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REVIEW
A structural role for arginine in proteins:

Multiple hydrogen bonds to backbone
carbonyl oxygens

C.L. BORDERS, JR., JOHN A. BROADWATER, PAULA A. BEKENY,
JOHANNA E. SALMON, ANN S. LEE, AIMEE M. ELDRIDGE,

AND VIRGINIA B. PETT

Department of Chemistry, The College of Wooster, Wooster, Ohio 44691

(RECEIVED October 26, 1993; AcCEPTED January 19, 1994)

Abstract

We propose that arginine side chains often play a previously unappreciated general structural role in the mainte-
nance of tertiary structure in proteins, wherein the positively charged guanidinium group forms multiple hydro-
gen bonds to backbone carbonyl oxygens. Using as a criterion for a “structural” arginine one that forms 4 or more
hydrogen bonds to 3 or more backbone carbonyl oxygens, we have used molecular graphics to locate arginines
of interest in 4 proteins: Arg 180 in Thermus thermophilus manganese superoxide dismutase, Arg 254 in human
carbonic anhydrase 11, Arg 31 in Streptomyces rubiginosus xylose isomerase, and Arg 313 in Rhodospirillum rubrum
ribulose-1,5-bisphosphate carboxylase/oxygenase. Arg 180 helps to mold the active site channel of superoxide dis-
mutase, whereas in each of the other enzymes the structural arginine is buried in the “mantle” (i.e., inside, but
near the surface) of the protein interior well removed from the active site, where it makes 5 hydrogen bonds to
4 backbone carbonyl oxygens. Using a more relaxed criterion of 3 or more hydrogen bonds to 2 or more back-
bone carbonyl oxygens, arginines that play a potentially important structural role were found in yeast enolase,
Bacillus stearothermophilus glyceraldehyde-3-phosphate dehydrogenase, bacteriophage T4 and human lysozymes,
Enteromorpha prolifera plastocyanin, HIV-1 protease, Trypanosoma brucei brucei and yeast triosephosphate isom-
erases, and Escherichia coli trp aporepressor {but not trp repressor or the trp repressor/operator complex). In ad-
dition to helping form the active site funnel in superoxide dismutase, the structural arginines found in this study
play such diverse roles as stapling together 3 strands of backbone from different regions of the primary sequence,
and tying o«-helix to a-helix, 8-turn to 8-turn, and subunit to subunit.

Keywords: backbone carbonyl oxygens; buried arginine; carbonic anhydrase; enolase; glyceraldehyde-3-phosphate
dehydrogenase; HIV-1 protease; lysozyme; manganese superoxide dismutase; multiple hydrogen bonds; plasto-
cyanin; ribulose-1,5-bisphosphate carboxylase/oxygenase; structural arginine; triosephosphate isomerase; trp apo-
repressor; xylose isomerase

The guanidinium group of arginine is the most polar of all the

common amino acid side chains found in proteins (Wolfenden,
1983) and is thus the residue most likely to be found on the sur-
face in an aqueous environment. The side chain almost always
has a pK, =12 and the positively charged planar guanidinium
group can be a hydrogen donor in the formation of up to 5 hy-
drogen bonds (Fig. 1). Arginine plays a major role in the bind-
ing of negatively charged substrates, cofactors, and effectors to

Reprint requests to: Charles L. Borders, Jr., Department of Chem-
istry, The College of Wooster, Wooster, Ohio 44691; e-mail: bor-
ders@acs.wooster.edu.
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protein active sites (Riordan et al., 1977). In addition, it is of-
ten involved in the formation of singly or doubly hydrogen
bonded salt bridges, usually with aspartate or glutamate side
chains. These salt bridges stabilize the tertiary and quaternary
structures of numerous proteins (Riordan et al., 1977) and are
an important mode of interaction between different proteins (De
Vos et al., 1992). Arginine is also reported frequently to hydro-
gen bond to other side-chain heteroatoms and to water mol-
ecules, but infrequently to backbone carbonyl oxygen atoms
(Richardson & Richardson, 1989). No one has previously sug-
gested that arginine may often play a general structural role in
the maintenance of the native core structure of globular proteins.
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Fig. 1. Diagram of the planar protonated guanidinium group of an ar-
ginine showing 5 hydrogen bonds to 5 different oxygen atoms. The 3
nitrogen atoms are referred to as NE, NH1, and NH2 at various places
in the paper. In this figure, NE is at the bottom, NH1 is at the top right
above the R group, and NH2 is at the top left above the proton attached
to NE.

We recently used data from chemical modification with
group-specific reagents to determine that Arg 180 plays a key
role in the catalytic function of most manganese-containing and
iron-containing superoxide dismutases (Chan et al., 1990). We
have used FRODO software on the Evans and Sutherland PS390
molecular graphics system to examine the local environment of
Arg 180 in the 1.8-A X-ray crystal structure of Thermus ther-
mophilus manganese superoxide dismutase (Ludwig et al.,
1991). Our initial report suggested that Arg 180 is in a highly
unusual hydrogen bonding environment in which it forms 4 hy-
drogen bonds to 3 backbone carbonyl oxygen atoms, and we
proposed that Arg 180 plays a combined structural and func-
tional role at the active site of most manganese and iron super-
oxide dismutases (Chan et al., 1990).

We have used molecular graphics to further examine Arg 180
in T. thermophilus MnSOD (see below), as well as the localized
environments of all arginines in the X-ray crystal structures of
20 other proteins. Using a criterion of 4 or more hydrogen bonds
to 3 or more backbone carbonyl oxygens, we have located 3 ad-
ditional “structural” arginines. On relaxing the criteria to 3 or
more hydrogen bonds to 2 or more backbone carbonyl oxygens,
we found an additional 14 arginines. We propose that arginine
side chains often play a general structural role in the mainte-
nance of protein tertiary structure. A similar role has recently
been proposed for arginine in the specific interaction of peptides
and proteins with target RNA sequences (Calnan et al., 1991).
Preliminary accounts of some of the work reported in our paper
have previously appeared (Bekeny et al., 1991; Borders et al.,
1991; Broadwater et al., 1993).

Results

Thermus thermophilus manganese superoxide dismutase

We originally proposed a structural role for arginine in proteins
from our study of the inactivation of manganese (and iron) su-
peroxide dismutases by phenylglyoxal, an arginine-specific re-
agent (Borders et al., 1989; Chan et al., 1990). Arg 180 is the
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only highly conserved arginine in all manganese and iron super-
oxide dismutases sequenced to date (Chan et al., 1990). In the
single exception, this arginine is replaced by lysine in the yeast
enzyme. A preliminary examination (Chan et al., 1990) of the
local environment of Arg 180 in the 1.8-A structure of T. ther-
mophilus manganese superoxide dismutase (Ludwig et al., 1991)
suggested to us that Arg 180 may play a combined structural and
functional role in the active site channel of this enzyme.

Kinemage 1 shows the hydrogen bonding interactions of
Arg 180 in T. thermophilus manganese superoxide dismutase.
Arg 180 protrudes from the N-terminus of one helix and makes
4 hydrogen bonds to 3 carbonyl oxygens at the C-terminus of
a second helix. These 4 hydrogen bonds, between NH1 and NH2
of Arg 180 and the carbonyl oxygens of Ala 124, Arg 127, and
Gly 129, range from 2.51 to 3.38 A, whereas the dihedral an-
gles range from 5° to 34° (Table 1). In addition, NE of Arg 180
makes a hydrogen bond with the hydroxyl oxygen of Tyr 172.

The active site of manganese superoxide dismutase is com-
posed of residues from 2 different subunits. In the active cen-
ter around the Mn ion from subunit B, Arg 180 is contributed
by subunit A. View 2 of Kinemage 1 shows a part of the chan-
nel, with Arg 180A at the top in the opening view. The catalytic
Mn is at the bottom of a deep channel where it is ligated by the
side chains of His 28A, His 83A, His 170A, and Asp 166A, plus
a water molecule. The path to the Mn ion is quite open, with
only the side chains of His 32A and Tyr 36A protruding into the
channel (Ludwig et al., 1991). Arg 180, with its extensive hydro-
gen bonding network, provides a diffuse positive potential on
one wall of the channel that likely serves as an orienting force
for the proper approach of O, to the catalytic center. The side
of the arginine guanidinium plane facing the active site chan-
nel is filled with water molecules (Kinemage 1, View 2), provid-
ing an easy access route for superoxide. We thus believe that
Arg 180 in manganese superoxide dismutase plays both a struc-
tural role, wherein it helps to mold the active site channel, and
a functional role, in which it helps to guide the anionic substrate
to the catalytic center.

Human carbonic anhydrase 11

An examination of the 2.0-A resolution structure (Eriksson
et al., 1988) of human carbonic anhydrase II reveals that
Arg 254 fits our criteria for a structural arginine. Kinemage 2,
View 1, shows the position of Arg 254 relative to the zinc ion
in active site channel of the monomeric protein. The guanidi-
nium moiety of Arg 254, which is more than 15 A from the
Zn(II), is shielded from the active site channel by the hydropho-
bic core of the protein. Interestingly, the positively charged gua-
nidinium group points inward toward the interior of the protein
so that the a-carbon of Arg 254 is closer to the surface than any
other side-chain atom.

Figure 2 and Kinemage 2, View 2, show close-up views of the
hydrogen bonding interactions of Arg 254. The guanidinium ni-
trogens form 5 hydrogen bonds to 4 backbone carbonyl oxygens
contributed by Gln 28, Pro 195, Pro 250, and Leu 251. All hy-
drogen bonding distances are <3.1 A and the dihedral angles
between each carbonyl oxygen and the guanidinium plane are
<10° (Table 1). The guanidinium group of Arg 254 penetrates
into the interior of the protein and effectively acts as a staple
to anchor 3 different polypeptide chains, represented by 3 dif-
ferent colors in Kinemage 2, View 2. The polar guanidinium
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Table 1. Hydrogen bonding interactions of backbone carbonyl oxygens to Arg 180 in T. thermophilus
manganese superoxide dismutase, Arg 254 in human carbonic anhydrase II, Arg 31 in S. rubiginosus
xylose isomerase, and Arg 313 in R. rubrum ribulose-1,5-bisphosphate carboxylase/oxygenase®

Protein Arg Atom Residue Distance® Dihedral angle®

Superoxide dismutase 180 NH2 Gly 129 3.27 31
NH2 Arg 127 3.38
NHI Arg 127 2.78 6
NH1 Ala 124 2.51 34

Carbonic anhydrase 254 NE Leu 251 2.80 7
NH2 Pro 250 291 8
NH2 Gln 28 2.86 10
NH1 Gln 28 3.11 9
NHI1 Pro 195 2.87 10

Xylose isomerase 31 NE Trp 20 3.33 17
NH2 Trp 20 2.73 22
NH2 Pro 290 2.97 15
NH1 Pro 291 2.82 4
NH1 Glu 294 2.99 1

Ribulose-1,5-bisphosphate

carboxylase/oxygenase 313 NE Lys 361 2.96 23

NH2 Met 360 2.81 22
NH2 Gln 345 3.09 5
NH1 Gln 345 2.94
NH1 Met 342 2.69 11

2 Arg 180 in superoxide dismutase also makes a hydrogen bond to the hydroxyl oxygen of Tyr 172. All hydrogen bonds are
intrasubunit. The dihedral angle is N;-C,~Np- - -O,, where N, is 1 of the 2 remote nitrogens of the guanidinium plane, C, is
the guanidinium C-zeta, Ny, is the guanidinium nitrogen that donates the hydrogen bond of interest, and O, is the backbone

carbonyl oxygen.that serves as the hydrogen bond acceptor.
b Distance in A; dihedral angles in degrees.

group is shielded on one face by van der Waals contacts with
the side chains of Pro 195, Tyr 194, Val 31 and Leu 251, and
Ile 256. The hydroxyl of Ser 29 seals off the bottom of the
pocket, whereas the methylene carbons of Arg 27 and Lys 252
seal off the other. The only access to bulk solvent involves a
small string of water molecules on one side of the guanidinium
plane (Kinemage 2, View 2).

The crystal structure of human erythrocyte carbonic anhy-
drase I has also been reported (Kannan et al., 1984), and an ex-
amination of this structure shows that the Arg 254 in this
isozyme makes the same hydrogen bonding interactions as found
in carbonic anhydrase I1. The Arg 254 side chains in the 2 struc-
tures are isostructural (data not shown). Significantly, Arg 254
is totally conserved in each of the 24 different carbonic anhy-
drases sequenced to date (Hewett-Emmett & Tashian, 1991). No
role has previously been proposed for Arg 254 in carbonic an-
hydrase, but we believe that it plays a key role in maintaining
the active structure of the native enzyme.

Streptomyces rubiginosus xylose isomerase

The X-ray structure of xylose isomerase from S. rubiginosus has
been determined at 1.9 A resolution (Carrell et al., 1989). Arg 31
in this enzyme easily meets the criteria we have established for
a structural arginine, making 5 hydrogen bonds to 4 backbone
carbonyl oxygens donated by Trp 20, Pro 290, Pro 291, and
Glu 294 (Kinemage 3). The hydrogen bonding distances range
from 2.82 to 3.33 A, and all dihedral angles are <22° (Table 1).

The guanidinium group is well removed from the active site, with
its closest nitrogen atom 14.3 A from one Mn ion and 15.9 A
away from the other (Kinemage 3). As with Arg 254 in carbonic
anhydrase, the a-carbon of Arg 31 in xylose isomerase is the
side-chain atom closest to the surface of the protein and the gua-
nidinium group penetrates into the core (data not shown). One
face of the guanidinium plane of Arg 31 makes van der Waals
contacts with the side chains of Trp 20 and Thr 30, whereas the
other face is shielded from solvent by carbon atoms donated by
Pro 290, Glu 294, and Val 299. In addition, Phe 296 makes van
der Waals contacts with the methylene groups of Arg 31 (Kine-
mage 3). As a consequence of all these close interactions, the side
chain of Arg 31 is completely buried and inaccessible to solvent.

The 1.65-A X-ray crystal structure of S. albans xylose isom-
erase has also been reported (Dauter et al., 1990), and an exam-
ination of this structure reveals that the equivalent arginine
makes identical contacts (data not shown). This is not surpris-
ing, because the 2 enzymes have almost identical amino acid se-
quences (Dauter et al., 1990). More significantly, Arg 31 is
conserved in all xylose isomerases sequenced to date (Lee et al.,
1990; Dekker et al., 1991). These data collectively suggest that
Arg 31 plays a key structural role in xylose isomerase.

Rhodospirillum rubrum ribulose-1,5-bisphosphate
carboxylase/oxygenase

An examination of the 1.7-A X-ray structure of R. rubrum
ribulose-1,5-bisphosphate carboxylase/oxygenase (Schneider
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et al., 1990) reveals that it also has a structural arginine that
makes 5 hydrogen bonds to 4 backbone carbonyl oxygens. As
shown in Kinemage 4, Arg 313 protrudes from helix a5
(Schneider et al., 1990) in the C-terminal domain of R. rubrum
ribulose-1,5-bisphosphate carboxylase/oxygenase and interacts
with the carbonyl oxygens of Met 342 and Gln 345 at the end
of helix a6, as well those of Met 360 and Lys 361 in a 3-turn.
The hydrogen bond distances range from 2.69 to 3.09 A, and
all dihedral angles are <23° (Table 1). In addition, a fifth car-
bonyl oxygen, that of Leu 343, lies 3.28 A from NH1 of Arg 313,
but its dihedral angle of 68° makes it unlikely that a hydrogen
bond is formed. Unlike the structural arginines in carbonic
anhydrase and xylose isomerase (see above), the side chain of
Arg 313 protrudes from inside the globular protein and its gua-
nidinium moiety is directed toward, but barely reaches, the sur-
face. The peptide backbone, which donates the hydrogen bond
acceptors, plus the indole ring of Trp 357, which stacks ideally
on one face of the planar guanidinium moiety, effectively shield
most of the Arg 313 side chain from solvent (Kinemage 3). Only
NH2 of Arg 313 extends into the exterior solvent, where it makes
a hydrogen bond with a water molecule.

Although ribulose-1,5-bisphosphate carboxylase/oxygenase
from most species is an LgSg hexadecamer made up of 8 large
(52-kDa) catalytic subunits and 8 small (14-kDa) subunits of un-
known function (Miziorko & Lorimer, 1983), R. rubrum
ribulose-1,5-bisphosphate carboxylase/oxygenase is a 104-kDa
homodimer. However, the sequence of the R. rubrum 52-kDa
polypeptide chain (Hartman et al., 1984) is approximately 25%
homologous with the sequences of the large catalytic subunit of
all LgSg enzymes (Schneider et al., 1990). Significantly, Arg 313
and Trp 357 are conserved in all ribulose-1,5-bisphosphate car-
boxylases/oxygenases from bacteria, cyanobacteria, green and
nongreen algae, and plants (Hudson et al., 1990; Gibson et al.,

C.L. Borders, Jr. et al.

Fig. 2. Stereo view of the environ-
ment of the guanidinium group of
Arg 254 in human carbonic anhy-
drase II. The backbone carbonyl ox-
0 ygen atoms involved in hydrogen
bonding are labeled, and the hydro-

gen bonds are shown as thin lines.

254 The C, of Arg 254 is closest to the
surface of the protein, and the side

chain is directed into the interior.
The positively charged guanidinium
group is almost completely buried.

1991; Hwang & Tabita, 1991). Arg 313 appears to play a criti-
cal role in all of these enzymes, and the data reported herein sug-
gest that the role is a structural one.

Other examples

We also found numerous other instances (Table 2) where a gua-
nidinium moiety of an arginine forms 3 or more hydrogen bonds
with 2 or more backbone carbonyls, but always well outside
the active site of the protein. Two of the enzymes discussed
above have additional arginines that make multiple hydrogen
bonds to backbone carbonyl oxygens; R. rubrum ribulose-1,5-
bisphosphate carboxylase/oxygenase has 2 other arginines that
make 3 hydrogen bonds to 2 backbone carbonyls, whereas S.
rubiginosus xylose isomerase has 1 additional structural argi-
nine. In addition, we found that yeast triosephosphate isomerase
has 3 arginines of interest and human lysozyme has 2, whereas
yeast enolase, Bacillus stearothermophilus glyceraldehyde-3-
phosphate dehydrogenase, HIV-1 protease, bacteriophage T4
lysozyme, Enteromorpha prolifera plastocyanin, trypanosomal
triosephosphate isomerase, and Escherichia coli trp aporepres-
sor have 1 (Table 2). We found no evidence for a structural ar-
ginine in adenylate kinase, calmodulin, crambin, cytochrome
¢3, dihydrofolate reductase, myoglobin, or pancreatic trypsin
inhibitor.

Discussion

Arginine is well known to form hydrogen bonding salt bridges
to anionic substrates, cofactors, and effectors at protein active
sites (Riordan et al., 1977), as well as to form salt bridges with
carboxylate side chains in the maintenance of protein tertiary
structure. This latter role has been accepted for decades, but no
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Table 2. Hydrogen bonding interactions to backbone carbonyl oxygens
of “structural” arginines in other proteins®

Protein Arg Atom Residue Distance® Dihedral angle®
Enolase (yeast) 391 NE 143 3.31 6
NH2 143 3.12 6
NH1 434 2.89 34
Glyceraldehyde-3-phosphate dehydrogenase
(B. stearothermophilus) 183 NE 188 3.03 11
NH2 188 3.32 9
NHI1 182 3.37 16
HIV-1 protease 87B NE SA 3.32 19
NH2 SA 3.08 22
NH2 6A 3.04 2
Lysozyme (human) 62 NE 71 2.84 11
NH2 71 3.04 10
NH2 49 2.34 18
NHI1 49 3.09 12
S NH2 124 3.16 3
NH2 126 2.67 4
NH1 126 2.89 4
Lysozyme (bacteriophage T4) 95 NE 153 2.69 15
NH2 153 3.43 11
NH2 154 3.30 24
Plastocyanin (E. prolifera) 72 NE 55 2.73 3
NH2 56 2.89
NH1 71 3.07 10
Ribulose-1,5-bisphosphate carboxylase/
oxygenase (R. rubrum) 92 NE 20 3.18 4
NH2 90 2.64 4
NH2 87 2.96 0
152 NH2 159 2.95 8
NH1 159 2.69 8
NHI1 157 2.99 17
Triosephosphate isomerase
(T. brucei brucei) 99 NE 94 2.97 18
NE 126 3.26 14
NH2 126 2.64 20
Triosephosphate isomerase (yeast) 3 NE 202 2.35 3
NH2 202 3.15 2
NH1 224 3.12 4
99 NE 94 2.88 35
NE 126 3.34 14
NH2 126 2.53 18
247 NH2 220 2.56 17
NH2 226 3.12 10
NH1 226 3.45 9
Trp aporepressor (E. coli) S6A NE S2A 2.93 6
NH2 S52A 2.58 6
NH2 18B 3.13 18
Xylose isomerase (S. rubiginosus) 284 NH2 280 3.14 19
NH1 280 3.01 20
NHI1 282 2.91 33

2 The residue numbers of the arginine and the residue that donates the carbonyl oxygen are given, and interactions are in-
trasubunit except those where different letters are shown with the residue numbers. There are often extensive interactions with
other protein or solvent heteroatoms that are not shown in this compilation. The dihedral angle is N,-C,-Ny- - -O,, where N,
is 1 of the 2 remote nitrogens of the guanidinium plane, C, is the guanidinium C-zeta, N, is the guanidinium nitrogen that do-
nates the hydrogen bond of interest, and O, is the backbone carbonyl oxygen that serves as the hydrogen bond acceptor.

b Distance in A; dihedral angles in degrees.
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one has systematically called attention to the interaction of ar-
ginine guanidinium groups with backbone carbonyl oxygen at-
oms as an important general interaction. Our study suggests that
the frequency of occurrence of hydrogen bonds to backbone car-
bonyl oxygens is nearly equal to the frequency of hydrogen
bonding salt bridges to carboxylates. For example, an exami-
nation of the structures listed in Table 3 (1CA2, 7ENL, 2RUS,
1TRO, and 6XIA were not examined in this detail) suggests that
the 209 arginines in the proteins studied make 143 hydrogen
bonds to carboxylates and 138 hydrogen bonds to backbone car-
bonyl oxygen atoms. Using our relaxed criterion of 3 or more
hydrogen bonds to 2 or more backbone carbonyl oxygens, 18
of 209, or 8.6% of all arginines examined, may play an impor-
tant structural role.

The best examples of structural arginines found in this work,
Arg 254 in carbonic anhydrase, Arg 31 in xylose isomerase, and
Arg 313 in ribulose-1,5-bisphosphate carboxylase/oxygenase,
form their full complement of 5 hydrogen bonds to backbone
carbonyl oxygens. All are more or less buried in the “mantle”
(i.e., inside, but near the surface) of the protein interior, two
with the side chain directed toward the core of the globular pro-
tein and one with the reverse orientation. In none of these cases
is the arginine at the active site. The fact that each arginine of
interest is fully conserved in numerous examples of each pro-

C.L. Borders, Jr. et al.

tein sequenced to date suggests that a structural arginine that
displays this level of hydrogen bonding to backbone carbonyl
oxygens may play an essential role in protein function.

Arg 180 in manganese superoxide dismutase is the only exam-
ple uncovered in our study of a structural arginine in an active
site channel. This arginine is conserved in all but one of the man-
ganese and iron superoxide dismutase sequences reported to
date; it is replaced by lysine in the yeast manganese enzyme (Dit-
low et al., 1982). The fact that yeast superoxide dismutase has
comparable activity and stability to those of other superoxide
dismutases (Bjerrum, 1987) suggests that lysine, with or with-
out some additional contributing interactions, may also be ca-
pable of playing a similar structural role. In support of this
possibility, we found that Arg 3 in yeast triosephosphate isom-
erase is conserved in all other triosephosphate isomerases except
that from Trypanosoma brucei brucei, in which it is replaced
by lysine (Fothergill-Gilmore & Michels, 1993). We examined
the local environment of Lys 3 in the 7. brucei brucei isomer-
ase and found that it indeed makes 3 hydrogen bonds to 3 back-
bone carbonyl oxygens, although its partners are oxygens other
than those that form hydrogen bonds to Arg 3 in the yeast en-
zyme (J.A. Broadwater & C.L. Borders, Jr., unpubl. results).
We found several examples of buried lysines in other proteins
that make 3 or more hydrogen bonds to 2 or more backbone

Table 3. Information on protein structures examined in this study

PDB Resolution, A

Protein code (R-factor) Reference
Adenylate kinase (porcine) 3ADK 2.1 (0.193) Dreusicke et al., 1988
Calmodulin (D, melanogaster) 4CLN 2.2 (0.197) Taylor et al., 1991
Carbonic anhydrase 1 (human) 1CAB 2.0 (0.193) Kannan et al., 1984
Carbonic anhydrase 11 (human) 1CA2 2.0 (0.176) Eriksson et al., 1988
Crambin 1ICRN 1.5 (0.114) Teeter and Whitlow, 1986
Dihydrofolate reductase (chicken liver) 8DFR 1.7 (0.188) Matthews et al., 1985
Enolase (yeast) 6ENL 2.2 (0.157) Lebioda et al., 1991
Enolase (yeast) 7ENL 2.2 (0.169) Lebioda and Stec, 1991
Glyceraldehyde-3-phosphate dehydrogenase

(B. stearothermophilus) 1GD1 1.8 (0.177) Skarzynski et al., 1987
HIV-1 protease 4HVP 2.3 (0.176) Miller et al., 1989
Lysozyme (human) 1LZ1 1.5 (0.177) Artymiuk and Blake, 1981
Lysozyme (bacteriophage T4) 3LZM 1.7 (0.157) Weaver and Matthews, 1987
Manganese superoxide dismutase

(T. thermophilus) -2 1.8 (0.176) Ludwig et al., 1991
Myoglobin (sperm whale) IMBD 1.4 (N.A) Phillips and Schoenborn, 1981
Plastocyanin (E. prolifera) TPCY 1.8 (0.117) Collyer et al., 1990
Ribulose-1,5-bisphosphate carboxylase/

oxygenase (R. rubrum) SRUB 1.7 (0.180) Schneider et al., 1990
Ribulose-1,5-bisphosphate carboxylase/

oxygenase (R. rubrum) 2RUS 2.3(0.193) Lundgqvist and Schneider, 1991
Triosephosphate isomerase (yeast) 1YPI 1.9 (0.210) Lolis et al., 1990
Triosephosphate isomerase

(7. brucei brucei) STIM 1.83 (0.183) Wierenga et al., 1991
Trp aporepressor (E. coli) 3WRP 1.8 (0.204) Zhang et al., 1987
Trp repressor (E. coli) 2WRP 1.65 (0.180) Schevitz et al., 1985
Trp repressor/operator complex (E. coli) 1TRO 1.9 (0.167) Otwinowski et al., 1988
Trypsin inhibitor (bovine pancreas) SPTI 1.0 (0.200) Wlodawer et al., 1987
Xylose isomerase (S. albans) 6XIA 1.65 (0.141) Dauter et al., 1990
Xylose isomerase (S. rubiginosus) 8XIA 1.9 (0.140) Carrell et al., 1989

2 Coordinates kindly provided by Prof. M.L. Ludwig.
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Structural arginine in proteins

carbonyl oxygens, i.e., they appear to be “structural” lysines.
Our best example is Lys 263 in yeast enolase, which makes 5 hy-
drogen bonds to 4 backbone carbonyl oxygens. Interestingly,
Lys 263 is fully conserved in all enolase sequences (Fothergill-
Gilmore & Michels, 1993), suggesting that its structural role may
be critical.

We realize that the exact criteria for what constitutes a “struc-
tural” arginine are debatable. Using our initial criterion of 3 or
more hydrogen bonds to 2 or more backbone carbonyl oxygens,
we found 18 arginines that might play a structural role (Ta-
bles 1, 2). However, if the role was critical, it would seem that
the structural arginine would be conserved through evolution-
ary time. We note that indeed many of the arginines of interest
that make only 3 hydrogen bonds to 2 backbone carbonyl oxy-
gens are not conserved, i.e., Arg 391 in yeast enolase (Fothergill-
Gilmore & Michels, 1993), Arg 183 in B. stearothermophilus
glyceraldehyde-3-phosphate dehydrogenase (Fothergill-Gilmore
& Michels, 1993), and Arg 72 in E. prolifera plastocyanin. How-
ever, other arginines that have the same hydrogen bonding pat-
tern are highly conserved, i.e., Arg 99 in triosephosphate
isomerase (Fothergill-Gilmore & Michels, 1993). When the cri-
terion is narrowed to 4 or more hydrogen bonds to 3 or more
backbone carbonyl oxygens, every example located in this study
involves a highly (Arg 180 in manganese superoxide dismutase)
or fully conserved arginine.

The work reported herein may offer some explanation of the
report by Mrabet and coworkers (1992) that Lys to Arg muta-
tions in a number of enzymes lead to enhanced thermal stabil-
ity. Arginine may be better able to interact with backbone
carbonyl oxygens, providing added structural rigidity to the pro-
tein. Mrabet et al. (1992) report X-ray crystallographic and
model-building data on several of their mutants that suggest that
several of the engineered arginines indeed interact with backbone
carbonyl oxygens. We also note along these lines that Arg 284
(Table 2) is conserved in all thermostable xylose isomerases, but
not in isomerases of lower thermal stability.

The variety of interactions with hydrogen bonding partners
suggests that there is no single structural motif for a structural
arginine. We found examples where the structural arginine ties
a-helix to a-helix, 8-turn to 8-turn, and subunit to subunit. In
the 3 cases where the structural arginine forms hydrogen bonds
to backbone carbonyl oxygens at the C-terminus of an «-helix
(Arg 180 in manganese superoxide dismutase, Arg 313 in
ribulose-1,5-bisphosphate carboxylase/oxygenase, and Arg 95
in bacteriophage T4 lysozyme), it hydrogen bonds to the first
oxygen not involved in the helix hydrogen bonding network. The
positively charged guanidinium group thus strongly interacts
with the negative end of the helix dipole. Arg 254 in carbonic
anhydrase plays an interesting role of stapling together 3 strands
of backbone from different regions of the primary sequence.
Such shallow buried interactions of polar partners are likely
to influence the overall electrostatic potential of the protein
surface.

One simple model for the arginine/backbone carbonyl oxy-
gen interactions that are the focus of our work is the well-known
“crown ether” complex formed between macrocyclic oligooxy
ligands and inorganic cations. However, instead of the hard
spherical cation of inorganic metal ions, the cation of interest
in our model is the planar guanidinium moiety of an arginine,
which is tethered to the polypeptide backbone. This guanidinium
group has a delocalized positive charge and is capable of donat-
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ing up to 5 hydrogen bonds. The “macrocycle” is made up of
several peptide carbonyl oxygen atoms that may originate from
various parts of the polypeptide backbone, but which come to-
gether when the protein nears its native conformation and are
locked in place by their interaction with the guanidinium moi-
ety. These interactions may lend added stability to any protein.

Materials and methods

The atomic coordinates for the proteins examined were obtained
from the Protein Data Bank (Bernstein et al., 1977; Abola et al.,
1987) at Brookhaven National Laboratory. The criteria for this
random sampling of proteins were high resolution (<2.3 A with
an R-factor <0.21) and a known primary sequence. Coordinates
for T, thermophilus manganese superoxide dismutase at 1.8 A
resolution were kindly provided by Dr. Martha L. Ludwig be-
fore publication (Ludwig et al., 1991). Pertinent data on pro-
tein structures examined in this study are given in Table 3.
Structures were viewed with an Evans and Sutheriand PS390
graphics terminal using FRODO software (Jones, 1978).

A diagram for the 5 possible hydrogen bonding interactions
for the positively charged guanidinium group of arginine is
shown in Figure I. Oxygen atoms within 3.5 A of one of the gua-
nidinium nitrogen atoms and with a dihedral angle (N,-C,-
Ng- - O, where N, is one of the 2 remote nitrogens of the gua-
nidinium plane, C, is the guanidinium C-zeta, Ny is the guani-
dinium nitrogen that donates the hydrogen bond of interest, and
O, is the backbone carbonyl oxygen that serves as the hydrogen
bond acceptor) of 35° or less (Artymiuk & Blake, 1981) were
considered possible hydrogen bond acceptors. In deducing the
likely hydrogen bonding scheme, it was assumed (Baker & Hub-
bard, 1984) that the C,-N, - -O, angle would average 120 +
30°,
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