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INTRODUCTION

The protein kinases form a large family of homologous proteins, with the
sequences of nearly 100 protein kinase catalytic domains available from
work in many laboratories (1). This family of proteins has considerable
medical interest (2, 3), as many of its members are encoded by oncogenes
and are therefore presumed to be intimately involved in the development of
cancers. Further, protein kinases are believed to provide the physiologically
relevant binding sites for tumor promoters. Finaily, kinases in healthy
organisms stand astride regulatory pathways important in metabolism at
all levels. Much remains to be learned about this fascinating family of
proteins. In particular, the three dimensional structure is not yet known
for the catalytic domain in any member of the family, information that
is a prerequisite for any analysis of the behavior of these proteins at a
molecular level.

Recently on these pages we outlined an approach for predicting the folded
structure of enzymes from the sequences of a set of aligned homologous
proteins (4, 5). This approach emerged as a logical consequence of two
chemical and evolutionary assumptions: (a) conformational instability is
an evolutionarily selected trait in natural proteins, and (b) the number
of conformationally stabilizing interactions available to a normal enzyme
is far greater than necessary to achieve the desired level of conformational
stability in the environment for which most enzymes are adapted.

These assumptions suggest that evenif rules (e.g., a ‘protein folding code’)
(6) were to exist that join constitution and conformation in proteins, globular

_proteins would have evolved to violate them to achieve the desired level of
_ instability, making it essentially impossible to predict a tertiary structure
_ from a single sequence using one of the ‘metalanguages’ that has emerged
__in the field over the past two decades to abstract the details of a folded
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polypeptide chain (7). While it is, of course, axiomatic in chemistry that the
conformation of any molecule can be predicted by a process that explicitly
evaluates the conformational energy of all conformational states, it seems
unlikely that computational power will increase sufficiently fast to make
direct computation of conformational energies of enzymes possible in the
near future.

This logic compelled us to develop an approach different from those
currently in use for modeling secondary and tertiary structure in proteins
(for a review of classical methods, see Fasman, Reference 7). Our approach
extracts information regarding the secondary, tertiary, and quaternary
structure of a protein from the pattern of conservation and divergence
in a set of its homologs, and is based on the well known fact that tertiary
structure diverges far more slowly than primary structure in homologous
proteins (8).

Our approach has the following features:

(a) Algorithms are designed to reflect the fact that sequence divergence
within a set of homologous proteins reflects two contrasting evolutionary
processes, natural selection and neutral drift.

(b) These algorithms assign positions in the alignment of homologous
proteins to the surface of the protein, to the interior, to parsing segments,
and to the active site.

(c) Different versions of these algorithms generate sets of structural
assignments with varying degrees of reliability, beginning with versions
that make a small number of highly reliable assignments and proceeding
to those that make larger numbers of assignments with lower reliability.

(d) Computer tools are used to assist the biological chemist in developing
an intuition for, and an organic chemical understanding of, the family of
proteins being examined. Secondary and tertiary structural modeling is,
however, done by the chemist himself, based on this understanding and
intuition, an approach similar to that used by a chemist to analyze the
conformation of much smaller organic molecules.

(e) Biological and biochemical information unique to the set of proteins
being considered is used to assist the modeling. The best structural modeling
is done by biological chemists who understand the biochemistry of the system
they are studying, and use what they know in the modeling effort.

Our approach has some precedence in the literature, in particular
recent work by Patthy (9), parts of the pattern matching approach
being explored by Cohen and others (10), and the very recent work
of Thornton, Sternberg, Blundell, and their co-workers. Nevertheless,
several aspects of the approach remain controversial. In particular, it is
the goal of many biochemists to obtain a distributable computer program
that will automatically generate a secondary (or, ideally, a tertiary) model
of the protein, and it is often suggested that this is the only acceptable
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goal of research in this area. We believe that this goal is unrealistic given
the present state of knowledge and plausible assumptions about how this
knowledge is likely to develop in the near future. Further, we have been
especially deterred from pursuing this goal by the knowledge that it has not
yet been attained for the conformational analysis of much smaller molecules
in aqueous solution.

Our approach has been tested on alignments of proteins with known
crystal structures, where its performance has been satisfactory. The surface
and interior algorithms, for example, make assignments that are well over
90% accurate, with the accuracy increasing with increasing number of
aligned sequences (4, 5).

These assignments often allow an experienced biological chemist to
identify regions of secondary structure within a protein; the identification
of surface helices and internal beta strands is most successful. Secondary
structural predictions based on the assignments typically identify better
than 90% of the secondary structural units in a protein, with the
residue-by-residue assignments of secondary structure correct over 70%
of the time. The principal shortcomings of our approach are occasional
misassignments of surface beta strands as surface coils (and vice versa),

difficulties in assigning a conformation to strings near the active site (where

functional conservation and adaptive variation often obscure patterns of
conservation and variation that might otherwise indicate a particular
secondary structure), and difficulties defining precisely the beginnings
and ends of the secondary structural elements. As homologous proteins
have similar, but not identical structures, it is likely that these results are
close to being the best that can be obtained using a method based on a
comparison of homologous sequences.

If the secondary structural units form a recognizable supersecondary
pattern, or fall into a particular taxonomical class of protein fold (11), or
if a small number (3-5) of distance constraints are available (for example,
from disulfide bonds or chemical modification studies), a medium resolution
tertiary structure can often be proposed for the enzymes in question. For
example, a medium resolution structure of ribonuclease A (RNase) can be
built from an alignment of fewer than 40 proteins using this approach.

It is difficult, of course, to evaluate the generality of our approach by
applying it to the ‘prediction’ of the conformation of a family of proteins
when a crystallographic analysis is already available for one member of the
family. Knowledge of a structure will almost certainly influence a human
biochemist attempting to build a model of a structure. There are three ways
in which this difficulty might be overcome. First, one might implement a

fully computational ‘expert system’ which reproduces the understanding
and intuition of the biological chemist. This is, of course, challenging.
' Second, one may teach the approach to students to learn whether they
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the absence of knowledge about a specific protein’s structure

reproduce the structural prediction made by the biological chemist. This
attempt has been under way at the E.T.H. for several years with some
success. Finally, one might attempt a true prediction, to build secondary and
tertiary structural models for proteins where no member of the homologous
family has been studied crystallographically. This is the approach that is the
focus of this paper.

To test our approach requires a protein family that meets three criteria:
(a) there are at least 10 alignable sequences that are satisfactorily distributed
over an evolutionary tree; (b) no crystal structure is presently available for
any member of the family; and (c) a crystal structure of a member of the
family is likely to become available in the not-too-distant future.

The first criterion is more than adequately met by the protein kinase
family introduced in the first paragraph of this paper. An alignment of 79
sequences of homologous protein kinases (Fig. 1) displays the full range of
sequence divergence required by our approach. This is more than twice the
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FIG. 1. Alignment of family of homologs of protein kinase C.
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T IMMMLLLL VVYYVIV LILL LGLMA VDYFGMIV CCCCPTT CCCCCCCCEC CCCCCC CCC CCCCCCCC ARAC
MMMMMMMM» 5S$SSSSS TTSSSSS SSSS DEDES SHSSQDSS PPPPGGG PPPPPPPPPA PPPPPP TTS PPPPPTPP SPPS
SSSSEEPPK KKKKRKRK PPDDDDN PSII PEEEE PYKSGIRS KKKKQKK EEAIDEEEDK EPPDDE IIL EDDDDEPD DKAE
DDDDDDDDN EEEEEEEE EETTEDL GAEE RDNSY EWEDGDEE AARARIT SSSSEEEENE KESAAD DDD RMFDDKEP ENEE
LLLLVVVAA ARAAAAAA AAVVAAR AAVV GAGGA ACMALVIC MMMMLLL LLLLLLLLII VVVVVV VVI VLLLILVL IIMM
KKKKKKVOA VVVVVVVK KKKKKKK AQII IILAL LETQDENQ KRRRGQQ HHYHYYYYYY YYYFEY YYY TFRWRYYY YYYY
DDDDDDDDN SAABASAE DNDDDDD GDSS DEDQD DODDRYSH RRRRONN DEEEDQHNQD EDRRRR MMC DEKNDSAE ESDR
LLLLLLLLL IITIIITA LLLLFFF LLLL LLLLF FVFFVLLL LLLLVIN LLALILLILV LLLLLL IIT LLLLLLIV IIIL
TLLLLLLLI CCCCCCCC IIVWVIL ILLL LLLLM LLVVVVLT VLLLIIV MMMMMMMLM MMM MML MIMMMIMM MMMM
RRRRSSSKK KKKKKKKK NNSSSSD KHST DSSLC DENSECNK ASSTQQQ CNEIKRMMEK RRLEEQ VVL RRQTTLRL QOKL
NNNNRRKKK GGGGGGGG KQRRNNR RRKR KAKEG KQRLWKRW DDDDRSS QLQHMLLRQL AQQQOR KKS MMRORLGK KATQ
LLLLLLLLL LLLLFLFF MMFFLLL MMMM LMMMM LCCCMATC CCCCCCC CCTCCCCCCC CCecee ¢Ce cceecece cece
LLLLIIIIC MIMMIMLL LLLLILL LLLI LLLLL LECLLLFL VLLLWWW WAWWWWWWWW WAWWWH WHW WWWWWWAW  WWWW
COQOTTTTR TTTTTTTIT TIVVVKT IDVV AVITT REIQSTDS KKKKREE RKRKKKKKDS QONARE MMH QQHAARQH EADK
VVVVRRARD KKKKKKKK ITVVKKV VVVV YYYFM YMKKPFRL KFFFPAA KKLKEEENAH WWWYYY IIL FYHQQTRP ELAQ
DDDDDDDDN HHHHEHHQ NNQQEDD NNDD DDDNN DDNIEDNR VQQQSRR EDDDKRRRVG NDSEED DDD NNREDDEK KEDE
LLLLLLLLP PPEPPPPPP PPPPQMP PPPP PPPPP HPEPPGPP KRRRARA PPPPPPPPPP PAPPPP ASA PPSPPPPA FEPP
TTPTSSTSS GGGGRAGN SAQQOGKG LSKL IARHQ VQRERAKS EEEFALL EDEEEEEEEE STSGGR DEA NKSDHWQE ETLD
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304 267 KKKKQOREE KKKKKKKK KKKOASA NTRR NHKKK DKERNLTD EEEEQQQ EEEEEDDEKE DDDQQR SCM MMAQNEQM THKK
305 268 RRR R RRRR RRRRR RRRRRRR R RRRRRR RRR RRRRRRRR RRRR
306 269 FFFFLLILL LLLLLLLL IIYCMLM IIAA IIIIW LSSPPPIP PPPPPPP PPPPPPPPPP PPPPPP PPP PPPPPPPP PPPP
307 270 GGGGEGGEEE GEEGEEEE TTTSSNT STTT SSSST TSSTTSTS LLLLSGG TTTTTTTTTA STRSSS KRT TSSTTSSS PITV
308 271 NNNNNNNNN CCCCSCSC AAAAACA IILL AAGAA ARIYIALF FFFFARA FFFFFFFFFF FFFFFF FFF FFFPFFIF FFFP
309 272 LLLLLLLLL GGGGGGGG AHEFATL HPKK RKKFV REHADAPE PPPPREE EEEEDDDEER AKRSSG RRK LLLHFRKS SQKA
310 273 KKKKQQQOK PPPPPPPS EEEEQQQ EEQN RRMRQ EDEAQEEE QQQOLLL YYYYYYYYFV ESDTAA EEQ EEDRYRDE QQOD
311 274 DONNNNDNN EEEEDEDS AARACCA IFVV AAAAC ALLLILLI IIIILLL LILLLLLILL IIITIV LLL IIIIICVL LIII
312 275 GGGGEGGGGE GGGGGEGG LLLLLLL MFVV ALLLL MLLTLLSR LLLLLOQ QQQQQRRQNM HEHYYH IVT VIIQQYHV VCVS
313 276 VVVVITTSSV EEEEEEEE KKAAAQR QSEE IQNQE AKHEACTN SAARVRK ASSSSSSSHD QHFQQQ IST NSADHNAS LSQK
314 277 NNSSEEREK RRRRPRPE —wwwm=—= === meees oo T--- STTTDDD FFFFVVVVYQ AANEED EEV LSYQKTRR LFLD
315 278 DDDDDDDDD DORDTDTD —=mmemm wemm —mom= ] Dw= IITILLL LLLLLLLLFL FLLLLL FFF LILLLLLI LLIL
316 279 IIIIVVIVI VIIIIVIV weommmme mesee woo—e - e
317 280 KKKKKKKKQ RKKKRRRR m—w=me== —==m meee —— ———
318 281 NNTTNNANK EEDEAEAL w==m=== mmem e B ——— ————
319 282 HHEHHHHHH HHHHHHHH HHHHHHH DHHH HQHHS HTHHELLH EEEETKK EEEEDEDDEA EEEQQI SSA KKEQQHQS EQEE
320 283 KKKKPPPPKX AAAAGAGP PEPPPPP DPHP PNPSD PPDPVPVP LLLLSAA DDDDDDDDSL THNSSA KRE DEPLEAAA REKK
321 284 WAWWWWWWW FFFFEFEE WWEFWWW WEWW YYYYY YFLWCLSW LLLLLFF YYYYFFFFFV MMLIIT MME DEQFIILI LOQM
322 285 FFFFFFFFF FEFFFFFS IVFFLLV FLMM FLFLF FPILWENM QQQQKRR FFFFYFFYSA FFIRRR ARA LMCRRSAF LAIM
323 286 AAAAKKSNE RRRRRRRR SCOQNQV KMVN QRNHK LNMVVQCQ HRRRAGG TTTTTTTTTQ QQSKKK RRR HEPNHTQS GQSV
324 287 TTTTEEEEG RYYYWRNR HQQENKS VGRR EDDKE PEKKEQKG SSSSEAAR SASAAAARATT EVSRRR DDD PPNFSDAT EEEK
325 288 TTTTVVVVF IIIIIIII RRYYLDM DCGG SFLDL ILYYMKND LLLLLLL TTATTTTTSL PPP SGSFPLPF GDSR
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FIG. 1. The alignment of the sequences of the catalytic subunits of 79 protein kinase
homologs, derived from the alignment published by Hanks et al. (1). The first column
contains the position numbers in the alignments, and all references in the text refer to these
numbers. The second column contains the sequence number of the B-catalytic chain from
porcine kidney EC 2.7.1.37, presumed to be the protein for which a crystal structure will
shortly become available. The remaining 12 columns arrange sequences vertically according
to functional subfamilies designated below.

Functional subfamilies 1-7: Protein serine/threonine kinase homologues.

Functional subfamily 1: Cyclic nucleotide dependent subfamily (MPI = 50%). cAMP
dependent protein kinases: bovine (a form), mouse (« form), bovine (8 form), mouse
(B form), Saccharomyces cerevisiae (RAS suppressor), S. cerevisiae (type 1), S. cerevisiae
(type 2), S. cerevisine (type 3); cGMP dependent protein kinase: bovine. Functional
subfamily 2: Calcium-phospholipid dependent subfamily (MPI = 80%). Protein kinase
C: bovine (« form), bovine (8 form), rabbit («f forms), rat, bovine (y form), rabbit
(v form), rat, Drosophila melanogaster (related gene product). Functional subfamily 3:
Calcium—calmodulin dependent subfamily (MPI = 45%). Protein kinases type IL: rat («
subunit), rat (p subunit); phosphorylase kinases: rabbit (y subunit), mouse; myosin light
chain kinases: rabbit (skeletal muscle), chicken (smooth muscle); Putative protein serine
kinase: human. Functional subfamily 4: SNF1 subfamily (as in alignment by Hanks et al.
(1988)) (MP1 = 50%). Functional subfamily 5: CDC28-cdc2+ subfamily (as in alignment
by Hanks et al. (1988)) (MPI = 45%). Functional subfamily 6: Casein kinase subfamily,
STE7 subfamily, and family members with no close relatives (as in alignment by Hanks
et al. (1988)) (MPI = 30%). Functional subfamily 7: Raf-Mos proto-oncogene subfamily
(MPI = 35%) cellular homologs of oncogene products: human (Raf), human (A-Raf),

human (PKS), mouse (A-Raf), human (Mos), mouse (Mos), rat (Mos).

Functional subfamilies 8-12: Protein tyrosine kinase homologues.

Functional subfamily 8: Src subfamily (MPI = 60%). Cellular homologues of viral oncogene
products: human (Src), human (Yes), human (Fgr); putative protein tyrosine kinases:
human (FYN), human (LYN); lymphoid cell protein tyrosine kinases: human, mouse;
hematopoietic cell putative protein tyrosine kinase: human; gene products related to Src:
D. melanogaster (Dsrc64), D. melanogaster (Dsrc28). Functional subfamily 9: Abl subfamily
(MPI = 50%). Cellular homologs of viral oncogene product: human (Abl); gene products
related to Abl: D. melanogaster, C. elegans; cellular homologs of viral oncogene products:
human (Fes/Fps), feline (Fes/Fps), chicken (Fes/Fps). Functional subfamily 10: Epidermal
growth factor receptor subfamily (as in alignment by Hanks et al. (1988) (MPI = 65%).
Functional subfamily 11: Insulin receptor subfamily (MPI = 50%). Insulin receptor: human;
insulin-like growth factor 1 receptor: human; gene product related to INS.R: D. melanogaster;
cellular homolog of viral oncogene products: human (Ros), chicken (Ros); gene product
of the ‘sevenless gene’: D. melanogaster; oncogene products: human (TRK), human (MET).
Functional subfamily 12: Platelet derived growth factor receptor subfamily (as in alignment

by Hanks et al. (1988)) (MPI = 55%).
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number of sequences that are needed to model known structures, Ew.ﬁ_ﬁsm
that a satisfactory number of structural assignments can be made with the
most reliable versions of the algorithms that we have agﬁowwa. Indeed,
the large number of alignable sequences has proven to do a Bmmmwmimmm
in our hands. Most of our computer programs were originally written to
handle alignments of fewer than 25 proteins; Eomw have r.ma to be rewritten
to handle the alignment of protein kinase catalytic domains.

Further, no crystal structure is as yet m<mmm_&.o for any member of the
family. However, crystals of the catalytic domain of a cAMP-dependent
protein kinase were reported in 1985 (12).

Attempting to predict an unknown structure places our m@@ﬁomnw at
maximum possible risk, and we appreciate the extent to which this
manuscript will (and should) be viewed as a test .oH, the BQEO@ mba
our ability to apply it. One obvious disadvantage with a true @Hw&oﬁoz
is, of course, that the timing must be nearly perfect. A structure E@&o:o:
made far in advance of a crystal structure is uninteresting because it cannot
be critically tested. A structural prediction Emﬁ mo_:.uém“ even m.roﬂ&: a
crystallographic model of a protein, is also c:.wsﬁnﬂmm:smu as it might have
been influenced by the experimentally determined structure. .

We have recently learned that crystallographic work on the omﬂm._wao
domain of the cAMP-dependent protein kinase has progressed Sm_&u\v
so rapidly in fact that a chain tracing for the protein may vo m<w;m§o
before the end of the year (Susan Taylor, personal communication, .?S
20, 1990). Therefore, we have hastened to document here the ?a%o:omm
that the method makes with respect to the folded structure of the protein
kinase family. In some sense, this QOo:EmEmmo.m is @Hoﬂmgamw we rm.:\@
not yet been able to complete an analysis that might provide a convincing
argument for a single assemblage of secondary structural elements into a
unique tertiary structure. .

Nevertheless, we are able at this time to suggest a small set of
supersecondary structures and arrangements of Smmm into a mwog.:mm form
using our method, and these can be compared with the experimentally
determined structure when it becomes available. .

Further, the timing has forced us to make several compromises. In
particular, the absence of a full set of computer programs for handling a
Jarge alignment has made it difficult to explore all aspects of our wwmuomor
for predicting a structure of protein kinase. 29\3.928? we believe that
the surface, interior, and secondary structural mmmme._BmEm Hﬂ.x.ima here
are sufficiently well developed to provide an interesting and critical test of
our approach. . . o

Further, we have no experimental experience é:w protein w:‘_mm.mm.v
and therefore do not have a biochemist’s understanding of this family.
Therefore, we have been unable to exploit completely feature (e) of
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our approach (vide supra). This means that we have undoubtedly made
some errors in our analysis and overlooked some avenues for refining our
structural modeling that would be obvious to those having experience with
this system. Nevertheless, we believe that the exercise has been useful. At
the very least, it provides a ‘worked example’ illustrating how we believe
that our approach should be applied to predicting protein conformations.
Further, should the crystal structure of a member of the protein kinase
family not be immediately forthcoming, we will have the opportunity to
learn more, and possibly refine the model presented here further.

It is worth noting at this point that several groups have attempted to
predict the folded structure of the catalytic domain of protein kinases
using other approaches. For example, a prediction by Shoji et al. using a
Chou-Fasman algorithm found three regions of the catalytic domain with
different secondary structures, the first (positions 1-98 in the alignment
discussed here) being highly (79%) helical, the second consisting of 3
‘subdomains’ (positions 99-146, 147-188, and 189-251) each consisting of
a beta strand followed by two alpha helices and separated by two beta turns,
and the third (252-end) being highly aperiodic (only 18% alpha helix and
20% beta strand) (13). Other predictive work has focused on the fact that
the amino terminal portion of the domain has the sequence GXGXXG, a
sequence that is conserved in most members of the family. Such a sequence is
also found in the ‘Rossmann fold’, and a-B-o supersecondary structural unit
that is present in several proteins that bind nucleotides and dinucleotides.
Thus, several authors have suggested that this supersecondary structural
unit will be found in the catalytic domains of protein kinases (3).

The hypothesis that protein kinases contain a Rossmann fold was
especially attractive to us, as a key element of our strategy for predicting
tertiary structure is to find evidence in a secondary structural prediction
that a protein belongs to a particular taxonomical class. This assignment, if
possible, offers an ‘easy’ route to further modeling, where the taxonomical
class is taken as a working hypothesis to be tested and refined by a
variety of methods, including computation and co-variation analysis. Not
surprisingly, the extrapolation of a pattern of secondary structure to a
particular taxonomical class was central to the assignment of a ‘B-barrel’
structure to tryptophan synthetase, the first enzyme whose structure was
predicted in advance of a crystallographic analysis (14).

Unfortunately, our secondary structural predictions are not consistent
with the hypothesis that the protein kinases contain the Rossmann fold
as a predominant supersecondary structural motif, nor are they consistent
with the classical analysis based on Chou-Fasman, GOR, or other methods
mentioned above. Instead, our approach has yielded a secondary structure
prediction where consecutive B strands, several aligned to form an
antiparallel beta sheet, are an important feature. A Rossmann fold, of
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course, contains a parallel beta sheet as its core. Further, the distribution
of helices does not follow the pattern suggested by the classical algorithms.
These contrasts between predictions made by our method and by other
methods are, of course, points where the merits of the various approaches
can be critically compared once the 3-dimensional structure of a protein
kinase is known.

We have not yet been able to identify with certainty a particular
taxonomic class in our secondary structural prediction, although a beta
sandwich structure is our preferred choice at the present time. Therefore,
an ‘easy’ route to model building has not been accessible. Instead, we have
attempted to assemble the secondary structural elements into a globular
structure using distance constraints imposed by our assignments of the
active site tesidues, limited amounts of co-variation analysis that bring
distant parts of the polypeptide chain together at specific points, and a
variety of data obtained by chemical modification studies.

MATERIALS AND METHODS

The alignment presented by Hanks ez al. (1) of the sequences of 65
catalytic domains of protein kinase homologs was used as the starting
point for this work. Several sequences were added to this alignment to
yield an alignment with 79 sequences in all (Fig. 1). These added sequences
were checked whenever possible against the original literature or against
a computerized data base to remove as many of the inevitable reporting
errors as possible. Major insertions in the alignment were excised to save
computational time; these segments are invariably assigned as parses (e.g.,
surface loops) by our approach, and such excision does not affect the overall
structural model. .

A master alignment is shown in Figure 1, where individual protein
sequences are read vertically downwards. The first column of chan.m
in Figure 1 are the alignment numbers. These are used throughout this
manuscript to designate specific positions in the protein sequence. Hso
second column of numbers contains the sequence number from porcine
kidney cAMP-dependent protein kinase (15). This is the enzyme for éiow
crystals have been reported, and we presume that this is the numbering
that will be relevant to a comparison of the predictions made here with the
crystal structure when it emerges. Further, we have divided the Eoﬂo.m:m
in the table into 12 ‘functional subfamilies’, sets of enzymes performing
analogous functions. Each column in Figure 1 (including the gaps) has a
‘protein number’ (from 1 through 90) which is used throughout the text to
designate specific proteins. N

A key element of our approach is based on the recognition that
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\ mHO 2. Matrix showing percentage pairwise identities between individual protein kinase
, sequences in Figure 1.
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305 Astive site

306 secondary parst

307 5.3:43 6.2

308 INSIDE

309 1057 4.7 6.5 7.3

310 10.5.7 4.8 6.5 7.2
311 7.3;6.3:5.2

312 INSIDE

313 1154 7.2 8.2

314  10.6.6 7.4:4.5 8.2
315 PRIMARY PARSE

316 PRIMARY PARSE

317 PRIMARY PARSE

318 PRIMARY PARSE 7.4:6.4 9.3:8.3;53 4.2
319 54 4.5 6.4 72
320 1258 4.7 7.2 8.2
321 INSIDE
322 52 4.3
323 1157 7.4 8.3
324 1159 6.7 4.7 7.4 9.3 8.2
323 5.3 6.2:4.5
FIG. 3. Cont'd

FIG. 3. Assignment of positions by alignment number in the folded catalytic domain of protein
kinase. The figure is ordered to indicate (a) by the column in which an entry appears, how
many variable subgroups can be found at a particular position; (b) by the first number in the
entry, the number of the cluster in which that number of variable subgroups is found (cluster
9 contains subgroups with MPI = 90%, cluster 8 contains subgroups with MPI = 85%, cluster;
7 contains subgroups with MPI = 80%, cluster 6 contains subgroups with MPI = 70%, cluster
5 contains subgroups with MPI = 60%, cluster 4 contains subgroups with MPI = 50%); and
(c), by the number following the point, the number of variable subgroups containing at least
one polar residue (D, E, K, N, R). The greater the number of variable subgroups (i.e
the farther to the left in the figure an entry appears), the higher the cluster number, and
the larger the number of subgroups containing a polar residue, the stronger the surface]
assignment. When there are more than 9 variable subgroups at the indicated position,
the figure lists first the number of variable subgroups in the strongest surface assignment.,
Where no surface assignment is made, and where other criteria hold (4,5) the position is.
strongly assigned to the inside, and indicated with the bold label INSIDE. Weaker inside;
assignments are indicated in lower case letters (e.g., inside). Parsing elements are indicated
in italics.

(see References 4 and 5). The column in which an entry is made in
Figure 3 indicates the number of variable subgroups in a particular cluster,
of subgroups with a particular MPI (4, 5), with the MPI of the subgroups;
designated by the first number in the entry, followed by a period and
number indicating the number of these subgroups that contain at least one
polar residue (D, E, K, N, R). Dueto the large number of aligned sequences
the assignments should be quite accurate (>95%) and relatively complet
(>95% of all surface residues identified). These predictions can also b
compared with the crystal structure when it becomes available.

These data are used to construct secondary structural hypotheses for
parsed segments of the alignment. The parsing of the alignment is discusse
below, as are the detailed considerations leading to a secondary structura
assignment. Nevertheless, it is immediately evident that several of th
segments almost certainly fold to give surface helices. Figure 4 shows
Edmundson helical wheels of the regions of the protein that are assigned a
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FIG. 4. Edmundson helical wheels of the segments of the protein kinase alignment that are
assigned helical conformations. Strong surface assignments are written in upper case letters,
weaker assignments in lower case letters or (if very weak) in parentheses.

surface helices. One helix is remarkably long, considering the expected size
of the globular structure (ca. 26 A) (16). Helical wheels are designated by
inside residues (boldface) and surface residues (outline, followed by x.y.z,
where x is the number of variable subgroups in cluster y, with z the number
of subgroups with a polar residue (D, E, K, N, R)).

A complete secondary structural assignment is presented in Figure 5.
Detailed discussions for each segment are given below.

Assembly of the secondary structural elements to form supersecondary
structures requires that distant positions in the polypeptide chain be brought
ogether in three-dimensional space. One way of obtaining information to
assemble these elements comes from assignments of certain positions in
the alignment to the active site, as these must be brought together in the
lded protein. Unfortunately, the active site of protein kinase is quite large;
erefore, these distance constraints are not very demanding. Nevertheless,
ctive site assignments at positions 46, 113, 116, 156-162, 182, 199, 201, 210,
, and 305 have been used to assemble proposals for the folded structure

urther distance constraints can be found using ‘co-variation analysis’ that
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unit maximum minimum positions secondary —max min  cAMP comments
positions  positions cAMP-PK  struct. length length PK
1 001-012 001-011 001-011 coil 12 1 11 mnot active site (7, chem. modification)
2 012-023  014-021 012-022 beta 12 8 11  bend positions 15-16
3 023-042 025-041 023-041 coil 20 0 5 mot active site
4 041-049  042-048 042-048 beta 9 7 7 active site, bend 46
5 049-063 050-059  049-060 coil 15 1 10 ot active site
6 060-075 064-073 061-074 alpha 16 10 14 active site 67
7 074-083 075-083  075-083 coil 10 3 3 not active site
§  083-095 084-092 084-093 beta 13 9 10 bend position 87
5 093-103 096-100 094-102 coil 11 0 8  not active site
10 101-111 103-107 103-111  beta 11 5 9 bend position 108
11 108-115 112-114 112-114  coil 8 1 2 active site 113 & 116
12 115-125  115-122  115-124  alpha 11 8 11 confirmed in subfamilies
13 123-132  126-128 126-130  coil 10 0 2 mot active site
14 129-160 133-151 131152  alpha 32 19 22 surface helix
15 152-160 omitted  153-156 beta g 0 4  weak assignment
16 152-162 161-162  157-162 active site 11 2 6  active site coil
17  163-168  163-165 163-166 beta 6 3 4
18 166-177  169-176  167-176 coil 12 0 3 not active site
19 177-187  178-184  177-186 beta 11 8 10 active site bend 182
20 185-191 omitted  omitted alpha 7 4 0 divergent conformation
21 185-204 192-197 187-200 coil 20 2 10 active site coil
22 198-217 205-208 201-212 beta 20 4 12 bend 203-204 & 208-209, act. site 210
23 209-225 218-224 213-225 coil 16 5 8 ot active site
24 225-243  226-240 226-241  beta 19 15 16  bends positions 232 237
25  241-261  244-259  242-261 coil 20 4 8  not active site
26 260-275  263-272  262-274 alpha 16 10 13 realign alignment
27 273288 276284  275-285 coil 16 0 6  not active site
28 7284-301  288-300  286-301 alpha 18 13 16
29 301-313 302-306 302-306 coil 13 3 5 active site (7 coil
10 307-313 omitted 307-312 beta 7 0 6 weak assignment
31  313-318  314-318 313-318 coil ] 1 6 not active site
37 319-325+ 319-325  319-325  coil T+ 7 7+  possbile short helix

FIG. 5. Secondary structure prediction, by alignment number, for the protein kinase family
The maximum length of each segment, the minimum length, and the preferred length ar
noted. The preferred length is presented for the cAMP functional subfamily, as this is th

subfamily that is presently the subject of crystallographic studies.

detects positions far apart in the sequence where the amino acids at thes
positions co-vary. .

Finally, these purely theoretical predictions can be combined wit
experimental work that uses chemical modification to identify regions of
the protein that are involved in binding ATP and protein substrates. This
experimental information is often redundant given information concernin
the positions of active site residues obtained using our method. However,
as certain assignments of active site residues (in particular, assignments to
the active site of highly conserved charged residues) are not highly reliable,
this extra information is valuable to confirm active site assignments made
by our approach.

Together, several slightly different proposals for the folded structure 0
the protein can be derived. These are shown in Figure 6. Unfortunatel
protein kinases lack sulfide bonds that might be used to provide distan
constraints connecting positions of the polypeptide chain that do no
lie at the active site. Finally, we have no general knowledge of th
biochemistry of protein kinases, and therefore cannot use special knowledg
to constrain distances in this protein, as was done, for example, in alcoha

Figure
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FIG. 6. Folded structures consistent with the secondary structure prediction presented in
5, and constraints imposed by assignments of positions to the active site, co-variation

analysis, and experimental data.

ehydrogenases (see Reference 4), a protein with which we are extremely
wEEmH. Thus, the structural models shown in Figure 6 are not complete.
In this modeling effort, we have not taken advantage of any of the
methods for analyzing structure that are already known in
literature (7). It is conceivable that pattern recognition, statistical
lyses, or direct computation might all improve on the structural model
at we have proposed, and we would like to encourage those involved
developing these methods to use our structural model as a working
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[uster 6 contains subgroups with MPI = 70%, cluster 5 contains subgroups
ith MPI = 60%, cluster 4 contains subgroups with MPI = 50%, cluster
contains subgroups with MPI = 30%, cluster 2 contains subgroups with
PI = 30%, and cluster 1 is reserved for the entire alignment.
Functional subfamilies: The proteins in the alignment are divided into 12
functional subfamilies, where members of each functional subfamily are
distinct from members of other functional subfamilies by virtue of the type
of regulatory role they perform or the substrate that they act upon.

Parse: A segment that divides the alignment into segments whose
secondary structure is considered separately.

 Parsing string: A sequence of consecutive amino acids in a protein that
indicates that the segment lies between standard secondary structural
units.

_ Distributed parse: A parse built from parsing elements that appear in
different subgroups of the alignment at neighboring position numbers.
Splits: Positions where the amino acid is conserved within subgroups, but
ifferent between subgroups, where the pattern of variation is ‘tree-like’.
String: A set of consecutive positions in the alignment.

Non-standard secondary structure: Other than an alpha helix or a beta
trand.

Hydrophobic anchor for an external loop: A position with hydrophobic
mino acids in most proteins appearing in a segment that is a parse Or
otherwise assigned as a surface loop.

Reflexivity: A position displays refiexivity when the pattern of variation
involving particular amino acids is the same in two distant subgroups, so
that the variation is not ‘tree-like’.

Functional variable: A position with more than one variable subgroup,
where at least some amino acids in the subgroup bear functional groups (C,
H, Q, S, T) but no polar groups (D, E, K, N, R).

Hydrophobic variable: A position with more than one variable subgroup,
but where none of the amino acids in the subgroup bear functional groups
C,H,Q,S,T,D,E,K,N,R).

This analysis was completed and submitted for publication on September
21,1990, and the substance of the prediction in this manuscript has not been
altered since. At this time, we had no crystallographic information regarding
the structure of protein kinases.

hypothesis for applying these methods. Further, we have found evidenc
that in segments of the alignment, the folded structure of different protei
kinases is different (most seriously between positions 190 and 225). Thi
implies that refinement of structure in these regions must involve methods
other than the one used here.

Is this structural model correct? We cannot say at this time. Circula
dichroism spectra have suggested that the cAMP-dependent protein kinas
from rat contains 49% alpha helix and 20% beta sheet when not containing
a peptide ligand, and 31% alpha helix and 55% beta sheet when bound,
to a peptide substrate (35). The prediction that is made by our method,
suggests that 32% of the sequence is alpha helix and 34% is beta strand. The
agreement is not unsatisfactory, but cannot be taken as any but the weakest.
of indicators. Evaluations of folded structure using circular dichroism
spectra are quite imprecise. Random assignment of secondary structures
would give similar values to those obtained by CD, and, of course, the test
of the model is whether it correctly predicts which segments adopt whick
conformations. Therefore, this discussion can only be concluded following
the emergence of a crystal structure.

Detailed Discussion of Secondary Structure

A glossary of abbreviations and terms that are necessary forunderstanding
the discussion that follows are given below.

Polar residue: In this discussion, Asp, Glu, Arg, Lys, and Asn.

Hydrophobic residue: In this discussion, Phe, Ile, Leu, Met, Val, Trp
and Tyr.

APC: All positions conserved, indicating that all proteins have the same
amino acid at this position.

CMX: Count minus X, a position where all but X proteins have the sam
amino acid.

MPI: Minimum pairwise identity. The significance of conservation o
variation within a subset of proteins depends on their overall sequenc
identity. Conservation is, of course, most significant in proteins whos
sequences are highly divergent; divergence is most significant betwee
proteins whose sequences are otherwise highly conserved. The MPI valu
for a subgroup of proteins in the alignment is the percent sequence identit
of the two least similar proteins in the subgroup.

Clusters of subgroups with an MPI = XX%: The proteins in th
alignment are placed on an evolutionary tree, where they are divided int
subgroups with different overall levels of sequence identity. All subgroup
with a particular MPI belong to a particular cluster of subgroups. In th
discussion, cluster 9 contains subgroups with MPI = 90%, cluster 8 contain
subgroups with MPI = 85%, cluster7 contains subgroups with MPI = 80%

Parsing elements. The core of any structural analysis is a discussion that,
om the beginning to the end of an alignment, examines every structural
ature of the protein family, one position at a time. This discussion is, of
ourse, tedious, but any attempt to abbreviate it is chemically naive. To
mplify the discussion, we divide the alignment into manageable pieces
sing ‘parsing elements’, or ‘parses’. Parsing algorithms are intended to
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Point (c) addresses errors in the alignment itself. Again, virtually all
alignments contain errors, the juxtaposition of amino acids in different
proteins that are not true homologs, that is, are not descendent from the
same codon in a common ancestor. These errors create significant problems
at all levels of our analysis, and the alignment therefore must be reevaluated
throughout the structural modeling. Examination of the alignment focuses
on alignment anchors, positions where the conservation across the entire
alignment is sufficiently high that there can be no question that the alignment
is correct at this position. The alignment is then built out from the anchors
towards other anchors; as exemplified below.

Rather than discussing these points further in the abstract, we examine the

primary parses in the kinase alignment in detail. The parses are designated
by position number, with the bold face numbers inside the minimum possible
extent of the parse, and the outside number (plain type) the greatest possible
extension of the parse.
_ Primary Parse 1: 23-25-41-42. The first deletion parse is associated with
‘a major insertion at positions 25-38. The parse is confirmed by parsing
strings in some of the inserted sequences. For example, in protein 80,
there is a PPNG sequence. The parse is reinforced at its amino end by P
scattered in positions 23 and 24 in proteins where there is no insertion. It is
reinforced at its carboxyl end by scattered P and deletions at positions 39-42.
urther, alignment anchors at positions 44 (CMI A) and 46 (APC K) make
he alignment here indisputable.

Primary Parse 2: 49-50-59-61. There is a major insertion at positions
4-59. The parse is confirmed by parsing strings within several insertions.
For example, protein 36 has a GGGGGGG string at positions 53-59. The
egion of disrupted secondary structure extends strongly on the amino end
of the deletion. Scattered P’s are found starting at position 49. Residues
re deleted as early as position 49 (in protein 44), and a PP sequence is
found at position 53-54 in proteins 70-72 (MPI = 80%), and a PG at
50-51 (proteins 56-60, 63, MPI = 70%). The parse cannot be extended
on the carboxyl terminus. The single deletion in protein 29 at position 60
is probably a misalignment; an R can be moved from position 51. There
are scattered P’s in positions 60-65, but not sufficient to extend the parse
in this direction. Alignment anchors at positions 47 and 67 (APC E) make
e alignment here secure.

Primary Parse 3: 74-75-80-83. There is a major insertion at positions
80. The parse is confirmed by parsing strings within the insertion. For
mple, protein 17 has the sequence GGRGPGG at positions 74-80. The
se might be weakly extended on the amino terminus by a deletion at
sition 74 in proteins 52-54 which is not easily realigned, but no further.
ere are scattered P at positions 81 and 82, and a widely distributed P at
sition 83. The deletions in protein 14 at positions 81-83 are probably an

identify segments that lic between standard moo.oman mH.EQER: c.ia‘
(e.g., o helices or B strands), allowing the biological or.oE.E.H to consider
the secondary structure of the segments between parses individually.

Parsing algorithms have been developed with aﬁmami degrees om
reliability. In this discussion, the large size of the mbmsﬂoi allows me
to use only the strongest parsing algorithms first, the 6%55@ parses
The strongest of the primary parses are regions where the m:mn.BmE .mvoé
that one or more proteins in the family has undergone an insertion o}
deletion. During divergent evolution, insertions (or, conversely, &Qmﬁou._ |
are generally not made within standard secondary structural elements. /.y\:
an alignment as large as ours, primary parses alone are almost, @E:o@
adequate to divide the alignment into manageable segments, although, it
will be seen (vide infra), several of the parsed mmm.Boﬁm are rather _m.amn
considering the presumed dimensions of the protein. In these cases, 1L 1§
appropriate to search for secondary parses within the parsed m,.mewE.
Secondary parses are discussed when the parsed segments are discussed
(below). . .

The larger the alignment, the more likely that a deletion will have
arisen within a secondary structural element (or, with the same effect
a misalignment will have incorrectly placed a moﬂmaon. in a m.moo:mﬁ
structural element). These will create errors in parsing mmmﬂmzﬁmma
Further, approximately once every 400 positions in a typical alignment
a deletion will occur within a secondary structural element (for Q.EBEG
in alcohol dehydrogenase (ADH), a deletion mﬂm:m:ﬁ.oi position 26
(position 256 in the horse liver enzyme) is in a helical H.omwonv. Finally, th
alignment is the weakest in regions of mE,mmow loops @S‘:or are normally th
most rapidly diverging segments of a @moﬁ:&.. Thus, assignment of parse
is not automatic; it requires answers to three issues:

(a) Where are the beginning and end of Q.S .@mﬂmo@. .

(b) Is the parse confirmed by segments within the w.smumasomw .

(c) Can the deletion or insertion be removed by shifting of the alignme
itself?

To elaborate briefly on these points, inserted segments that ado
a non-standard secondary structure are often characterized by unusu
‘parsing strings’, consecutive amino acids that Ea_om.;m a so:,mﬁmdawﬂ
structure. ‘Non-standard’ denotes a structure that is neither an « :mrx il
a p strand; such structures need not, however, be ‘random’. Consecutive
PXP motifs, and PG strings are common in external loops Em; are pro
to deletion during divergent evolution, although more .9.890 strings 2
known. For example, in the alignment of receptors families that includ
the muscarinic receptor, such strings include SSSSS, PPPPALPPP
PXPXPXPXP, and NNNN. A parsing element is said to be confirm
if inserted segments contain strings of this sort.
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rystallographically. Normally, parses are included as the last position of a
helix unless the parse is a deletion.

This variation in lengths presumably represents the fact that the structures
of homologous proteins whose sequences have diverged by over 70%,
although similar overall, are different in detail. This is, of course, a
limitation on any method that builds models from a set of homologous
proteins.

In this approach, a dialectic method is used. First, a ‘canonical’ assignment

of secondary structure is made using simple rules. Other assignments are
then said to have the burden of proof, meaning that the canonical
designation is accepted unless the alternative designation is supported by
the preponderance of evidence. In attempting to have other assignments
meet this burden, the biological chemist is expected to construct as strong
an argument as possible to set in opposition to the canonical assignment.
This includes making ad hoc assumptions, restructuring the alignment, and
questioning the assignments of positions to the surface and the interior of
the protein. It is not important that this argument be reasonable. However,
t should clearly indicate which canonical assignments must be set aside for
 the alternative assignment to be accepted.
Standard procedure in attempting to detect a helical segment involves
mapping the surface/interior positions on a helical wheel. Should a pattern
of amphiphilicity not be seen, positions are dropped from the ends of the
egment, working towards the center, to determine whether the segment
contains a subsegment that does display a 3.6 residue periodicity in
conservation/variability. A canonical helix is assigned in this segment if
amphiphilicity is seen over a segment 6 positions or longer. The effect of
this procedure is to drop surface assignments at the ends of a helix when
they fall in the ‘inside’ face of the helix; this is not irrational, as many
positions on the hydrophobic side of an amphiphilic helix lie on the surface
when they are at the end of the helical structure. Further, this procedure has
the effect of dropping loops with hydrophobic anchors at the end of helical
segments.

If the pattern remains non-amphiphilic, the helical wheel is examined to
identify assignments that, if changed, would create an amphiphilic helix.
This provides a set of ad hoc assumptions (e.g., the helical assignment can
be made if the assignment of position x to the surface is incorrect). Then
the procedure is begun again, but this time beginning with the strongest
ssignments and working towards the weakest. The goal of this process is
o find the strongest possible argument that the segment is helical. Quite
ften, the segment will be assigned to some other structure canonically,
d this argument will serve only to establish a dialectic with respect to
e canonical assignment.

Questioning the assignments involves several types of arguments.

For this discussion, the alignment has therefore been realigned to remov
the deletion at position 273.

There is a major insertion at positions 280-285. The parse is confirmed b
scattered P’s within the insertion. For example, protein 26 has the sequenc
PWPS at positions 281-284. The parse is almost certainly extended on th
amino terminus by deletions up to position 276; these cannot be accounte
for by a misalignment. Further, P’s are densely scattered Gwmw to positio
276. Finally, disrupting sequences can be found in this region; a PPP i,
found in protein 42 at positions 276-278. On the carboxyl end, momﬁownaw
P’s are found from positions 286-289. However, the fact that Eo following
segment is possibly an helix could indicate that this segment involves the,
presence or absence of a single turn of a helix. o .

Primary Parse 14: 31 4-314-318-320. There is a major insertion at
positions 314-318. The parse is only weakly confirmed by ﬁmmmwmm Strings
within the insertion. The parse cannot be extended on the amino terminus,
However, a few P’s at position 320 might weakly extend the parse to thi
position.

It is worth noting that the end of this alignment does not ooﬁmmmonﬁ t
the end of many of these proteins. It is, however, the end of E.n alignabl
catalytic domains. Thus, the end of the protein is not necessarily a stron|
parsing element in these cases. In functional subgroup 2, the sequenc
extends 12 positions before an apparent parse. Al apparent parse 18 foun
in functional group 8 only two positions past the end of the alignment.

The regions of the alignment included in the deletion parses are assigne
as surface coils, loops, and turns. Such structures are strongly indicated fo
the alignment numbers indicated in bold face. The extent of these structure
is determined in part by the secondary structures assigned to the parse
segments that lie between them. These are considered below.

Secondary Structure by Segment

The primary parses listed above divide the alignment into 15 segmen
whose secondary structures are considered individually below. ;;

The segments are designated by the alignment voﬂn.o: numbers tha
they encompass. As noted above, the parses comprise different segmen
in different branches of the evolutionary tree. Normally, the ends
secondary structural units are expected to be different by one or tw
residues in different proteins. Therefore, the segments arc ao%m.:m:
by position number, with the bold face numbers inside the minim
extent of the segment, and the outside number (plain type) the mawmﬁ
extension of the segment. This is the origin of the maximum m.Ea minim
lengths reported in Figure 5. The preferred length 1s Saoﬁoa to
cAMP-dependent subfamily, as this is the subfamily presently being stud
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Figure 3 lists every position where more than one subgroup is variable
at a MPI > 50% where more than 1 of the variable subgroups has at
least one polar residue (D, E, K, N or R). mnm an alignment as large
as protein kinases, this produces assignments which range from .@anBoE
strong to extremely weak. For smaller alignments (e.g., ADH, 2:.5 only 17
proteins), the analogous table was constructed so that surface assignment
are made where more than one subgroup is variable ata MPI > 50% where
at least 1 of the variable subgroups has at least one polar Hom.aco. Th
stronger assignments are those with more variable subgroups n Q:.ﬂ.ﬁ
with higher MPI values, with more of the variable subgroups containn
polar residues. . .
There are many reasons why assignments might vm Eooﬁ.ooﬁ. Fo
example, in multimeric proteins, the most common interior Ewmmm.mwmsag
are positions that lie on the surface of a subunit but forma mcgs:l.mccﬁu
contact. The biological chemist must be aware of Ewm.@ complicatio
when building models. Indeed, in ADH, such ambiguities can be use er ; . |
to advantage, as subgroups within the protein family are dimers while. 3or 4 .ﬁomEomm mw.mi Em.ﬁ appear and disappear together during divergent
others are tetramers, and contact sites can be predicted based on patterns evolution, suggesting an E:mrm:.o& contact.
of sequence divergence and conservation (see Reference 4). Analogous The mﬁmsmwa procedure for assigning a beta strand is tomapa segment on
problems are also expected when the protein interacts with a membrane; an mz.onsmsnm template. waﬁm mqm.nam are ERE as obvious as m.&urm helices
a real possibility with the protein kinases. . by this process when the wE:o alignment (with MPI < 40%) is examined.
Paradoxical assignments arc straightforward to identify from .m_mﬁo 3 Hro.ﬁomoav several expedients are adopted.
Typical is a position with a large number of variable subgroups with o.mE mﬁm.ﬁ beta mﬁmmam. are often ESE& structures, ms.n_ 93.@?8 appear
few containing a polar residue. For example, position 135 has 10 variable  as strings .wlm positions Esm with .oommwoc.c,\o interior assignments. .>
subgroups in the cluster of subgroups with MPL = 60%, yet only 2 of thes hydrophobic stretch of this length is omso.s.womc% mmﬁm:m.m as an interior
have polar amino acids. This can be contrasted with Bomﬁ. other mﬁ.mmn beta mﬁmﬁm. Further, the wmzmﬁ of variability of a putative internal beta
assignments, for example the nearby position 125, also with 10 <mﬂm& gment is apparent as a progression from less conserved to more conserved
subgroups at this MPI, but with 8 of the variable subgroups containing (0 less conserved, with this pattern mcﬁonawom..wm onan alternating pattern.
polar residues. uch structures are normally highly o&.ﬁn? énr splits at MPI > 50%, and
Such discrepancies trigger closer examination of the alignment at thi are not easily mistaken %oﬂ mcgmoo.r.o:ng or oh.Em and loops. .
position. Misassignments can arise, of course, from Ewmm:mmawnﬁ.mv ‘Zo<m§ro~0mm.u two major ambiguities remain in our mﬁvwomor in assigning
a hydrophobic variable position in several proteins (a strong .Ea_omﬁoH cta strands. ﬂ:mr very short beta segments (2 amino acids) are generally
an interior position, se¢ Reference 5) is misaligned to match with a surfact difficult to assign correctly. Second, surface U.Qm strands are often confused
with surface coils. The latter may be an intrinsic limitation of any method

position in other proteins. Alternatively, the discrepancy is expected wh ; .
at builds structural models from a set of homologous proteins, as the
onformation of surface beta strands is not necessarily conserved during

members of the protein family have different folded structures. Clos
inspection of position 135, for example, shows that function groups 7- .
ivergent evolution.
he most important procedures for identifying loops and coils are

all have a hydrophobic residue. The surface assignment is made entir
scussed under parsing elements. Alternatively, a string of four consecutive

based on structural variation in functional groups 1 and 3-6.
ace assignments is canonically assigned as a surface loop, an assignment

A weak pattern of amphiphilicity can be further tested by go.mw

the alignment into subgroups and looking for segments that disp ( . ! . .
s rationalized by the classical argument that four consecutive polar
no acids in a single protein sequence indicate a surface loop or turn

more strongly a 3.6 residue periodicity. Helices whose amp
Often a surface loop is observed to have a single position where a

Internal helices are less frequent than surface helices and, because they
o0 not have strong surface assignments, are more difficult to identify in the
first phase of the analysis. The markers for an internal helix are a segment
devoid of parsing elements too long to form a single beta strand given the
assumed dimensions of the folded protein, patterns of amphiphilicity at the
ends of the structure, and 3.6 residue periodicity of variability of (normally
hydrophobic) amino acids within the segment. For example, the two largely
internal helices of ADH are found in this way. The longer passes near the
active site, where the 3.6 residue periodicity is quite obvious.

When a putative helix is found, it can be confirmed in several ways. Most
convincing is to find a subgroup of proteins in the alignment where the
orientation of the helix relative to the globular protein appears to be shifted,
and the inside/outside assignments for the subgroup appear to have moved
20-30° around the helical cylinder. The helix in segment 115-115-122-125
s assigned strongly this way. Second, co-variation analysis of segments of
helix often detects pairs of positively and negatively charged amino acids

_W

obscured by misalignment generally become obvious by this procedu
(see for example, segment 115-115-122-125).
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hydrophobic amino acid is found (often hydrophobic variable). This is
termed a ‘hydrophobic anchor for the loop, and they serve as indicators o

short loops.

Units 1 and 2. The first segment can be divided into two subsegments based |
on the exposure to the surface, the first from positions 1-7 (6 out of the 7
positions are assigned to the surface), and the second from 824, containing
only 3 highly variable surface positions (with the surface assignment at
position 11 weak due to the small number of variable subgroups having
polar residues), three intermediate assignments (positions 8, 16 and 19), and
5 internal assignments, out of a total of 17 positions. The alignment is well
anchored in these positions, with APC residues (or nearly APC residues)
at positions 10, 12, 15, and 17.

When dividing long segments, it is customary to look for a secondary parse
that might break the long segments into two or more shorter segments. The
region has scattered prolines (at positions 5, 7, 8, 11, 23 and 24). None of
these create a strong secondary parsing element as, consistent with the
philosophy of our method, they may be prolines introduced into a standard
secondary structural unit to engineer in a desired amount of instability into
a standard secondary structural element.

The APC G at position 12 is a stronger secondary parse. Glycines that are
absolutely conserved in an alignment with a minimum pairwise identity of
<35% often divide secondary structural units (for example, in ADH, amino
acids 66, 71, 86, 192, 201, 260, 261 and 320, but see in contrast position 204,
an APC G that is in the first turn of an alpha helix). This suggests a division
at positions 10 or 12. There are some strings that indicate a stronger parse
in this region. For example, proteins 67-69 conserve (in a subgroup with
an MPI = 70%) a GGG string at positions 10-12. GG strings are found in
proteins 9, 46, and 52-55. More interesting is the fact that in protein 44
the T at position 10 that substitutes for an otherwise completely conserved
G is complemented by a P at position 11.

Regions, such as subsegment 1, with a high fraction of surface assignment
canonically are designated as coils or Joops; the canonical assignment fo
segment 1-7 is therefore a coil. It should be noted that in most of th
proteins examined here, position 1 is not the first in a separate polypeptid
chain, but is normally fused to a transmembrane region, from which i
can be released by proteolysis. Such proteolysis often occurs in coils o
loops, providing independent support for the canonical assignment. In th
cAMP-dependent kinases specifically, the polypeptide chain begins 304
amino acids before the beginning of the alignment. It is conceivable tha
this leading segment adopts a standard secondary structure. If so, th
structure is almost certainly broken by a distributed parse at position
—7 to -5 (where the alignment in Figure 1 starts at position 1). Howeve
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there is little evidence from the sequence of this leading segment that a
standard secondary structure is adopted.

Dialectically, an amphiphilic helix can be built from position 1-14 only
if position 8 is regarded as a surface (K = 5, 6 variable subgroups, 5 with
polar residues), the surface assignment at position 2 is ignored (justified by
the generalization that positions ‘inside’ but at the ends of an amphiphilic
helix often lie on the surface), and the surface assignments at positions 5
and 6 are treated as weak (only 2 of 7, and 4 of 13 variable subgroups
have polar residues). These ad hoc assumptions are weak. For example,
the surface assignments for position 6 (13 variable subgroups, 4 with polar
residues) and position 11 (10 variable subgroups, 5 with polar residues) are
of essentially identical strength. Yet in the amphiphilic helix, position 6 is
in the middle of the “interior’ region, while position 8 is in the middle of the
‘surface’ face of the helical projection. On these grounds, the assignment
as a coil is preferred.

Concerning the second subsegment, regions with a low fraction of
surface assignments, a large number of splits, and no pattern of helical
amphiphilicity are canonically designated as beta strands. Thus, the
canonical assignment of the second subsegment is as an interior beta
strand. The pair of surface assignments at positions 21 and 23 suggests
that the beta strand continues until the very end of this subsegment.
The second subsegment is largely inside, and hydrophobic. Further, the
strongest surface assignments are at positions 19, 21, and 23, an alternating
pattern that indicates canonically that this is a beta structure. Essentially
no evidence suggests that this segment is an internal helix.

Even in its shortened version (positions 12-22, 11 amino acids), this beta
strand is longer than typically found in folded proteins (18), and rather long
considering the small size of the protein overall. The strand can be shortened
(Figure 5 suggests that the 8-position strand from position 14 to 21 is the
minimum length). Alternatively, the beta strand can be conveniently bent
at position 15-16 (secondary parse) to form two shorter beta strands, the

 first 4 positions in length, the second 7. At a later stage, when the secondary

structural units must be assembled into a globular structure, such bends are

important.

We have no grounds for preferring a start of the strand at position 12 or
13. The choice of the end point at position 22 is based on the alternating
pattern observed in some subgroups of the alignment, and the need to have
a sufficient number of filled positions in functional subfamily 7 to execute
a standard turn before the next secondary structural unit (vide infra).

This secondary assignment, classed as ‘strong’, is likely to be controversial.
his segment contains the string GXGXXG, well known in proteins that
ind ATP and adenine dinucleotides (19). Thus, several investigators have
suggested that this segment indicates that the catalytic domain of protein
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Kkinases is homologous to other kinases and, in particular, this first region (MPI = 50%) has the string 43 (V or C); 44 (conserved A); 45 (I or V); 46
is a strand-turn-helix structure. A particularly convincing case for this | (conserved K); 47 (surface); 48 (V or L); 49 (surface). Thus, this mmoo:aum&\
is made by Sternberg and Taylor, who compared this region with the | assignment is classed as ‘very strong’.
NAD-+ binding regions of m@nﬁmﬁog\&m-u-wro%rmﬁou lactate and alcohol The most significant evidence for a 3.6 residue periodicity that might
dehydrogenase, and the FAD binding regions of glutathione reductase and | suggest an internal helix is the 3 amino acid deletion at the beginning of
p-hydroxybenzoate hydroxylase (20). In these proteins, the GXGXXG | the segment (positions 39-41) in functional subfamily 7, and the deletion
sequence lies between a beta strand and an alpha helix (a beta-turn-alpha | of three amino acids at positions 49-52 with respect to protein 29, and four
structure), and Sternberg and Taylor concluded that this region had a similar amino acids (49-53) in protein 44. The strong alignment anchors at positions
conformation in the protein kinases discussed here. 44 and 46 fix this deletion. However, these deletions are also consistent with
Unfortunately, it has not been possible to find evidence using our method | 2 coil structure at the ends of this segment, and no other evidence appears
for a beta-turn-alpha structure for the segment 1-26. Indeed, the canonical | to suggest a helical assignment for this region.
assignments are for a coil-turn-beta structure, and we have little grounds to | wo&ao: 46 (APCK) is strongly assigned to the active site. This
revise these assignments. ssignment is consistent with experimental data. Lys 46 is modified by
Therefore, we conclude that the GXGXXG motif found in the protein uorosulfonylbenzoyladenine, a substrate analog. Further, when cAMP-
kinase alignment does not mean that the secondary structure preceding and ependent protein kinase is treated with dicyclohexylcarbodiimide, it
following this motif is the same as in other proteins where this motifis found. | appears that a major product is an intrachain crosslink with Asp mmw.
Further, we do not believe that this particular motif is sufficient evidence to | Both residues are absolutely conserved, and the modification is blocked
conclude that the dehydrogenases, reductases, and hydroxylases mentioned | by the presence of Mg-ATP (22).
above are homologs of the catalytic subunit of these kinases.
There are no assignments of active site residues in this segment. The
absence of active site assignments in this region contradicts an experimental
fact, that Lys 7 is protected from modification by acetic anhydride in the
presence of Mg-ATP and an inhibitory peptide; which may indicate that
this segment is near the active site. It will be interesting to see the position
of this residue as determined by the crystallographic work (21).

_ Unit 5. This segment contains both deletions and parsing elements, and
herefore is assigned a coil structure. Protein 44 has the entire region from
osition 49—59 deleted, implying that positions 48 and 60 lie close together
n space in the other proteins. Functional subfamily 8 also deletes much of
Em region, with parsing indicators present as late as position 63. Functional
ubfamily 10 (MPI = 65%) shows co-variation between positions 50 (EEK)
and 55 (KKE), consistent with an interaction between these two residues
n this subgroup of proteins. The parse in this region has some noteworthy
eatures. Protein 36 has a string of 7 consecutive glycines (positions 53-59).

50, there are 3 consecutive D’s in functional subfamily 2 (positions 56-60).
The scattered P’s at positions 60-63 suggest that the parse might extend as
far as position 63. There is no evidence for active site residues in the coil.
owever, the segment 52-57 could adopt a standard secondary structure
functional subfamilies 1 and 2.

Unit 3. The proteins of functional subfamily 7 have a gap in the
alignment that extends fully from position 25 to position 41. This fact
implies that positions 74 and 42 lie close together in space in the other
proteins, suggesting that if the beta strands assigned to positions 12-22
and positions 42-48 are part of the same beta sheet, they lie antiparallel.
Further, it leads us to terminate the preceding beta strand one residue
sooner and start the following beta strand one position later than would
be done based on analysis of the first segment alone. There is no evidence

for active site residues in the coil. Unit 6. The alignment is well-anchored in this region by the APC E at

osition 67. On the amino end, the alignment is secure at position 46
PC K).

rom position 64 to 73, the interior and surface assignments map well on
elical wheel (Fig. 4a). Therefore, this segment is canonically assigned
a helix. This assignment is initially classed ‘moderately strong’, as it
lves relatively weak surface assignments. Indeed, the strongest surface
nment based on variable subgroups is at position 65 (9 variable
roups, K = 4). However, only 3 of the variable subgroups at this

Unit 4. The dominant features of this segment are the interior assignment
to positions 43 to 46 and 48. Further, there are several hydrophobic split
throughout the alignment, indicating an ordered structure (rather than
coil). The canonical assignment for this segment is a beta strand. Thi
assignment is strongly confirmed by the two-position periodicity in th
pattern of conservation and variation, especially evident in subgroups 0

the alignment with MPI values near 60% . For example, functional group 1






160 S. A. BENNER and D. GERLOFF STRUCTURE OF PROTEIN KINASES 161

103-110 all assigned to the inside (position 105 has 5 variable subgroups,
K = 4, with a single variable subgroup with a polar residue). This is
canonically assigned as a beta strand.

Again, the beta strand is rather long, and probably bent at position 108.
This notion has an interesting consequence in the context of the assignment
of unit 8. There is substantial co-variation between position 87, which has
a high proportion of basic residues, and position 108, which has a high
proportion of acidic residues. In particular, in proteins 40, 44 and 85,the E
at position 108 is replaced by a P, and in all three cases, the basic residue at
position 87 is replaced either by a P (proteins 40 and 44) or by an S (protein
85). The co-variation is striking in functional group 7, where position 87 has
LLPLRRR matched against QQQQEEE at position 108. Thus, it seems
to be a reasonable working hypothesis that these beta strands are in close
proximity, with the bend at position 87 matched to the break at position
108, with a contact formed between the side chains of the amino acids at
hese two positions.

Co-variation analysis is one of the most problematic ways of finding
ontacts between distant points in a polypeptide chain. We do not yet
ave programs to do co-variation analysis on an alignment as large as
rotein kinase. Further, co-variation is rarely perfect. However, in the
bsence of disulfide bonds, it is the only way to constrain the distance
etween portions of the chain that do not lie at the active site. In any
ase, it seems certain that co-variation analysis is most useful when one
Iready has a structural hypothesis, as is the case here.

that any beta-like structure begins only at wo&aon. 84. The m.omBoE is ended _
at position 93 in the cAMP-dependent protein kinases (Fig. 5) because of |
the deletion in protein 39. The two-amino acid deletion oocE,.woiméﬁ
indicate that in the remaining proteins, the beta strand continues two
positions further. .
Dialectically, one can attempt to assign this segment a helical structure.
Positions 84, 87, and 94 can be assigned to the surface with varying degrees
of reliability. These map on one side of a helical wheel. wo&aoﬁ._ 90 maps
extremely weakly on the surface, and appears on the correct side of the
helix. Position 91 violates the amphiphilic helical pattern. Based on the
assignments at positions 90 and 91, it is unlikely that this segment is a surface
helix; however, a helical assignment might be made if the mmm_maa.g.a at
positions 90 and 91 were in error. Therefore, the possibility that it 1s an
internal helix, or a helix forming a contact with a membrane or another
protein subunit cannot be ruled out. .
However, ‘functional variable’ assignments at positions 85, 86,91, and ow,,
are distributed evenly around the helical projection, and offer no support for
ahelical assignment. Further, none of the 12 helical wheels for @o function
subfamilies show convincing patterns of amphiphilicity, either in the pattern
of variation or in the polarity of the amino acid residues &oamo?.omu largely
because position 86 remains firmly inside. Thus, a helical assignment

rejected.

Unit 9. Positions 94-100 contain no amino acids in protein 39, msmmomﬂnm
that positions 93 and 99 are close in space in the Hm.BmEEm proteins.
However, protein 39 is among the most structurally ﬁ.uzoamoa M.QB the
bulk of the alignment, and a more reliable hypothesis is Eﬁ positions 95
and 99 are close together in the folded structures. This implies that if the.  When the phosphorylatable serine in the peptide LRRASLG is replaced
preceding and following beta strands belong to the same beta sheet, ﬁ.r& the ﬁroﬁom@mi&\ agent, p-benzoylphenylalanine, Gly 113 and Met 116
reside antiparallel. Co-variation analysis (vide infra) suggests that this is| are modified (25).
the case. There is no evidence for active site residues in the coil.

Unit 11. This coil has little variability in length, with 2-4 positions.
There is some experimental evidence that this coil lies near the active site.

Unit 12. Positions 115-123 of this segment show a 3.6 residue periodicity
dicative of a helix (Fig. 4b). However, the assignment is classified only as
‘strong’. A plot of the surface/interior assignments on a helical wheel shows
y a weak amphiphilicity. Positions 115, 117 and 119 are assigned only
eakly to the surface (only 5 variable subgroups K = 4). The strongest
ace assignment is at position 118, and at 122, but here the amino acid
the end of a secondary structural element (given the parse that follows),
king it unlikely that a surface assignment here would be definitive in
ng in or out a particular assignment.

s shown below, there is reason to believe that the serine and tyrosine
ases are not perfectly aligned in this region. A misalignment has two
ications. First, it is difficult to identify secondary structure from an

Unit 10. This segment appears to be another long broken c.ﬁm strand. Hs
alignment is anchored in this region at position 108. Especially .E:%c&
the 2 residue deletion (positions 108 and 109) in protein 5, which is 90%
sequence identical with proteins 6 and 8. This a&onom noﬁom.ﬁonmm to
single P in functional group 11 (protein 85), and two P’s in functional groy
6 in proteins 40 and 44. Position 108 is unusual; it is a highly conserved ;
in the middle of a hydrophobic stretch. This deletion can be Bo<ma.aos,.
in the alignment by realigning the segment; the alignment anchors in th
region are not decisive, and this realignment is the basis for the analysi

that follows. . .. ..;
The segment forms part of the interior core of the protein, with position
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examination of the entire alignment. Second, examining fragments of the
alignment should be a more productive way to assign secondary structure.
The segment is flanked on both sides by deletion/insertions of varying | Functional Outside-inside  Inside-outside

TABLE 1. ORIENTATION OF THE HELIX BETWEEN POSITIONS 115 AND 122

lengths. Second, there are no anchors for the alignment within the segment. subgroup MPI border border

Indeed, there are essentially no anchors for some distance outside the 1 50% 115-119 117-121

segment. The Gly at position 113 might be considered as an alignment 2 80% 119-123 118122 Largely buried? MPI = 80%
anchor, but it comes in a loop region. The substitutions at position 106 M MWQM Wmmﬂm mem Note shift in 2 proteins
provide a weak anchor, as might the scattered P in the two main classes 5 45% 115-119 120-117

of kinases at position 132. However, on the amino end of the segment, 6 30% 115-119 117 117 Hydrophobic and -philic
the last completely solid anchor is at position 67, although weaker anchors w Mwﬁm ﬂwumw W,H\umm

might be found at position 108 (where the ancestral residue is presumably 9 50% 115-119 117-121

E) and perhaps the hydrophobic element at positions 103-107 (although Mwwo ﬂwuﬁw mWLB 117 Hedsonhobic and ol
alignments based on such an orientation can be plus or minus a single 59 115119 117 17 mw ammwsmcwm Mm q -w:wm

residue). The next completely solid anchor on the carboxyl side comes
at 155-157 to the carboxyl side, although weaker anchors exist at positions
144, 140 (where Q might be reconstructed as the primitive residue in the
common ancestral sequence), and 139 (with A as the common ancestor).
Clearly, in between, the alignment is unreliable.

However, when the segment is divided into the 12 functional classes and
the data replotted, the helical ambiguity goes away. For example, functional
subfamily 3 at position 119 has either the hydrophilic D (proteins 20 and 21)
or R (proteins 24, 25, and 26), while the position is the hydrophobic Y in
proteins 22 and 23. The distributionis tree-like based on the overall sequence
identities of the proteins. The situation is mirrored on the other side of the
putative helix. Position 121 has either the hydrophobic V (proteins 20, 21
and 24) or I (proteins 25 and 26), while the position is the more hydrophilic
T in proteins 22 and 23. Thus, it appears that in proteins 22 and 23 the
helix is rotated a bit ‘clockwise’ with respect to the folded structure of the
protein. Table 1 lists the borders of the helix in the different functional
subfamilies.

This region illustrates also how information appears at different levels
of sequence divergence. Group 2 does not obviously show an amphiphilic
helix, and a helical assignment of this segment would not be secure if these
were the only sequences available to the biological chemist.

When a helix has become ‘reoriented’ by a residue (a statement that, at
the present level of analysis, is equivalent to a statement that the alignme
is misconstructed due to a shift of one position), the assignments made
across the shift become confused, and assignment of secondary structural
elements becomes weaker. However, if a helical pattern is strengthened
by assignments based on a partitioning of the alignment to avoid including
shifted (or misaligned) structures within a single alignment, a ‘very strong
assignment of secondary structure can be obtained.

For the cAMP-dependent kinases, the preferred helix extends from

position 115 to position 124. The fact that position 123, assigned to the

 surface, appears on the inside face of the helix is acceptable as it is at the

_ end of the helix. The last turn of the helix is probably missing in members
of functional subfamily 6.

. Unit 13. In proteins 39 and 40, positions 123-128 are deleted, suggesting

that positions 127 and 129 are close in space in the remaining proteins.
Further, this suggests that the parse extends until position 132, although it
can be argued (vide infra) that the following helix begins as early as position
131. There is no evidence for active site residues in the coil.

Units 14—17. This is the longest unparsed segment in the alignment (41
_positions with no insertions or deletions). A helix of this length would
have 11 turns, and be approximately 60 A in length; a single beta strand
‘would, of course, be longer. 60 A is considerably longer than the expected
_diameter of a spherical globular protein of this length, implying that there
hould be an internal parse. The first four positions (129-132) are plausibly
oil structures (note the parsing string PXP conserved in part of functional
group 1, MPI = 80%). A secondary parse is present at position 160. These
potentially divide or shorten standard secondary structures that might be
assigned to this segment.

However, the most striking features of this segment are the highly
conserved strings RDLK and RDLA at positions 155-157. Such strings
are assigned canonically to the active site, and are often found in loops
or coils, making plausible a break in a helical structure up to this point.
urther, the reaction of E 161 with water-soluble carbodiimide is partially
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basis for an application of our structural prediction method. Indeed, did we
not have the other sequences, we would attempt to assign a structure from
these 7 proteins alone, although the reliability of the structural assignments
would, of course, be much lower than the ones presented here.

The segment in functional subfamily 7 between positions 184 (APC G,
viewed as a parse for this discussion) and 191 maps as an amphiphilic helix.
At positions 188 and 189, the apparently contradictory assignments (surface
andinside) in fact divide exactly according to the two subgroups of functional
subfamily 7. Proteins 48-51 are ‘inside’ at position 188 and ‘outside’ at
position 189, while proteins 52-54 are ‘outside’ at position 188 and ‘inside’
at position 189. This suggests that the helix is turned slightly in proteins
48-51 in comparison with proteins 52-54, and the pattern strengthens what
would otherwise be a weak helical assignment. The segment also contains
charge variation at position 191 (R or D) and at position 188 (V or K); this
could be co-variation indicating a helical structure, but analogous indicators
proteins with known structures are not highly reliable. Nevertheless, the
ssignment of a helix in this region is satisfactory for us to make it the
referred assignment in this region for this subfamily of proteins.

Two functional subfamilies, 3 and 5, have MPI = 45%. In functional
ubfamily 3, the segment 185-190 could map as an amphiphilic helix,
ut the clarity of the map is compromised by uncertain assignments at
ositions 186 and 187. In functional subfamily 5, a helix is possible from
ositions 185-189, but the number of positions assigned is too small for the
amphiphilicity to be significant.

Functional subfamily 1 has a higher MPI (50%), meaning that still
more information is lost in the subalignment. Nevertheless, a pattern of
mphiphilicity resembling a helix from position 185 to position 189, and
ossibly to position 193, is observed. The parse at position 190 is preferred
ased on a comparison with other subgroups, but is not absolute.

It is worth noting that surface assignments made for these subfamilies
are weaker than those made when the entire alignment is considered. For
example, position 187 has an APC K (MPI = 50%). With a subalignment
of so few proteins and such little overall divergence in sequence, it is difficult
o tell whether the conservation indicates a functional constraint on drift,
or whether it merely indicates that insufficient sequence divergence has
aken place for us to have (fortuitously) found a protein where the codon
rresponding to this position had undergone mutation. For our purposes
ere, the position has been assigned as the weakest surface, simply based
n the polarity. However, it is worth noting that K 187 is less reactive with
etic anhydride than other lysines in the protein, and therefore appears to
e inside the protein fold.

To search for secondary patterns of conservation that might indicate that
e active site segment exists in a particular standard secondary structure,

8-12 have A, S, and T. Such reflexivity often indicates a purely structur
constraint on divergence. However, a conserved string such as the on
present here is essentially never found far from the active site.

Chemical modification studies also suggest that this segment is at tl
active site. Treatment of a cyclic AMP-dependent protein kinase wi
carbodiimide yields a protein cross-linked between the side chains of
Asp 182 and Lys 46 (27). Mg-ATP blocks this reaction. Chemical
modification studies support the notion that K 46 lies at the active site,
implying that the pair is at the active site.

Extreme variation in sequence near an active site is, of course, anticipated
for a set of homologous proteins whose function has undergone divergent
evolution. This is a strength of the approach used here, as neither variation
nor hydrophilicity is automatically assigned to the surface, but rather on
specific types of variation and hydrophilicity. Thus, the variation in this
region is interpreted as evidence that this segment forms a structure a
the active site that is important for binding the protein substrate. As the
structure of the natural protein substrate is quite different for differen
functional subfamilies, one expects both the sequence and the fold
structure of this region to be different in different proteins, meaning tha
the assumption central to our approach is probably not entirely true in thi
region of the alignment.

Canonically, a string of inside residues and splits (e.g., positions 177186
note that the surface assignment at position 177 is weak) is assigned a bet:
strand structure. Here, it seems plausible to associate the strand at positio
182 with the beta strand assigned between positions 42 and 48, primaril
on experimental data obtained by cross-linking experiments. As discusse
below, these two beta strands appear to be aligned antiparallel to each othe
Further, if the first beta strand is bent at position 46, so would the second (
position 182).

Positions 190—193 are assigned to the surface, position 90 strongly in a
subgroups of kinases. Four consecutive surface assignments are canonicall
assigned as a coil. In functional subfamilies 1-6, these positions also contai
scattered P’s throughout. Thus, the canonical assignment of this subsegme
is a coil in this subfamily. However, in other functional subfamilies, oth
secondary structural assignments are possible, especially as no P’s are foun
at this position in functional subfamilies 7-12. It is important to look close
at these, starting with the functional subfamily with the lowest MPI, as t
is the subgroup that retains the most information, provided that the tr
within is appropriately branched.

Functional subfamily 7 has a MPI = 35%, and is divided into tw
subgroups (proteins 48-51 and 52-54, respectively) with MPI = 80%. Thu
the extent and distribution of diversity of the proteins in functional subfami
7 is nearly satisfactory for this functional subfamily to serve (by itself) ast

2ol
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the number of conserved subgroups in clusters of subgroups with different
minimum pairwise were examined (Table 2). The datashowa general trend;
conservation falls off in both directions as one proceeds away from positions
182-184. However, in the amino direction, there is a pronounced increase
in the conservation at position 179. In the carboxyl direction, the amino
acids at position 187 are disproportionately conserved. Notably, these
flank the CM1 F at position 183 in a helical projection, not the APC D.
This is not unusual in active site helices, where the contact of the helix
with the bulk of the protein is the most highly conserved, while the active
site residues conserved in a portion of the helix ‘fade’ in one direction as
the active site helix moves away from the critical section. Remarkably, at
both positions, the predominant amino acid is basic; at position 179 it is
Lys, and at position 187 an Arg or Lys. Thus, there is weak evidence for
a helical structure here.

The functional subfamilies can also be mapped out on a beta strand
template to look for patterns of alternating properties. The underside o
the beta strand is clearly more variable than the top side. This is mos
evident in functional subfamily 6, but also in functional subfamilies 3, an
particularly at positions 177-181. Further, the pattern of alternation from
positions 177-181 is evident, making the beta structure more plausible fo

his segment. Thus, a weak case can also be made that this segment adopts
_abeta structure.
An expedient that has been used to resolve uncertain cases (Johnsson
and Benner, unpublished) has been to reconstruct the sequences of ancient
proteins using a rule of parsimony and examine their structures. By this
process, weak evidence for a helix can be found in this region; in the
tyrosine kinases, positions 177, 181, and 188 are all indeterminate, and all
lie on one side of a helical wheel. However, this region in the reconstructed
protein is highly hydrophobic. Still stronger evidence for beta strand comes
in subgroup 6, where 177, 179, and 185 are indeterminate, 181 nearly so;
183 is an APC F.
 This is the most difficult segment of the protein to assign. Crystal
structures of several protein kinases must be done to learn how much
conformational variation occurs in this region in different subfamilies. The
assignment noted in Figure 5 for this region is our best guess, both on the
grounds outlined above, and from general intuition.

Unit 21. The deletion at positions 194-197 in functional subfamily 1
indicates that positions 193 and 198 are close in the remaining proteins.
This region contains the autophosphorylation site for the tyrosine kinases
(position 194), a site that may be near the active site. However, there is
10 evidence from the alignment that this segment is at the active site. Here
again, this is most likely because of substantial functional adaptation that
has led to sequence divergence within different functional subfamilies of
proteins. Notably, the autophosphorylation site in the serine-threonine
kinases (at position 199 in the next segment) does not align with the

TABLE 2. NUMBER OF CONSERVED SUBGROUPS BY POSITION
NUMBER IN CLUSTERS OF SUBGROUPS WITH DIFFERENT MINIMUM
PAIRWISE IDENTITIES (MPI)

Position MPI (%) utophosphorylation site in the tyrosine kinases (position 194) in the
number 90 85 80 70 60 50 40 lignment prepared by Hanks et al. (1).

MWM m M w M W w w Unit 22. This segment appears to be another long broken beta strand.
179 12 6 6 6 3 5 1 he alignment is not well anchored in this segment. Mobashery and Kaiser
180 11 5 5 4 1 3 1 28) aligned the TWTLC segment against the NEYTA segment in the
Www m m M M w M m, yrosine kinases, based on the fact that the middle residue in both is
183 12 6 6 6 5 6 4 he autophosphorylation site. The change in the alignment is extremely
184 12 6 6 6 5 6 4 ignificant. If the residues from the tyrosine kinases presently matched
WMM m m M m w w w with positions 198-204 remain, the conformation of the segment would
187 12 5 5 6 4 4 1 be assigned as an active site coil. If not, it would be assigned as an active
188 12 5 5 3 3 2 0 site beta strand from position 198-203.

Www Hw W w m w W w _ The alignment from position 190-228 is heavily laden with parsing
191 10 5 4 3 2 0 0 lements. Nine of the 29 positions involve deletion/insertions, and 18 of
192 11 4 4 5 0 1 0 he 29 positions have P in at least one protein. Thus, a full 24 of the 29
WM ww m w M w M w ositions (83%) are candidates of varying strengths for parses. There are

veral strong active site assignments. Position 209 is a CM6 P, canonically
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Unit 24. The segment from 226-240 is entirely assigned to the inside; only
at position 237 is there an extremely weak surface assignment (two variable
subgroups MPI = 50% with only one having a polar residue). This stretch
of 15 interior positions is the longest in the protein. The region has a large
number of splits at low MPI’s. Thus, the segment is canonically assigned
as a beta strand. The strand contains some unusual positions. For example,
position 230 displays the highest reflexivity in the entire alignment; Ala and
 Ser are found in many subgroups at various MPI values, but the distribution
is not tree-like. This indicates a structural constraint on drift, confirms the
assignment as an interior beta strand, and should be the basis for a search
' for co-varying positions elsewhere in the sequence.

Again, the beta strand is long. It is, however, conveniently bent at
positions 232 and 237. Deciding where to end the strand at the carboxyl
terminus is problematic, as the deletion at position 241 is placed here solely
because of a presumed alignment anchor at position 242. While it is clear
that positions 244-245 adopt a coil conformation, it is possible for the beta
strand to extend at least as far as position 243.

assigned as a secondary parse; a PP parsing sequence found in proteins
46, 65, 80, and 84 (MPI < 35%) confirms the assignment of a parse a
this position. This parse is adjacent to an APCE, canonically designated
an active site residue. A distributed parse is found at positions 203204
Further, in positions 190-201, every residue is assigned to the surface
although the assignments at positions 200 and 201 are relatively weak
Likewise, the segment from 217-225 is largely assigned to the surface.

The pattern of variation and conservation suggests that this segmen
almost certainly lies near the active site. From position 202-216 there ar
no surface assignments, and extremely little variability. Conserved string
and an APC E at position 210 support more strongly an assignment 0
this segment to the active site. There is ample experimental evidenc
to confirm this suggestion (29, 30). As noted above, position 194 is th
autophosphorylation site of several tyrosine kinases. Short peptides (e.g.
LRRASLG) are phosphorylated by the catalytic subunit of bovine cycli
AMP dependent protein kinase. When these are modified to introduc
reactive groups, Thr 199 (alignment number) and Cys 201 are modified
and these residues are protected by substrate.

The principal difficulty in assigning conformations to segments such a
these is to choose between an assignment as an active site coil, or as a s¢
of short beta strands separated by bulges or turns. The second is favore
in this case, as there are a large number of splits in this segment. There i
a conserved string in subgroup 2 (MPI = 50%) (VILWYR), a canonica
indicator of an active site string. We have assigned a beta strand fro
position 201 to position 212, with the strand bent or broken at positio
203-204 and again at position 209.

Unit 25. This segment is assigned a coil conformation because of the
istributed parse at positions 244-245, a presumed hydrophobic anchor
t position 246, and the conserved G (secondary parse) at position 242.
There is no evidence for active site residues in the coil. Positions 246 and
60 are close in space, as indicated by the deletion in protein 46.

Unit 26. This segment is not well anchored, and the single amino acid
nsertion at position 273 might well be collapsed by a shift of the alignment.
This would move the beginning of the parse to position 276, possibly adding
2 more positions to the helix in the previous segment. This revised alignment
s used in the analysis here. ,

. There is textbook amphiphilicity from positions 260 to 272, suggesting an
assignment of a 10 residue helix in this region (Fig. 4d). Helices of this type
are only rarely misassigned, making this one of the strongest predictions
-1 this structure. It then remains to determine how far this helix can be
xtended in either direction. The amphiphilic pattern is disrupted in the
mino direction by the surface assignment at position 262 (which is on the
side face of the helix). Position 262, therefore, may still be a part of the
elix; as noted previously, amino acids on the inside ends of amphiphilic
elices are often assigned to the surface. However, this implies that the
elix does not extend more than a half turn further in the amino direction.
his notion is confirmed by the scattered P’s at positions 262, 261 and 260.
urther, there is a parsing string PXP in positions 260-262 of protein 9,

Unit 23. Positions 213-216 are deleted in most of the proteins in th
alignment. Further, there is a deletion at position 224, a deletion th
possibly can be moved by readjusting the alignment. The issue regardin
the intervening segment (positions 217-223) is whether or not it adop
a standard secondary structure. Four consecutive surface assignmen
(positions 217-220) are canonically designated as a coil. Further, parsin
elements are found at positions 218, 219, 220 and 223. A coil is th
canonical assignment, with position 221 serving as its hydrophobic ancho
a residue that points inside to hold the otherwise external loop in a define
conformation. There is a string SSS in protein 45 (positions 217-219) whic
is also suggestive of a coil.

This conformational assignment may not hold for tyrosine kinas
(functional subfamilies 8-12), which do not contain parsing strings
deletions in this region, and otherwise do not appear to be as non-structure
in this region as the serine-threonine kinases. However, given the problem
with the alignment noted above, this matching may be deceptive.
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the helix. Positions 299 to 304 are also a string of 6 consecutive surface
assignments. Thus, positions 286-301 are assigned a helical structure in the
preferred assignment for cAMP-dependent protein kinases (Fig. 3).

" The conformations of the subsegments that immediately follow (positions
303-313) are difficult to assign. Positions 303, 304, 307, 309, 310, 313, and
314 are all assigned to the surface. Positions 306, 308, 311, and 312 are
assigned to the inside. The most distinctive feature of this segment is the
APC R at position 305. This is canonically assigned to the active site
(although again, such assignments are only ca. 70% accurate).

~ Secondary parses at positions 302 and 306 separated by 2 surface residues
are canonically assigned as a loop. There are no active site strings that
would confirm the APC R as an active site residue, even at relatively high
MPI values. Thus, it might be argued that the APC R is an ‘anchor’ for a
loop not at the active site. However, in view of the wide range of functions
performed by different members of this family of proteins, it is important to
reexamine this point by functional class, assuming that the variation that is
seen is adaptive in a substrate binding segment of the kinases. For example,
functional group 1 (50% MPI), one does not find the amount of variation
at one would expect in a surface loop far from the active site. Thus, this
assigned as an active site coil.

The conformation of the following segment is especially problematic.
anonically, the presence of parsing strings (e.g., in functional subfamily
. GSGPDGEP) and weak secondary parsing elements at positions 307, 309,
10, and 312 suggests that this segment is 2 coil with hydrophobic anchors
t positions 308 and (in some subfamilies) 311 and 312. However, position
07 shows an intriguing amount of reflexivity. For example, in functional
n,cmmamv\. 6, with a MPI of ca. 30%, only residues T and S are found, and
his variation is mirrored in functional subfamilies 3, 4, 5, 9 and 11. Such
eflexivity suggests the possibility that this segment is a beta strand, possibly
ear the surface.

and the parsing string PP in positions 261-262 of protein 90. Based on thi
reasoning, the assigned helix begins at position 262.

The carboxyl end of the helix is more difficult to assign. Position 27
breaks the amphiphilic pattern of the helix, but the assignment is generate
for the alignment with the deletion at position 273. This alignment i
modified to remove the deletion in our final analysis. Likewise, the
‘correct’ (presuming the helical wheel) assignment of position 274 to th ,
surface is less strong in the realigned segment. To match parses (often in
surface helices, the parses at the beginning and ends of the helix fall on the
same side of a helical projection), there are several choices, as the potentia ,
parses at the beginning of the helix at positions 61, 62, and 63 each match
with potential parses at the end (261 matches with 272; 262 matches wit
273, and 263 matches with 274 in the rearranged alignment). Nevertheless
it is clear that the helix does not extend past position 275 (note the PP
parsing string in protein 42). Thus, positions 262-273 are assigned a helica
structure, with a coil extending from 274 until the next parse.

Buechler and Taylor (Reference 23) found that the carboxyl side chai
of D 260 is especially reactive with water-soluble carbodiimide. However
the side chain is not protected by substrate.

Unit 27. Positions 276-285 are deleted in protein 46, indicating tha
positions 275 and 286 are close in space in the folded structure in th
remaining proteins. A large number of parsing strings within the regio
make the canonical assignment a coil for this segment. There is no evidenc
for active site residues in the coil.

Units 28, 29 and 30. There is textbook amphiphilicity from positions 28
to 300, suggesting a 15 residue helix (a bit over four turns) in this regio
(Fig. 4e). Helices of this type and length are almost never misassigned
making this a ‘very strong’ assignment. It remains to determine how fa
this helix can be extended in either direction. A deletion parse ending at
position 285 suggests that the helix begins exactly at position 286. Howeve
some of the amino acids can be moved from above the deletion to positio
285 without significantly altering the significance of the alignment in th
region. Indeed, in some proteins (e.g., proteins 52-54), the pattern of
amphiphilicity appears to extend in this direction. Extending the helix bac
by one amino acid also superimposes the parses at each end of the heli

On these grounds, the amino end of the helix is extended to position 284
in the maximum helix in Figure 5 in a readjusted alignment (some residu

from positions 279 and 280 of proteins in functional subfamilies 1 and 2 ar
moved to position 284 in the alignment).

At the carboxyl end of the helix, amphiphilicity is broken at position 30
Further, a secondary parse at position 302 provides a plausible point to end

Unit 31. Positions 314-318 are deleted in functional subgroups 3-6,
implying that positions 313 and 319 are close together in space in the
emaining proteins. There is no evidence for active site residues in
he coil.

Unit 32. Tt is important to note that the sequences in this alignment are
ncated; they continue past this point, often for some length. However,
these carboxyl terminal extensions in the different proteins cannot be
igned. Canonically, it is simplest to assign this segment simply as a
il, as it lies largely on the surface (all positions are assigned to the
rface). However, the strength of the assignments vary as expected for
alpha helix. So does the hydrophobicity of the segment. Thus, it is
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These considerations lead to the minimal structure shown in Figure 6.
should be noted that in this figure the long beta strands are almost
rtainly bent. Further, constraints imposed by a need for a 2-dimensional
presentation distort the picture. Thus, as indicated on the figure, the
sttucture is further folded to bring together the active site residue at
position 67 (near the ATP binding site) and at 113-116 (near the peptide
inding site).

This picture can be modified by inferences drawn from chemical
nsiderations of the reaction being catalyzed. First, the nucleophilic
splacement is ‘in-line’ with a trigonal bipyramidal phosphorus in the
ansition state lying between an attacking nucleophile and the departing
eta-phosphate of ATP. The nucleophile (a serine, threonine or tyrosine)
ust lose a proton to a basic residue at the active site. The pentaco-ordinate
hosphate with additional negative charge must be stabilized by a positively
arged residue on the protein. The Mg—-ATP must be bound on the distal
de of the phosphorus, with the divalent magnesium cation co-ordinated
the alpha and beta phosphates of ATP and to ligands on the enzyme.
inally, groups on the enzyme must form hydrogen bonds to the ribose
g hydroxyl groups, and present a hydrophobic pocket to hold the purine
ng with a hydrogen bond to N(6).

To assemble the secondary structural units, positions 46, 67, 113, 11 What sorts of residues might one expect the enzyme to contribute for
156-162, 182, 199, 201, 210, 237, and 305 are tentatively assigned as lyin sort of catalytic effect? Some information bearing on this question
or near the active site, suggesting that these points in the polypeptide ch be obtained from the crystal structures of phosphoglycerate kinase
come together in 3-dimensional space. Position 305 is only weakly assign ), phosphofructokinase (32), adenylate kinase (33) and pyruvate
to the active site, however, and alternative models that place this resi ase (34).
at a position removed from the active site must also be considered. onsider first the co-ordination of magnesium. In pyruvate kinase, the

The beta strands that are connected by short loops are then exami gnesium co-ordinates to the side chain of Glu 271 and two main chain
to see if evidence can be found that they lie antiparallel in a beta sheet. bonyl residues. Glu 271 is conserved in enzymes from cat, chick, rat,
discussed above, co-variation analysis suggests that the two strands 8 yeast, is part of a conserved string of three, and lies in a turn at the
and 103-111 lie antiparallel, with the side chain of the amino acid at posi! of a beta strand and two positions before the start of an alpha helix. In
87 of the first beta strand on the same side of the sheet as the side chain of ylate kinase, the side chain of Asp 93 (in the middle of a beta strand)
amino acid at position 108, and these two side chains in close proximit ars to co-ordinate the magnesium. In phosphofructokinase, Asp 103

Further, based on active site assignments, beta strand 201-212 is arran conserved heptapeptide at the start of an alpha helix) co-ordinates
antiparallel to beta strand 226-240, although these long strands are alm nesium. Asp 129 appears to bind water co-ordinated to magnesium in
certainly discontinuous, implying that this antiparallel arrangement o protein. In phosphoglycerate kinase, Asp 374 (at the start of an alpha
not extend along the entire strand. in a GGGD conserved string) co-ordinates the magnesium. Thus, we

Chemical cross-linking experiments suggest that the side chain of pect that Asp and Glu residues (with perhaps a slight preference for
amino acid at position 46 in the beta strand 43-48 is in close proxi former) will also be involved in the co-ordination of magnesium in
to the side chain at position 182 in the beta strand 177-185; co-vart n kinase, and that these residues can be identified by their pattern
analysis suggests that these these strands lie antiparallel (based on func servation.
variation at positions 47 and 181, and the hydrophobic variable positi ractions with the phosphate groups involve, not surprisingly, Arg
and the APC F at position 198). In contrast, no evidence can be foun: ys residues, with perhaps a preference for the former. For example,
any association of beta strand 12-22 with beta strand 43-48. vate kinase, Lys 114 and Arg 119 form salt bridges to the phosphate

possible that this segment is the beginning of a helix that will extend into
the next section of the protein. It is important to test this by looking at the
extended sequences of proteins, where they can be aligned. ;

In functional group 1, 2 and 8, the amphiphilic helix can be extended by
one position (to 326). Group 8 has a secondary parse at what would be
position 327 in the alignment. In the serine kinase groups, this position is
occupied by a conserved W, a W that breaks the amphiphilic helix at this
position. The sequence that follows also does not fit on the amphiphilic
wheel; the next parsing segment in this class is at positions 337. While
the method cannot discuss these structures without an alignment, there
is no reason not to accept in this segment a short helix (7 amino acid
319-325, with 319 being a weak surface). The P scattered in function
groups 1-5 either indicate that the helix is shorter in these groups (in AD
phospholipase, and other proteins there are analogous single turn helic
that show amphiphilicity) or, more probably in our opinion, a P occurs
the first turn of an alpha helix.

Assembling the Secondary Structural Elements
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groups of the substrates. Arg 72 (in a beta strand) and Arg 293 (in a coil
between a beta strand and an alpha helix) appear to be near the phosphorus

STRUCTURE OF PROTEIN KINASES

TABLE 3. SUMMARY OF CHEMICAL MODIFICATION DATA ASIT
PERTAINS TO ASSIGNING POSITIONS TO THE ACTIVE SITE

electrophile. Both are highly conserved, the second in a string many
amino acids long. In adenylate kinase, Lys 21 (in a turn or at the beginning of

Position

Relevant protection

Conservation

Assigned role

K 007
K046
K 050
E 067

a helix) may be near the gamma-phosphate group. The residue is conserved
in five sequences with pairwise identities from 24% t0 52%. Arg 44, Arg 97,
Arg 128, Arg 138, and Arg 149 are all conserved, and all point towards the
active site cleft in this enzyme, not surprising considering the number of
negatively charged groups that are brought together in the active site. In
phosphofructokinase, Arg 72 seems to bind to the alpha-phosphorus of ATP
as well as the phosphorus being transferred. In phosphoglycerate kinase
Lys 219 (at the start of an alpha helix) appears to bind the alpha-phosphate
of ATP. The beta and gamma phosphates are found on the amino terminal
end of a helix.

Co-ordination to ribose is varied. In phosphofructokinase, Tyr 41 (in a
conserved dipeptide at the start of an alpha helix) provides the conta
In phosphoglycerate kinase, Glu 343 (in a coil at the end of a GVE
conserved sequence) appears to make a hydrogen bond with the ribo

MgATP + peptide
MgATP

MgATP + peptide
MgATP

Not protected
Peptide

Peptide

Not labeled

No information
MgATP + peptide
MgATP

Peptide

Peptide

Not labeled

Not labeled
MgATP + peptide
Not protected

No information

Not conserved
Conserved
Not conserved
Conserved
Not conserved
Not conserved
Not conserved
Conserved
Conserved
Not conserved
Conserved
Not conserved
Not conserved
Conserved
Almost conserved
Not conserved
Not conserved
Conserved

Binds peptide
Gamma P
Binds peptide
Mg ligand

No role
Binds peptide
Binds peptide
Mg ligand
Binds ribose
AS vicinity
General base
Binds peptide
Binds peptide
Structural
Structural

AS no role
No role
Uncertain

hydroxyl groups. In alcohol dehydrogenases, the ribose of NAD* is
hydrogen bonded to an APC Asp 223 (at the end of a beta strand).

It is now necessary to assign similar roles to various positions in prote
kinase. In addition to the sequences themselves, we have some informati
available to us from chemical modification studies involving carbodiimi
(for acidic residues), acetic anhydride (for Lys), and peptide analog
obtained primarily from the laboratories of Taylor and Kaiser, which a
summarized in Table 3.

There are only two candidates for a side chain to provide the positi
charge to the gamma phosphate, K 46 and R 305. The chemical modificati
experiments with reactive analogs of ATP place the side chain K 46 ne
the gamma-phosphorus of ATP, and it seems not unreasonable to assi
tentatively this role to this residue.

Identifying roles for the individual carboxyl groups is more difficu
as they can presumably serve to co-ordinate magnesium, or bind to t
ribose, or act as a base abstracting a proton from the nucleophilic cent
of the protein substrate. Acidic residues under consideration here ar
three types. First, there are two residues that are conserved, reacti

are not conserved, react with carbodiimide, but require both Mg-ATP
peptide to protect them (E 161 and E 237). Finally, there are two ac
residues that are not conserved, reactive, and are not protected by any

of substrate combination (E 089 and D 260). ‘ lays a structural, rather than a catalytic role.

' The last pair, E 089 and D 260, can be presumed not to lie at the
ctive site, and therefore to be uninteresting for the present discussion.
E 161 and E 237 might be presumed to lie between the substrate peptide
inding site and the Mg-ATP binding site. Because they are not conserved,
hey presumably play no role in catalysis. However, these positions in
he polypeptide chain should lie between positions 113-116 and 199-201
he peptide binding site) and positions 157-160 and 67 (the Mg-ATP
inding site).
In contrast, both D 157 and E 210 are absolutely conserved. Both do not
react with carbodiimide, suggesting either that they are buried, or that they
¢ for chemical reasons unreactive. The assignment of E 210 to the active
site is not extremely strong. It is in a beta strand that appears to be inside the
folded structure, but displays few of the sequence characteristics expected
ra string at the active site. As noted above, absolutely conserved charged
dues appear only ca. 70% of the time at the active site. Itis possible that
, 10 is one of the 30% of this type of position that does not.
Second, there are two residues that are conserved and do not react e<~ A @Ommﬂu;\ mS.—mﬁOWOE.m residue is D 227. It is D@ml%v but not OOB@wOﬁQN%u
carbodiimide (D 157 and E 210). Then there are two acidic residues th served, being substituted by Ala in protein 46. Such variation is not
xpected for a residue critically involved in catalysis, although it is worth
ing that the variation could be a sequencing error. Further, D 227 occurs
gain in a buried beta strand, and again might be highly conserved because
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In contrast, there is no question from the pattern of conservation in the
region that D 157 lies at the active site. It must therefore be accessible
t0 solvent under some conditions. We cannot say why it fails to react
with carbodiimide. However, it is worth noting that the reaction with
carbodiimide proceeds from the protonated form of a carboxyl group. A
carboxyl group with a low pKa might not be expected to react. This is a
behavior exactly opposite that expected for a carboxylate involved as a
general base catalyst, suggesting that the residue at position 157 does not
play this role. Presumably E 067 acts either as a ligand for magnesium or
to form hydrogen bonds with the hydroxyl groups on the ribose ring.

The conservation of E 067 and D 182 indicates that these residues do play
critical roles. However, in contrast to D 157, D 182 is extremely reactive
with carbodiimide, suggesting that the side chain carboxylic acid has a high
pKa. This implies, of course, that the conjugate base is relatively strong, as
would be expected were this carboxylate to act as a base to deprotonate the
nucleophile in the reaction. In this role, D 182 should be close enough to the
position where the gamma-phosphate would bind in the enzyme—substrate
complex that it forms a cross-link with K 46 when no substrate is present.

In this context, it is worth noting that the pKa values of the hydroxyl
groups of serine and tyrosine are different by some six orders of magnitude.
Thus, it is not expected a priori that the same basic group will abstract
proton from each. We had hoped to find in the protein kinase alignment a
basic residue conserved in each functional subfamily but different between
the two (a ‘functional split’), and use this pattern to identify the residus
that acts as a base. Unfortunately, no such residue appears to exist in the
alignment. Closest are positions 149 (mostly His in the serine/threoni [
kinases, and mostly Glu in the tyrosine kinases), but the conservation i
each functional subfamily is not perfect. Thus, our preferred candidate fo
a residue that acts as a general base in the catalytic reaction is Asp 182.

These conclusions can be summarized in a model of the active site (Fig. 7
showing the transition state for the reaction and the presumed orientatio
of reactions involved in catalysis. While both E 67 and D 157 are show
co-ordinating magnesium, one of these two side chains might instead
forming hydrogen bonds to the hydroxyl groups of the ribose ring.

The models shown in Figures 6 and 7 are not, of course, complet
representations of the conformation of the folded protein. However
provided that the two peptide binding sites are brought together in thre
dimensions, positions 67 and 157 brought to within bonding distance
a single magnesium, positions 161 and 237 placed between the peptid
binding site and the ATP binding site, and position 46 aligned with th
gamma phosphate and 182 placed to abstract a proton from the reactiv
nucleophile, only a small number of folded forms are consistent Wi
the constraints imposed by the assignments of secondary structure, th

FIG. 7. Diagram of
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the active site of protein kinase showing transition state for the reaction
d and the amino acids presumed to be involved in catalysis.

assignments of inside and surface positions (Fig. 3), and the covalent links
of the polypeptide backbone. Further constraints are introduced if position
is placed near the active site.

We do not have sufficient computer expertise at this point to go the last
tep and incorporate all of these constraints into a 3-dimensional model.
Especially important in this regard is to bend the beta strands correctly
(at the positions indicated by the dotted lines), to adjust the twist of the
appropriate beta sheets, 10 order the beta strands based on their general
accessibility (for example, beta strand 226-241 is undoubtedly in the center
of a beta sheet, not on the end as a naive reading of Figure 6 would imply),
and to pack interior residues into a plausible core. Work in these areas is
in progress.

SUMMARY

The secondary structure and elements of tertiary structure have been
redicted for the catalytic domain of protein kinases using a method
hat extracts structural information from the patterns of conservation and
ariationin an alignment of homologous proteins (35). The central features of
his structural prediction are: (a) the catalytic domains of protein kinases do
tincorporate a Rossmann fold; (b) the core of the structure is founded on
eta sheets built from pairs of bent antiparallel beta strands; (c) five helices,
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including an especially long helix (alignment positions 129-152) that lie on
the outside of the folded core. These proteins are important in many aspects
of metabolic regulation.
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