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Stacked arginine pairs are an important motif in several
essential biological processes. Such pairs play a central role,
for example, in the anaerobic respiration of many eubacteria,
archaea, and chloroplasts,' where a highly conserved
arginine pair in the corresponding signal peptides determines
how efficient respiratory enzymes are transported across the
membrane barrier (the so-called twin-arginine transport
pathway). In the respiratory process of most aerobic systems,
a twin arginine motif is also involved as part of the crucial
enzyme cytochrome ¢ oxidase.[**! Furthermore, studies on
mutant domains of the crystallin protein class have shown two
arginine pairs to be responsible for a significant part of
domain interactions.

Recently, Persson et al.”l were able to show that such a
stacked arginine pair is decisive for binding between a
species B adenovirus and its receptor. Species B adenoviruses
can cause severe infections in several parts of the human
body, for example, in the respiratory and urinary system.’*"!
Most of these viruses use the membrane cofactor protein
CD46 as a cellular receptor.!) As Persson et al. demon-
strated,”! the presence of the twin arginine pair Arg279/
Arg280 in the virus serotype Adl11 is crucial for the efficient
interaction with the receptor CD46. Mutation studies have
shown that exchanging Arg279 to glutamine (this mutant is
named in the following as R279Q) decreases the binding
affinity of Adl11 towards CD46 dramatically. At first sight,
these observations are surprising, as Arg279 does not contact
CDA46 directly but is only located below the Arg280 residue
interacting with CD46. These observations were supported by
our quantum-chemical results that showed a considerable
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decrease of the interaction energy between virus and receptor
upon elimination of Arg279."

From a physical point of view, it may seem surprising how
two positively charged arginines could form a stable interact-
ing pair, as electrostatic repulsion is expected to overcom-
pensate possible stabilizing effects within the arginine pair
(for example, cation— and ni—m interactions). For this reason,
influences by the environment and the protonation states of
the arginines need to be studied, because they may lead to a
stabilization of the twin arginines. In this context computa-
tional methods are expected to be particularly well-suited for
studying the possible stabilizing factors of such stacked
arginine pairs, as they allow to examine the influence of
specific parts of the surrounding structure in detail. Therefore,
we present both purely quantum-chemical (QM) and com-
bined quantum-chemical/molecular-mechanical (QM/MM)
calculations to investigate the protonation state of the twin
arginine pair within the Ad11/CD46 complex, which was
shown to be a decisive element upon the binding process.”’
Whilst such stabilizing factors have already been discussed for
simpler model systems using quantum-chemical methods and
also for related (but different) systems using force field
models,""?” we employ linear-scaling quantum-chemical
methods that allow QM regions with more than 1000 atoms
to be described.” ) In this way, the influence of the
environment and its stabilizing factors can be accounted for
in a more reliable manner and systematic convergence studies
with respect to the size of the QM region up to more than
1000 atoms are presented. Furthermore, the impact of the
local environment upon the central amino acid pair 279/280 is
compared for the R279Q mutant and the wild-type Ad11.

As a structural basis, a protonated X-ray structure of the
Ad11 knob-D2 complex was employed (provided by David
Persson and Thilo Stehle (University of Tiibingen); for
structural details and protonation, see Ref. [7]). Here, all of
the titratable groups were treated as charged residues.
Starting from this structure containing zwitterionic salt
bridges for Arg279/Glu250 and Arg280/Glu63, all possible
protonation states for these pairs were studied (Figure 1a,
including the notation of isomers). The notation for the
pivotal amino acids used throughout this work can be found in
Figure 2.

In OM and QM/MM calculations, the QM part was
treated at the HF (Hartree—Fock)™*l and RI-MP2 (second-
order many-body perturbation theory using the resolution of
identity approach)*>! levels using SVPH! and TZVPPH
basis sets. Although the HF/SVP approach has well-known
deficiencies, the energetic order of the various isomers for the
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Figure 1. a) Possible isomers for Arg279/Glu250 and Arg280/Glu63 pairs. b) Relative energies between isomer ZZ and all other possible isomers.
The calculations were performed for two QM region sizes (small region comprises 84 atoms, large region 1035 atoms). The QM part was
calculated at the HF/SVP level. Positive values indicate the stabilization of ZZ compared to the respective isomer.

CD46
-

il ‘\

-t k G|u250(- ;%

Tyr254(0)

Ad11

Figure 2. The Ad11/CD46 complex with the arginine pair (crucial for
effective binding) and its stabilizing microenvironment.

present system is correctly described (for a comparison to
MP2 data, see the Supporting Information), which shows the
usefulness of the approach for large QM fragments. Never-
theless it would be desirable to study also the larger QM
fragments using our linear-scaling MP2 methodology'*!! in the
future. For further computational details, see the Supporting
Information.

To study the possible protonation states (Figure 1a) of the
central salt bridges Glu250/Arg279 and Arg280/Glu63 in the
Ad11/CDA46 complex, the isomerization energies between the
states were calculated. As the environment is expected to
have an important impact on the protonation state of the
arginine pair, the relevant influences have to be determined
and a suitable QM region has to be chosen to allow for a
reliable calculation of the isomerization energies.

Therefore, as a first example, we studied the dependence
of the isomerization energy upon a systematic increase of the
calculated QM region size for the two isomers ZZ and N*Z
(Figure 1a). The employed QM regions were chosen as
spherical cutouts with a defined radius around residues
Glu250 and Arg279, which are the proton exchanging units
in this case. The notation of the subsystems corresponds to the
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Figure 3. Dependence of the isomerization energy between ZZ and
N?Z upon increase of the QM region size. The QM part was calculated
at the HF/SVP level. The negative sign indicates ZZ as the energeti-
cally preferred isomer.

radius of the spheres included in the QM region. A detailed
description of the computational procedure is provided in the
Supporting Information.

The QM and QM/MM convergence behavior (Figure 3)
shows significant differences: The pure QM results strongly
depend on the chosen QM region varying over a range of
95 kImol™" (HF/SVP) upon enlarging the QM region. In
contrast, the QM/MM data are considerably less influenced
by the choice of the QM region with a maximum variation of
15 kJmol ! between the isomerization energies calculated for
the different QM regions. By including all residues in a 6 A
radius around the Glu250/Arg279 pair (437 atoms in QM
region), convergence within 3 kJmol ™ compared to the
largest QM region is obtained within the QM/MM scheme.
A comparison of the QM and QM/MM results for the largest
QM region shows a remaining difference between the
approaches of 15kJmol™', even though the QM region
comprises more than 1000 atoms. This remaining discrepancy
most likely originates from long ranging electrostatic effects.
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The data clearly show that nearby residues (less than 6 A)
entail a larger influence (90 kJmol™') on the isomerization
energy than electrostatic effects originating from distant
groups (15 kJmol™!, more than 10 A). Therefore, residues
within a sphere of 6 A (437 atoms) around the central pair
have to be included into the QM region to obtain reliable
isomerization energies. Although the faster convergence
shows the usefulness of the QM/MM scheme, large QM
regions are still needed for a reliable description of the
system.

It should also be noted that pure classical force field
models are not suitable for studying the active center in the
present case, as the breaking and formation of bonds leads to
different topologies and therefore different energy expres-
sions for the respective isomers (which cannot be compared
consistently).

In Figure 1, the isomerization energies relative to the
zwitterionic isomer ZZ are shown for all possible isomers
calculated using QM and QM/MM schemes with two different
QM region sizes. The size-converged results within the two
schemes (using the 10 A QM region of the systematic
convergence study as a reference) consistently reveal the
zwitterionic state ZZ as the most stable isomer. These results,
combined with the findings of the systematic convergence
study, demonstrate the importance of the environment and, in
particular, of nearby residues in stabilizing the zwitterionic
state ZZ, in which the two positively charged arginines stay in
close contact and no proton transfer occurs. This finding is
remarkable, as from a structural point of view, a hydrogen
transfer between the positively charged arginines and their
negatively charged counterparts would have seemed quite
convenient (see orientation of the respective aminoacids in
Figure 2).

In this context, it is crucial to gain a more detailed
understanding of the specific effects that stabilize the
zwitterionic arrangement in ZZ. Therefore, the influence of
individual amino acids upon the isomerization energy
between the two most stable isomers ZZ and N°Z was
studied. Starting from a cutout comprising only residues
Glu250, Arg279, and Arg280, the surrounding amino acids
were included in a stepwise fashion in the respective
subsystems of ZZ and N*Z (denoted as I to V according to
Table 1). The calculations were carried out at the HF/SVP
and RI-MP2/TZVPP level.

Table 1: Specific influences of surrounding residues upon the QM
isomerization energy between ZZ and N°Z."!

Residue numbers AEzz iz [K) mol™']

RI-MP2/TZVPP  HF/SVP

| 2507/279%/280" (2Z) 85.2 83.8
250°/279°/280" (N°Z)

I 250/279/280/63" 458 45.1
I 250/279/280/63/254° 5.7 1.7
IV 250/279/280/63/254/246" -5.7 -8.7
V  250/279/280/63/254/246/247°  —20.6 ~236
overall change —105.8 -107.4

[a] The superscripts indicate the charges of the newly comprised
residues and the central units. Negative signs for AEz; e indicate ZZ
as the energetically preferred isomer.
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The decisive residues stabilizing ZZ in the molecular
surroundings are revealed by analyzing the ZZ-N*Z isomer-
ization energy (RI-MP2/TZVPP) with regard to the subsys-
tem size (see Table 1). The results show that an elaborated
interplay of the twin arginines with their microenvironment is
responsible for the stabilization of the charged arginine pair in
Z7Z.: First, for the smallest subsystem (Glu250, Arg279, and
Arg280 without surroundings), a preference for the neutral
situation (N*Z) is predicted. However, the evaluation of
larger fragments shows a stepwise stabilization of ZZ (and
with it the doubly charged arginine pair) by favorable
electrostatic interactions (Glu63 and Asp246) and beneficial
hydrogen bonding in ZZ (Tyr254 and Asn247; see Figure 4a,b
and Figure 5a,b). In particular for Tyr254, this effect is
remarkable because this residue is not in direct contact to the

a) zz b)N:Z C)R279Q
Arg280 (+) Arg280 (+) Arg280 (+)
Arg279 (+) Arg279 (0) GIn279 (0)
21A 20A 52A
R ¥ e 0 g
Asn247(0) Asn247(0) Asn247(0)

Figure 4. Possible hydrogen bonds between Asn247 and residue 279.
The corresponding distances are also given. The proton positions were
reoptimized for each structure.
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Figure 5. Possible hydrogen bonds between Tyr254 and Glu250. The
structure of R279Q is similar to ZZ.

arginine pair but stabilizes instead the unprotonated form of
Glu250. In this way, an overall stabilization of ZZ by
106 kJmol™" (RI-MP2/TZVPP, corresponding value at HF/
SVP: 107 kI mol™") is observed. This result shows that the few
residues chosen in our model already cover a substantial part
of the total stabilizing energy determined within the QM/MM
convergence studies (Figure 3).

As mentioned above, mutation studies in the work of
Persson et al.”! have shown the exchange of Arg279 by a
glutamine residue (GIn279) to reduce the binding affinity of
Ad11 toward CD46 drastically. To study to what extent the
R279Q mutant profits from the stabilizing network discussed
above for the wild-type Adll (ZZ), the influence of
surrounding residues on the stability of the amino acid pair
279/280 was also studied for the mutant.
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To obtain a comparable structure for the R279Q mutant,
residue Arg279 was substituted in isomer ZZ by a glutamine
residue (for further details, see the Supporting Information).
Starting from a small subsystem containing only residues 279
and 280, the other QM subsystems I to V were considered as
described above (Table 1). The calculations were performed
at the HF/SVP and RI-MP2/TZVPP level. As absolute
energies of ZZ and R279Q cannot be compared directly
owing to differing numbers of atoms, the change in the
interaction energies (AAEi}?/‘f,faC‘) between the central pairs
Arg279/Arg280 (P) and GIn279/Arg280 (P’) and their envi-
ronment is analyzed upon inclusion of individual amino acids
for both ZZ and R279Q. A detailed description of this
procedure can be found in the Supporting Information.

The values in Table 2 show the overall larger stabilization
of the wild-type ZZ in comparison to the mutant structure
R279Q by inclusion of the negatively charged residues

Table 2: Change in the interaction energies between the central pair 279/
280 and its environment upon increase of the calculated subsystem.?

Added residue AAEGE™ ANEGE™
RI-MP2/TZVPP HF/SVP
CPS—I 250~ —269.0 —258.4
(]| 63~ —223.7 —226.7
1111 254° -2.6 —49
[]=1Y; 246~ —183.1 —-176.5
\VAY, 247° —55.2 —50.9
sum AAE —733.6 —717.4

[a] CPS =central pair system. The results for R279Q are referred to the
zwitterionic state ZZ and indicate which structure is energetically
preferred by the environmental interactions. For a detailed explanation,
see text and Supporting Information. The results are given in kj mol™.
Negative values for AAEJE™ indicate that enlarging the environment,
for example from CPS to |, leads to interaction energies that are more in
favor for Arg279/Arg280 (P) rather than for GIn279/Arg280 (P'). Along
with our most reliable RI-MP2/TZVPP results, HF/SVP data are also
listed for comparison.

Glu250, Glu63, and Asp246. However, addition of the neutral
residues Tyr254 and Asn247 also stabilizes ZZ better than
R279Q. Again, the different ability of the central pairs to
form stabilizing hydrogen bonds entails the better stabiliza-
tion of Arg279/Arg280 compared to GIn279/Arg280 (Fig-
ure 4a,c and Figure 5a) so that the mutant is not able to
benefit from the stabilizing hydrogen bond network by the
surrounding residues.

In conclusion, we were able to elucidate by QM and QM/
MM calculations the contributions of specific amino acids in
the microenvironment of a twin arginine pair to the stabiliza-
tion of this important structural motif in an Ad11/CD46
complex. In particular, electrostatic effects and a complex
network of hydrogen bonds lead to a significant stabilization
of the charged arrangement of the two arginines and their
respective counterparts. This conclusion is noteworthy, as it
might otherwise be assumed that the reduction of the
electrostatic repulsion between the two positively charged
arginines by a proton transfer would have seemed as a
suitable option.
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Furthermore, by comparing the influences of different
amino acids on interaction energies within the zwitterionic
wild-type and the mutant R279Q complex, it was shown that
the mutant complex is energetically disfavored owing to
electrostatic effects and cannot benefit from the network of
hydrogen bonds provided by the surrounding residues.

As the twin arginine motif is crucial in some essential
biomolecular processes our results provide insights into the
stabilizing factors of such arrangements and the respective
virus-receptor interactions. The analysis of stabilizing factors
has been possible by systematic QM cluster calculations for
studying local effects. Furthermore, the usefulness of the QM/
MM approach for describing complex biomolecular systems is
illustrated: The convergence with the QM-region size is
clearly faster within QM/MM than within pure QM
approaches, although even within QM/MM schemes large
QM regions are required for a reliable description.
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