG 229 
Lentisphaerae  3 YQVLARKWRPQTFADVVGQEHITQTLQNAISR..SRVGHaYLFVGPRGIGKTTSARIFAKALN(19)TAGS.ALDVIEIDGASHNKVEDIRD-IR.DNVQYTPARS-RYKIYIIDEVHMLSPAAWNALLKTLEEPPAHVKFLFATTEPHKVLPTILSRCQRFDLKRIPVSLIAKSLRRIADAEKVRIDDRALAAIARAADGGMRDAQSIFDQMISFCG 229 
Candidatus Lat  3 YLVLARKWRPQRFSDVIGQDHVVNTLKKAVEK..GRLAHaYLFAGPRGCGKTTTARLLAKVIN(19)NEGR.HLDVIEIDGASNRGIDEIRD-LR.ERIGYAPSQG-KSKIYIIDEVHMLTPQAFNALLKTLEEPPPHVYLIFATTEPQKVPATILSRCQRFNFKRLELSELVGQLEKICKEEKIDYEHDALVLLSRRAEGSMRDAESLLDQCISASE 229 
Planctomycetes  17 YTVVARRYRPQQFSELIGQEHVAGALVNALKS..GRVAHaYLFTGARGVGKTSAARILAKALN(21)MTGD.DVDVLEIDGASNNKVEEVRD-LR.QNVGFRPARG-RYKIYIIDEVHMLSTSAFNALLKTLEEPPEHVKFILATTEVQKIPITILSRCQRFDFAHVGPGKIFEQLKRIVEREGHQADDDALRLVARRAAGSMRDSQSLLDQLLASSS 245 
Caldiserica  3 YIALYRKYRPQTFDEVVEQDAVVKVLRAELKQ..KKVSHaYLFAGPKGSGKTTIARIFAKGLN(19)TNGT.SLDVIEIDAASNRGIDEIRS-LK.EHVQYVPVNS-KYKVYIIDEAHMLTPQAFNALLKTLEEPPQNVVFILATTEADKIPPTISSRCERLYFKPISIKRLSKKIKEVAQSEDVQITDAASELIARASSGSLRNALSLLEQVITVSN 229 
position     .   10    .   20    .   30      .   40    .   50    .   60         .    90    .  100    .    110    .   120    .  130    .  140    .  150    .  160    .  170    .  180    .  190    .  200    .  210    .  220    . 
3GLF_B 3 YQVLARKWRPQTFADVVGQEHVLTALANGLSL..GRIHHaYLFSGTRGVGKTSIARLLAKGLN(19)EQGR.FVDLIEIDAASRTKVEDTRD-LL.DNVQYAPARG-RFKVYLIDEVHMLSRHSFNALLKTLEEPPEHVKFLLATTDPQKLPVTILSRCLQFHLKALDVEQIRHQLEHILNEEHIAQEPRALQLLARAAEGSLRDALSLTDQAIASGD 229 
secondary structure      HHHH            HHHHHHHHHHHH        EEEEE      HHHHHHHHHHHHH            EEEEE      HHHHHH H  HH           EEEEEE      HHHHHHHHHHHH     EEEEEE        HHHH   EEEE     HHHHHHHHHHHHHH      HHHHHHHHHH    HHHHHHHHHHHHHH   
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                                                                                   _                                                                                                                                                                                                                             _                                                                                                                                                                                                                             _                                                                                                                                                                                                                             _                                                                                                                                                                                                                             _                                                                                                                                                                                                                             _                                                                                                                                                                                                                             _                                                                                                                                                                                                                             _   _                                                                                                                                                                                                                         _   _                                                                                                                                                                                                                         _   _                                                                                                                                                                                                                         _   _                                                               _                                                                                                                                                         _   _                                                               _                                                                                                                                                         _ _ _                                                               _                                                                                                                               _                         _ _ _                                                               _                                                         _                                                                     _                         _ _ _                                                               _                                                         _                                                                     _                         _ _ _                                                               _                                                         _                                                                     _                         _ _ _                                                               _                                                         _                                                                     _                         _ _ _                                          _                    _                                                         _                                                                     _                         _ _ _                                          _                    _                                                         _                                                                     _                         _ _ _                                          _                    _                                                         _                                                                     _                         _ _ _                                          _                    _                                                         _                                                                     _                         _ ___                                          _                    _                                                         _                                                                     _                         _ ___                                          _                    _                                                         _                                                                     _                         _ ___                                          _                    _                                                         _                                                                     _                         _ ___                                          _                    _                                                         _                                                                     _                         _ ___                                          _                    _                                                         _                                                                     _                         _ ___                                   _      _                    _                                                         _                                                                     _                         _ ___                                   __     _                    _                                                         _                                                                     _                         _ ___                                   __     _                    _                                                         _                                                                     _                         _ ___                                   __     _                    _                                                         _                                                                     _                         _ ___                                   __     _                    _                                                         _                                                                     _                         _ ___                                   __     _                    _                                                         _                                                                     _                         _ ___                                 _ __     _                    _                                                         _                                                                     _                         _ ___                                 _ __     _                    _                                                         __                                                                    _    _                    _ ____                                _ __     _                    _                                                         __                                                                    _    _                    _ ____                                _ __     _                    _                                                         __                                                                    _    _                    _ ____                                _ __     _                    _                                                         __                                                                    _    _                    _ ____                                _ __     _                    _                                                         __                         _                                          _    _                    _ ____                                _ __     _                  _ _                                                         __                         _                                          _    _                    _ ____                                _ __     _                  _ _                                                         __                         _                                          _    _                    _ ____                                _ __     _                  _ _                                                         __                         _                                          _    _                    _ ____                                _ __     _                  _ _                                                         __                         _                                          _    _                    _ ____                                _ __     _                  _ _                                                         __                         _                                          _    _                    _ ____                                _ __     _                  _ _                                                         __                        __                                          _    _                    _ ____                                _ __     _                  _ _                                                         __                        __                                          _    _                    _ ____                                _ __     _                  _ __  _                                _                    __                        __                                          _    _                    _ ____                                _ __     _                  _ __  _                                _                    __                        ___                                    _    _   __     _              _ ____                                _ __     _                  _ __  _                                _                    __                        ___                                    _    _   __     _              _ ____                                _ __     _                  _ __  _           _                    _                    __                        ___                                    _    _   __     _              _ ____                                _ __     _                  _ __  _           _                    _                    __                        ___                                    _    _   __     _              _ ____                                _ __     _                  _ __  _           _                    _                    __                
γ vs δ’          ●●●                                    ●    ●   ●●     ●              ● ●●●●                                ● ●●     ●                  ● ●●  ●           ●                    ●                    ●●               
3GLF_B  3 YQVLARKWRPQTFADVVGQEHVLTALANGLSL..GRIHHaYLFSGTRGVGKTSIARLLAKGLN(19)EQGR.FVDLIEIDAASRTKVEDTRD-LL.DNVQYAPARG-RFKVYLIDEVHMLSRHSFNALLKTLEEPPEHVKFLLATTDPQKLPVTILSRCLQFHLKALDVEQIRHQLEHILNEEHIAQEPRALQLLARAAEGSLRDALSLTDQAIASGD 229* 
OUW33501.1  3 YQVLARKWRPQSFEALVGQSHVLKALSNALNQ..GRLHHaYLLTGTRGVGKTTIARILARCFN(19)NEGR.SVDLIEVDAASRTKVEDTRE-LL.DNVQYAPTQS-RYKIYLIDEVHMLSNHSFNALLKTLEEPPPHVVFLFATTHPQKIPPTVLSRCLQFHLKNLTADLIVEHLKVVFDAESVDYDDEGLWAIARAGQGSMRDSLSLSDQAIAFGG 229 
WP_107866347.1  3 YQVLARKYRPKNFAELVGQEHVARALSNALIQ..NRLHHaYLFTGTRGVGKTTIARILAKCLN(19)NQGR.YIDLIEIDAASNTGVDDVRE-VI.ENAQYMPSRG-QYKVYLIDEVHMLSKAAFNALLKTLEEPPAHVKFLLATTDPQKIPVTVLSRCLQFALKPMSPERVVTHLQSVLQQETINFEMGALWELGRAANGSMRDALSLTDQAIAFGQ 229 
WP_082373856.1  17 -QALYRKWRSQTFDEIVGQEHVTRTLKNALRA..GRIGHaYLFTGPRGTGKTSTARILAKAVN(19)AEGH.SLDLIEIDAASNTSVDDIRD-LR.EKVGFAPAEG-RFKVYIIDEVHMLSNSAFNALLKTLEEPPAHVIFVLATTEVHKVPATVLSRCQRFDFQRIPVEKIRAHLAYILDAEGVAYEPDALDIVARQATGSLRDALSLLDQLLASGG 242 
WP_053378102.1  3 YQVSARKYRPGTFVDVIGQPHVVQTLMNAVDT..KRIAHaYLFSGTRGVGKTTVARILAKALN(19)TQGN.SVDVIEIDGASNTSVDDVRE-IR.ENVKFTPFRG-QYRVYIIDEVHMLSNSAFNALLKTLEEPPPHVVFIFATTEIHKIPATILSRCQHYNFRRIARAEIIERLRHVADQDGLTIEPRSLTALARASEGSMRDALSLLDQAVAFGG 229 
WP_022852603.1  3 YLVLARKYRPQTFAEVVGQEHVVRTLKNAISQ..NRVAHaLLFSGIRGVGKTTIARILAKALN(19)TEGR.AVDVQEIDAASNRGIDEIRE-LR.ENVKFPPSRL-RTKVYIIDEAHMLTREAFNALLKTLEEPPPHVKFVLATTEPHKIPVTILSRCQRYDFRRLSFAKLVSFLAQVCDKENVSIEENALEIIAREAEGSVRDALSLLDQAISSGV 229 
WP_075079870.1  3 YRVFARKYRPQTFDEVVGQEHITRTLQNAISS..GRVAQaYLFVGPRGIGKTSTARILAKALN(19)AEGR.SLDVLEIDGASNNGVENIRE-LR.DNAAYAPARG-PFKVYLIDEVHMLSAGAFNALLKTLEEPPEHVKFIFATTEAQKVPATITSRCQRFDLRRIPTESISAHLQDIARKENITMEPAAADAIARAAEGGLRDAESMLDQSVAFCG 229 
OGV79720.1  3 YQVLARKWRPQTFADVVGQEHITQTLQNAISR..SRVGHaYLFVGPRGIGKTTSARIFAKALN(19)TAGS.ALDVIEIDGASHNKVEDIRD-IR.DNVQYTPARS-RYKIYIIDEVHMLSPAAWNALLKTLEEPPAHVKFLFATTEPHKVLPTILSRCQRFDLKRIPVSLIAKSLRRIADAEKVRIDDRALAAIARAADGGMRDAQSIFDQMISFCG 229 
OQX85111.1  3 YLVLARKWRPQRFSDVIGQDHVVNTLKKAVEK..GRLAHaYLFAGPRGCGKTTTARLLAKVIN(19)NEGR.HLDVIEIDGASNRGIDEIRD-LR.ERIGYAPSQG-KSKIYIIDEVHMLTPQAFNALLKTLEEPPPHVYLIFATTEPQKVPATILSRCQRFNFKRLELSELVGQLEKICKEEKIDYEHDALVLLSRRAEGSMRDAESLLDQCISASE 229 
WP_010039885.1  17 YTVVARRYRPQQFSELIGQEHVAGALVNALKS..GRVAHaYLFTGARGVGKTSAARILAKALN(21)MTGD.DVDVLEIDGASNNKVEEVRD-LR.QNVGFRPARG-RYKIYIIDEVHMLSTSAFNALLKTLEEPPEHVKFILATTEVQKIPITILSRCQRFDFAHVGPGKIFEQLKRIVEREGHQADDDALRLVARRAAGSMRDSQSLLDQLLASSS 245 
WP_014453368.1  3 YIALYRKYRPQTFDEVVEQDAVVKVLRAELKQ..KKVSHaYLFAGPKGSGKTTIARIFAKGLN(19)TNGT.SLDVIEIDAASNRGIDEIRS-LK.EHVQYVPVNS-KYKVYIIDEAHMLTPQAFNALLKTLEEPPQNVVFILATTEADKIPPTISSRCERLYFKPISIKRLSKKIKEVAQSEDVQITDAASELIARASSGSLRNALSLLEQVITVSN 229 
γ subunits (8423):   YQALARKWRPQSFADVVGQDAVTTALSNAVAS  GKVAQ YLFCGTRGTGKTSAAKIFAKAVN    AAGS SVDVVEIDGASNTGVDNVRDNIR DNAQYAPASGGKYKVYIIDEAHMLSTGAFNAFLKTLEEPPAHAKFVFATTDIEKVLATVRSRCQQYNFKKVSVADIAARLAKVCDAEGVSASDAAIALVAQAGDGGVRDAESILDQASAYGG  
     LV YL Y  RK EELI  EHIVRT R SLKQ  DRLPH F LT P  V   TL RLL RSL     DESR FM LL M A  HRKIEEI EVLL ERIRFP VRSFRF IFL   V   TKQS   L        PYVI IL   EPH LPP IL  TLHFDLRRLPPEEMIKH RRILKK KLKIEPEVLK L RLSE SM  SL L E LLLLSE  
     I        KN D I       K  K  IEN  N IH     S         I   I   I     NN N HL II L    RNS  D   E I  KVK S TEAD               E             E  V       LQ I I  I    R     IT D LVE  K  AEQ NIEVDED  E I K A   L         VISFAD  
wt_res_freqs (732):  73373772993181344992142118166111  32231 78819189499941917296418    1162 31851959199536661292423 32215391231368677899198862178991997899992613913899211831192199771216311211251127112111832111216115171313911997172777313122  
    14 41 6  11 1432  443325 1 1321  15217 1 13 5  3   51 814 115     1212 11 11 1 8  1213225 4161 511221 112141 321   7   3211   8        1163 76   643 271 74  11164334111221112 116222 1112412171 1 4122 63  16 5 1 211121  
    1        11 2 1       1  2  411  2 31     3         1   1   1     11 1 12 14 1    121  5   1 2  141 1 2111               1             2  2       12 3 1  2    4     41 1 221  2  311 2411222  1 6 1 5   2         232211  
δ’ subunits (12309):   FSDAAGAPHPSETADYVGQDAAKAQFQAAAAA  GKVAH WIFSGPAGSGKAAAARAFAAAIN    AAGS HPDFHFVAPDGSIGVDDVRAGVQ EAASLSAQEGGRRKVAVVDEADALTEAAANALLKTIEEPPGGAYFFLTASSLGAVLATIRSRCQRVRFAPLSDAAAAAALAAAGADEGGGAAAAAAAAAAAAAGGAIGAARALADDDAAAAA  
    MMLLPAV MMRVFDRLPWLPRLIRRLLRSLRK  DRLP  LLLT  P L RLEL LRL R LL    LS N    LLLLE PKLLRIEQI ELLL RFLI PPFQS YYRIILLEP ERMNVQSQ S   LL    PRVLLL LTPQPERLPP LL   RLL LP PPPEQLLQW KQLLPRAQ VLEPLELLLLLRLSQ DPLL LR LQ EELRLR  
     KEIE       WSEII HQKIVK  RQ IKQ  N IH  Y I   E I  RTF     K       E  T    I IIS EE  K  E  DKII KKV  KSY A  W  VII D  K   E S     I     EDTIII ISHN DQI    V    II  R  DEDEIEE  QE VRED    DEED E I S    NL R IE  E   FEE   
wt_res_freqs (2676):  41111434252111211641121111113111  31116 11419418185111813371211    1231 76711121512161341271111 11122111343215612121741321176968994199951111418121111117197499741213133211111117111111112111111311231131511216114212111111  
   2112111 123332132211111116111211  1442  2721  1 1 1113 213 1 64    11 2    21121 111113234 2231 1131 13111 113211121 32541111 1   17    111113 2311312515 11   212 31 311211112 11111111 111111111221321 1211 21 21 111112  
    1112       21122 211111  11 211  1 12  3 1   1 2  111     1       1  1    1 121 31  2  1  1121 111  221 1  3  355 2  1   1 1     1     114124 2211 111    1    12  1  1112211  11 1111    1121 1 1 1    11 1 11  1   111   
position     .   10    .   20    .   30      .   40    .   50    .   60         .    90    .  100    .    110    .   120    .  130    .  140    .  150    .  160    .  170    .  180    .  190    .  200    .  210    .  220    . 
3GLF_B 3 YQVLARKWRPQTFADVVGQEHVLTALANGLSL..GRIHHaYLFSGTRGVGKTSIARLLAKGLN(19)EQGR.FVDLIEIDAASRTKVEDTRD-LL.DNVQYAPARG-RFKVYLIDEVHMLSRHSFNALLKTLEEPPEHVKFLLATTDPQKLPVTILSRCLQFHLKALDVEQIRHQLEHILNEEHIAQEPRALQLLARAAEGSLRDALSLTDQAIASGD 229 
secondary structure      HHHH            HHHHHHHHHHHH        EEEEE      HHHHHHHHHHHHH            EEEEE      HHHHHH H  HH           EEEEEE      HHHHHHHHHHHH     EEEEEE        HHHH   EEEE     HHHHHHHHHHHHHH      HHHHHHHHHH    HHHHHHHHHHHHHH   
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same representative set of γ proteins (in panels A-E) and of δ’ proteins (in panels A-C).  Residues are highlighted to indicate 
amino acid biochemical properties based on the following color code: red font with yellow highlight, non-polar (AVILMWFY) ; 
blue font with yellow highlight, cysteine (C); red, acidic (DE); cyan, basic (KR); magenta, polar (STNQ); green, glycine (G); 
blue, histidine (H); black, proline (P).  Non-conserved positions in panels A and D and non-pattern residues in panels B,C and E 
are shown in gray font.  The leftmost columns in panels B,C and E give the NCBI sequence identifiers; these are colored the 
same as the residue sidechains in Figure 9.1.  A. Alignment highlighting all γ + δ’ conserved residues.  Those sequences above 
the line within the alignment correspond to representative γ proteins from the (distinct) phyla denoted in the leftmost column; the 
first sequence corresponds to the E. coli γ subunit (pdb_id: 3glfB). Those sequences below the line correspond to representative 
δ’ proteins from distinct phyla, the first sequence of which corrsponds to the E. coli δ’ subunit (pdb_id: 3glfE), which was used 
as the DARC query. The positions listed at the bottom correspond to the E. coli γ subunit.  B. BPPS contrast alignment showing 
the same sequences as in panel (a), but highlighting only those residues most distinctive of the AAA+ superfamily.  The heights 
of the red bars above each highlighted column estimate the selective pressure imposed on pattern residues at that position using a 
semi-logarithmic scale. Directly below the aligned sequences, the characteristic AAA+ residues at each position are shown and, 
directly below these, corresponding frequencies are given in integer tenths; a ‘7’, for example, indicates that the corresponding 
residue occurs in 70-80% of the 452,949 AAA+ sequences in the alignment.  Below this is shown the residue positions and 
sequence of the E. coli γ subunit (with the Thr 165 residue that was mutated to Val highlighted in red), and shown below these 
are predicted secondary structure elements (symbol: H, helix; E, strand), helix and strand designations, and AAA+ structural 
motifs (red font) and putative clamp binding loops C1 and C2 (green font). Secondary structure assignments were calculated for 
the E. coli γ subunit using DSSP {PMID 6667333}.  C. BPPS contrast using the same format as in panel B to highlight those 
residues that most distinguish γ and δ subunits from other AAA+ proteins.  D. DARC-generated alignment highlighting all 
residues conserved in γ.  E. DARC-generated alignment highlighting residues distinguishing γ subunits from δ’ subunits. A few 
of these are conserved in other catalytically active AAA+ ATPases; see panel B.   
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NOTES: 
 
RtcR bEBP: CARF relaces the receiver domain. 
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