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AbstractAbstract
Amino acid/polyamine/organocation (APC) transporters belong to aAmino acid/polyamine/organocation (APC) transporters belong to a

 

large family (large family (250) of 250) of 
secondary transport proteins that catalyze bilayer translocationsecondary transport proteins that catalyze bilayer translocation

 

of a broad range of of a broad range of

 

 
substrates. Monte Carlo Normal Mode Following [1,2] is used to esubstrates. Monte Carlo Normal Mode Following [1,2] is used to explore possible xplore possible

 

 
conformational change mechanisms in a protonconformational change mechanisms in a proton--dependent APC transporter, ApcT, a dependent APC transporter, ApcT, a 
bacterial homologue from bacterial homologue from Methanocaldococcus jannaschiiMethanocaldococcus jannaschii

 

[3]. ApcT was captured in an [3]. ApcT was captured in an 
inwardinward--facing apo state. Gating is initiated by global counterfacing apo state. Gating is initiated by global counter--torsions of the intracellular torsions of the intracellular 
and extracellular domains of ApcT around the pore axis, with theand extracellular domains of ApcT around the pore axis, with the

 

extracellular half rotating extracellular half rotating 
clockwise and the intracellular half anticlockwise, and vice verclockwise and the intracellular half anticlockwise, and vice versa. The domain motions are sa. The domain motions are 
highly concerted and cooperative. The stationary plane relative highly concerted and cooperative. The stationary plane relative to which counterto which counter--torsion torsion 
occurs passes through the center of ApcT parallel to the membranoccurs passes through the center of ApcT parallel to the membrane. Extracellularly, overall e. Extracellularly, overall 
rotation of the peripheral helices reconfigures TM6a significantrotation of the peripheral helices reconfigures TM6a significantly and TM1b slightly. These ly and TM1b slightly. These 
helices alternately approach and separate from the opposed periphelices alternately approach and separate from the opposed peripheral TM10 and TM11, heral TM10 and TM11, 
affecting the extracellular mouth. TM6a and TM1b move toward theaffecting the extracellular mouth. TM6a and TM1b move toward the

 

proteinprotein’’s perimeter s perimeter 
and become buried inside the protein. and become buried inside the protein. Loops and small helices on the intracellular surface Loops and small helices on the intracellular surface 
of ApcT undergo largeof ApcT undergo large--scale rotations. Intracellular motion is similar. Overall periphscale rotations. Intracellular motion is similar. Overall peripheral eral 
helix rotation affects TM1a significantly and TM6b slightly, dishelix rotation affects TM1a significantly and TM6b slightly, displacing them from and placing them from and

 

 
collapsing them onto TM8 and TM5. TM8 and TM5 alternately undergcollapsing them onto TM8 and TM5. TM8 and TM5 alternately undergo largeo large--scale scale 
bending near their midpoints. Startingbending near their midpoints. Starting

 

normal mode following along the lowestnormal mode following along the lowest--frequency frequency 
eigenvector(s) describes early steps ofeigenvector(s) describes early steps of

 

the gating transition in the ApcT transporter. the gating transition in the ApcT transporter. 

IntroductionIntroduction
The majority of APC transport proteins appear to exhibit a unifoThe majority of APC transport proteins appear to exhibit a uniform topology with twelve rm topology with twelve 
TM TM αα--helical spanners in a single polypeptide, a predictionhelical spanners in a single polypeptide, a prediction

 

experimentally verified for experimentally verified for 
ApcT [3]. The first five TM helices (TM1ApcT [3]. The first five TM helices (TM1--TM5) are related to the second five helices TM5) are related to the second five helices 
(TM6(TM6--TM10) by a twoTM10) by a two--fold pseudofold pseudo--symmetry axis running parallel to the membrane plane symmetry axis running parallel to the membrane plane 
through the center of ApcT. The interface of these repeats formsthrough the center of ApcT. The interface of these repeats forms

 

the binding pocket for the binding pocket for 
substrates. TM1 and TM6 are antiparallel to each other facing thsubstrates. TM1 and TM6 are antiparallel to each other facing the binding site, and have e binding site, and have 
breaks in their helical structure at midpoints.breaks in their helical structure at midpoints.
It is suggested [3] that the mechanism by which ApcP effects theIt is suggested [3] that the mechanism by which ApcP effects the

 

translocation of substrates translocation of substrates 
involves cytoplasmic proton binding and unbinding to K158, modulinvolves cytoplasmic proton binding and unbinding to K158, modulating the conformation ating the conformation 
of TM1 and TM6 and thus facilitating the opening and closing ofof TM1 and TM6 and thus facilitating the opening and closing of

 

the extracellular and the extracellular and 
intracellular gates. However, atomicintracellular gates. However, atomic--level details of conformational changes associated level details of conformational changes associated

 

 
with the full transport cycle are not known. Does isomerization with the full transport cycle are not known. Does isomerization between the inwardbetween the inward--facing facing 
and outwardand outward--facing states of ApcT involve largefacing states of ApcT involve large--scale conformational reorganization scale conformational reorganization

 

 
spread throughout the protein backbone or does the substrate perspread throughout the protein backbone or does the substrate permeate through a sequence meate through a sequence 
of dissociationof dissociation--association steps along the pore without any significant effectsassociation steps along the pore without any significant effects

 

on the on the

 

 
backbone conformation? Allbackbone conformation? All--atom normal mode analysis (NMA) and mode following atom normal mode analysis (NMA) and mode following

 

 
methods are used to probe the conformational changes in ApcT. methods are used to probe the conformational changes in ApcT. 

Computational ModelComputational Model



 

We use the highWe use the high--resolution (2.32 resolution (2.32 ÅÅ) X) X--ray structure of ray structure of Methanocaldococcus jannaschiiMethanocaldococcus jannaschii

 

ApcT transporter (pdb entry 3GIA) [3] with 163 crystallographic ApcT transporter (pdb entry 3GIA) [3] with 163 crystallographic waters. Protein hydrogens waters. Protein hydrogens 
were added by using our MCICP code, creating 6,839 protein atomswere added by using our MCICP code, creating 6,839 protein atoms. The overall molecular . The overall molecular 
system contains a total of 7,328 atoms.system contains a total of 7,328 atoms.



 

The molecular system was described with the allThe molecular system was described with the all--hydrogen CHARMM22 topology and hydrogen CHARMM22 topology and 
parameter set, with NMA calculations carried out in vacuum.parameter set, with NMA calculations carried out in vacuum.



 

To remove steric clashes and to relax the molecular system, ~2,To remove steric clashes and to relax the molecular system, ~2,000 minimization steps 000 minimization steps 
were carried outwere carried out

 

using steepest descent with a random step length; finally, the musing steepest descent with a random step length; finally, the molecular olecular 
system was well tuned via conjugate gradient with guaranteed dessystem was well tuned via conjugate gradient with guaranteed descent [4]. All degrees of cent [4]. All degrees of 
freedom (bond lengths, bond angles, torsion and improper torsionfreedom (bond lengths, bond angles, torsion and improper torsion

 

angles) in the protein and angles) in the protein and 
waters were variable. waters were variable. 



 

The geometry of the molecular system with an absolute largest gThe geometry of the molecular system with an absolute largest gradient component of radient component of 
<5<5··1010--1010

 

kcal molkcal mol--11

 

ÅÅ--11

 

was located. This extremely precise minimum is required when was located. This extremely precise minimum is required when 
performing NMA on large protein structures where even small resiperforming NMA on large protein structures where even small residual derivatives can lead dual derivatives can lead 
to serious errors in the calculated eigendirections. Between cryto serious errors in the calculated eigendirections. Between crystal and minimized ApcT stal and minimized ApcT 
structures the RMSD for thestructures the RMSD for the

 

CCαα

 

is 0.61 is 0.61 ÅÅ; that; that

 

for all 7,328 atoms is 1.04 for all 7,328 atoms is 1.04 ÅÅ. These are . These are 
small indicating that the minimized and crystal structures are hsmall indicating that the minimized and crystal structures are highly similar. ighly similar. 



 

Standard allStandard all--mode NMA was carried out using the DSTEVR eigensolver from the mode NMA was carried out using the DSTEVR eigensolver from the

 

 
LAPACK library and highly optimized BLAS routines for performingLAPACK library and highly optimized BLAS routines for performing

 

basic vector and basic vector and 
matrix operations; global translational and rotational NMs were matrix operations; global translational and rotational NMs were removed using the Eckart removed using the Eckart 
conditions. For the bonded and nonconditions. For the bonded and non--bonded energy terms both gradient and Hessian were bonded energy terms both gradient and Hessian were 
calculated analytically; for other energy terms (angle, dihedralcalculated analytically; for other energy terms (angle, dihedral, improper and Urey, improper and Urey--

 

Bradley) a fourthBradley) a fourth--order finiteorder finite--difference approximationdifference approximation

 

was used.was used.
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Minimized ApcT structureMinimized ApcT structure
Crystallographic waters are suppressed for clarity. K158, G19 Crystallographic waters are suppressed for clarity. K158, G19

 

 
and S283 are shown in the ApcT interior. The K158 (TM5) and S283 are shown in the ApcT interior. The K158 (TM5) 
amine group forms Hamine group forms H--bonds with the carbonyl and hydroxyl bonds with the carbonyl and hydroxyl

 

 
oxygens of G19 (TM1) and S283 (TM8); it isoxygens of G19 (TM1) and S283 (TM8); it is

 

believed [3] to believed [3] to 
play an important role in gating. TM helices are represented as play an important role in gating. TM helices are represented as 
cylinders, with extracellular and intracellular ends shaded lighcylinders, with extracellular and intracellular ends shaded light t 
and dark, respectively. TM helices are grouped as follows: and dark, respectively. TM helices are grouped as follows: 1)1)

 

““VV--

 

shapedshaped””

 

TM1 and TM6 are green and umber, respectively; they TM1 and TM6 are green and umber, respectively; they 
are broken at theirare broken at their

 

midpoints and oriented relativelymidpoints and oriented relatively

 

antiparallel. antiparallel. 
2)2)

 

TM3 is yellow, TM8 is pink and TM10 is grey. These abutTM3 is yellow, TM8 is pink and TM10 is grey. These abut

 

the the 
unwound parts of TM1 and TM6. The inner helices, TM1, TM6, unwound parts of TM1 and TM6. The inner helices, TM1, TM6, 
TM3, TM8 and TM10 form the substrate transport pore.TM3, TM8 and TM10 form the substrate transport pore.

Eigenvalues of the minimized ApcT systemsEigenvalues of the minimized ApcT systems



 

for all five ApcT systems the first six eigenvalues are near zefor all five ApcT systems the first six eigenvalues are near zero and other ro and other 
eigenvalues are positive indicating a minimumeigenvalues are positive indicating a minimum

K158K158++

 

ApcTApcT
n              n              νν,,

 

cmcm--11

1            1            --3.46E3.46E--0505
2            2            --1.89E1.89E--0505
3            3            --1.09E1.09E--0505
4             1.89E4             1.89E--0505
5             2.45E5             2.45E--0505
6             4.73E6             4.73E--0505
7             3.487717             3.48771
8             4.091688             4.09168
9             5.005229             5.00522
10           5.0500810           5.05008
11           5.6754611           5.67546
12           6.0516312           6.05163
...               ........               .....

K158K158nn

 

ApcTApcT
n              n              νν,,

 

cmcm--11

1            1            --2.09E2.09E--0505
2            2            --6.32E6.32E--0606
3             1.89E3             1.89E--0505
4             2.45E4             2.45E--0505
5             3.84E5             3.84E--0505
6             4.00E6             4.00E--0505
7             3.779677             3.77967
8             4.489258             4.48925
9             5.147619             5.14761
10           5.81197     10           5.81197     
11           6.4162911           6.41629
12           6.70530 12           6.70530 
...                ........                .....



 

one set of eigenvalues for charged K158one set of eigenvalues for charged K158++

 

ApcT and one for neutralized K158ApcT and one for neutralized K158nn

 

ApcT are shown on the leftApcT are shown on the left--

 

and rightand right--hand side respectively. The lowesthand side respectively. The lowest--

 

frequency eigenvalue (7frequency eigenvalue (7thth) was close in all three K158) was close in all three K158++

 

ApcT systems: 3.49, 3.96 ApcT systems: 3.49, 3.96 
and 3.79 cmand 3.79 cm--11, respectively. This eigenvalue is 3.78 and 4.26 cm, respectively. This eigenvalue is 3.78 and 4.26 cm--11

 

for the two for the two 
K158K158nn

 

ApcT systems ApcT systems 


 

the lowestthe lowest--frequency eigendirections are nearly identicalfrequency eigendirections are nearly identical

 

for all five ApcT for all five ApcT

 

 
systems, with overlaps of  systems, with overlaps of  ~1~1

Main observation:Main observation:

 

neutralizing K158 at the binding site in the ApcT transporter neutralizing K158 at the binding site in the ApcT transporter 
has no effect on the lowesthas no effect on the lowest--frequency normal modefrequency normal mode

Frequency Spectrum of the K158Frequency Spectrum of the K158++

 

ApcT SystemApcT System

 the frequency spectrum is the same in all five runsthe frequency spectrum is the same in all five runs



 

the region < 590 cmthe region < 590 cm--11

 

describes concerted motions of secondary describes concerted motions of secondary

 

 
structure elements (structure elements (αα--helices and large groups of amino acids)helices and large groups of amino acids)



 

the region from 590 to 1840 cmthe region from 590 to 1840 cm--11

 

corresponds to internal vibrations of corresponds to internal vibrations of 
single amino acidssingle amino acids

 the region > 2850 cmthe region > 2850 cm--11

 

corresponds to hydrogencorresponds to hydrogen--heavy atom vibrationsheavy atom vibrations

Three ApcT systems with charged K158 (denoted K158Three ApcT systems with charged K158 (denoted K158++

 

ApcT) and the two ApcT) and the two 
ApcT systems with neutralized K158 (denoted K158ApcT systems with neutralized K158 (denoted K158nn

 

ApcT) were minimized ApcT) were minimized 
and NMs calculatedand NMs calculated



 

Overall highly concerted and cooperative counterOverall highly concerted and cooperative counter--rotations (black curved arrows) of the intracellular and extracerotations (black curved arrows) of the intracellular and extracellular llular 
domains around the pore axis. In counterdomains around the pore axis. In counter--rotation the extracellular half of ApcT rotates clockwise, whilerotation the extracellular half of ApcT rotates clockwise, while

 

the intracellular the intracellular 
half rotates anticlockwise, and vice versa. The stationary planehalf rotates anticlockwise, and vice versa. The stationary plane

 

relative to which the rotation occurs passes through the relative to which the rotation occurs passes through the 
center of ApcT parallel to the membrane. center of ApcT parallel to the membrane. 


 

Both extracellularly and intracellularly, overall rotation of tBoth extracellularly and intracellularly, overall rotation of the peripheral helices reconfigures the inner helices (TM1, he peripheral helices reconfigures the inner helices (TM1, 
TM6, TM3, TM8 and TM10). The VTM6, TM3, TM8 and TM10). The V--shaped TM1 (green) and TM6 (red) helices alternately straighten shaped TM1 (green) and TM6 (red) helices alternately straighten and bend at their and bend at their 
midpoint breaks (black straight arrows). Side chain of K158 undemidpoint breaks (black straight arrows). Side chain of K158 undergoes largergoes large--scale displacement and rotation (~150scale displacement and rotation (~15000) ) 
around its own chain axis. Loops and small helices on both sidesaround its own chain axis. Loops and small helices on both sides

 

undergo largeundergo large--scale rotational motion.scale rotational motion.

77--th Normal Mode of the K158th Normal Mode of the K158++

 

ApcT systemApcT system

View from the extracellular (closed) side in a cylinder represenView from the extracellular (closed) side in a cylinder representation:tation:

 

((aa) the minimized K158) the minimized K158++

 

ApcT system; (ApcT system; (bb) and () and (cc) ) 
displacement along the 7displacement along the 7thth

 

allall--atom NM in the atom NM in the ““plusplus””

 

and and ““minusminus””

 

directions.directions.



 

The extracellular and intracellular mouths alternately undergo The extracellular and intracellular mouths alternately undergo largelarge--scale expansion and contraction: as scale expansion and contraction: as 
the extracellular mouth expands, the intracellular mouth contracthe extracellular mouth expands, the intracellular mouth contracts and vise versa. The extracellular ends ofts and vise versa. The extracellular ends of

 

thethe

 

peripheral TM5 (light violet) and TM7 (light blue) approach andperipheral TM5 (light violet) and TM7 (light blue) approach and

 

separateseparate

 

from thefrom the

 

diagonally opposed diagonally opposed 
peripheral TM9 (light cyan) and TM10 (light grey) (black arrows)peripheral TM9 (light cyan) and TM10 (light grey) (black arrows). Alternatively, the intracellular ends of . Alternatively, the intracellular ends of 
TM4 (dark cyan) and TM5 (dark violet) approach and separateTM4 (dark cyan) and TM5 (dark violet) approach and separate

 

from thefrom the

 

diagonally opposed TM10 (dark diagonally opposed TM10 (dark 
grey) and TM11 (dark violet) (green arrows). This motion affectsgrey) and TM11 (dark violet) (green arrows). This motion affects

 

thethe

 

inner TM1 (green) and TM6 (red) (Vinner TM1 (green) and TM6 (red) (V--

 

shape) on both sides displacing them off and collapsing them on shape) on both sides displacing them off and collapsing them on the inner TM10 (grey) and TM8 (pink). the inner TM10 (grey) and TM8 (pink). 
Side chain of K158 again undergoes displacement and largeSide chain of K158 again undergoes displacement and large--scale rotation around its own chain axis. scale rotation around its own chain axis. 



 

The extracellular and intracellular ends of TM1 (green) and TM6The extracellular and intracellular ends of TM1 (green) and TM6

 

(red) bend/twist in unison and (red) bend/twist in unison and

 

 
concertedly at their midpoint breaks (black straight arrows). Thconcertedly at their midpoint breaks (black straight arrows). This motion has no significant effect (although is motion has no significant effect (although 
there is significant lateral bending) onthere is significant lateral bending) on

 

the Vthe V--shape of TM1shape of TM1--TM6. TM6. 

88--th Normal Mode of the K158th Normal Mode of the K158++

 

ApcT systemApcT system

99--th Normal Mode of the K158th Normal Mode of the K158++

 

ApcT systemApcT system
ConclusionsConclusions



 

AllAll--atom NMA identifies the intrinsic directionality of conformationatom NMA identifies the intrinsic directionality of conformational al 
changes in thechanges in the

 

ApcT backbone for initiating a gating transition. The largeApcT backbone for initiating a gating transition. The large--

 

scale motions of the protein backbone along the first two lowscale motions of the protein backbone along the first two low--frequency NMs frequency NMs 
affect the Vaffect the V--shape conformation of the inner TM1 and TM6 helices; they shape conformation of the inner TM1 and TM6 helices; they 
alternately straighten and bend at their midpoint breaks. Unlikealternately straighten and bend at their midpoint breaks. Unlike

 

LeuTLeuTAaAa

 

[5], [5], 
conformational changes in ApcT are highly alike on the extracellconformational changes in ApcT are highly alike on the extracellular (closed) ular (closed) 
and intracellular (open) sides. and intracellular (open) sides. 


 

The K158The K158

 

side chain, located near intracellular waters (~3side chain, located near intracellular waters (~3--4 4 ÅÅ), undergoes ), undergoes 
motion and largemotion and large--scale rotation around its chain axis, suggesting that this scale rotation around its chain axis, suggesting that this

 

 
residue can be involved in proton transport [3]. Upon deprotonatresidue can be involved in proton transport [3]. Upon deprotonation of its NZ ion of its NZ 
atom, the nature of the motion changes from rotation around its atom, the nature of the motion changes from rotation around its axis to axis to

 

 
swinging in the plane perpendicular to the membrane. The reason swinging in the plane perpendicular to the membrane. The reason for this for this 
change remains to be investigated. In the K158change remains to be investigated. In the K158nn

 

ApcT system, a continuous ApcT system, a continuous 
water chain is formed connecting NZ of K158 to the intracellularwater chain is formed connecting NZ of K158 to the intracellular

 

solution. We solution. We 
speculate that aspeculate that a

 

proton can shuttle along this water wire. proton can shuttle along this water wire. 

3)3)

 

TM5 & TM11 are violet and TM7 & TM2 are blue. These perimeterTM5 & TM11 are violet and TM7 & TM2 are blue. These perimeter

 

helices surround TM1 and TM6. helices surround TM1 and TM6. 4)4)

 

TM4, TM9 and TM4, TM9 and 
TM12 are cyan, comprising another set of perimeter helices surroTM12 are cyan, comprising another set of perimeter helices surrounding the inner TM3, TM8 and TM10. The figure was unding the inner TM3, TM8 and TM10. The figure was 
generated using our MCICP code.generated using our MCICP code.

Pore Size of K158Pore Size of K158++

 

ApcT Perturbed along the 7ApcT Perturbed along the 7thth

 

NMNM

Main observations:Main observations:


 

In perturbing to an RMSD of 3.5 In perturbing to an RMSD of 3.5 ÅÅ

 

along the 7along the 7thth

 

NM in either direction, NM in either direction, 
the extracellular pore (from 0 to 20 the extracellular pore (from 0 to 20 ÅÅ) ) 
stays closed, fluctuating slightly instays closed, fluctuating slightly in

 

size. The intracellular pore (from size. The intracellular pore (from --20 20 
to 0 to 0 ÅÅ) remains nearly unchanged and ) remains nearly unchanged and 
is constricted, with a radius <~1 is constricted, with a radius <~1 ÅÅ..


 

The proteinThe protein’’s s extracellular mouth extracellular mouth

 

 
(from 20 to 30 (from 20 to 30 ÅÅ) opens (“plus” ) opens (“plus”

 

 
direction) wide. The intracellular direction) wide. The intracellular

 

 
mouth (< mouth (< --20 20 ÅÅ) ) is nearly unaffected.is nearly unaffected.

Tracking the Tracking the K158K158++

 

ApcT systemApcT system

 

using allusing all--atom MCatom MC--NMFNMF
This work is in progress. Our parallel MCICP code runs on the PuThis work is in progress. Our parallel MCICP code runs on the Purdue rdue 
TeraGrid system (Steele Dell Intel 64 Linux Cluster), but more oTeraGrid system (Steele Dell Intel 64 Linux Cluster), but more optimization is ptimization is 
needed. The lowest frequency eigenvector of the K158needed. The lowest frequency eigenvector of the K158++

 

ApcT system has ApcT system has 
been tracked for 30 MC steps using the allbeen tracked for 30 MC steps using the all--atom MCatom MC--NMF technique [1,2]. NMF technique [1,2]. 
Gating onset follows the 7Gating onset follows the 7thth

 

NM. However, local side chain reorganizations NM. However, local side chain reorganizations 
proceeding global backbone motions are also seen. Water moleculeproceeding global backbone motions are also seen. Water molecules move as s move as 
integral structural elements. integral structural elements. 

Conformational Changes at the Site of the K158 Side ChainConformational Changes at the Site of the K158 Side Chain
The effect of perturbations along the 7The effect of perturbations along the 7thth

 

NM NM 
on K158, S283, G19 and waters in the on K158, S283, G19 and waters in the

 

 
K158K158++

 

(on the left) and K158(on the left) and K158nn

 

(on the right) (on the right) 
ApcT systems. ApcT systems. aa) minimized ApcT systems; ) minimized ApcT systems; 
bb) and ) and cc), ), ““plusplus””

 

and and ““minusminus””

 

displacement displacement 
along the 7along the 7thth

 

allall--atom NM. The water on the atom NM. The water on the 
intracellular side closest to NZ of K158 is intracellular side closest to NZ of K158 is 
labeled as W. For K158labeled as W. For K158++

 

ApcT, black ApcT, black

 

 
arrows indicate the direction of rotation of arrows indicate the direction of rotation of 
K158 side chain around its axis. For K158K158 side chain around its axis. For K158nn

 

ApcT, black arrows indicate the direction of ApcT, black arrows indicate the direction of 
swinging of S283 and G19 side chainsswinging of S283 and G19 side chains..


 

For K158For K158++

 

ApcT, the K158ApcT, the K158

 

side chain side chain

 

 
undergoes largeundergoes large--scale rotation around its scale rotation around its

 

 
own axis.own axis.

 

All K158 NZ Hs form strong HAll K158 NZ Hs form strong H--

 

bonds with COs of G19 and S283 and the bonds with COs of G19 and S283 and the 
OG oxygen of S283 OG oxygen of S283 ––

 

distances between 1.7 distances between 1.7 
and 3.4 and 3.4 ÅÅ, fluctuating as the side chain , fluctuating as the side chain

 

 
rotates. The nearest water (W), with Hs rotates. The nearest water (W), with Hs

 

 
pointed pointed intracellularlyintracellularly, is located ~4 , is located ~4 ÅÅ

 

from from 
NZ. NZ. 



 

For K158For K158nn

 

ApcT, K158 side chain motionApcT, K158 side chain motion

 

changes crucially. It swings with insignificant rotation around changes crucially. It swings with insignificant rotation around 
its own axis. The G19 and S283 side chains alternately approach its own axis. The G19 and S283 side chains alternately approach and separate from NZ of K158. and separate from NZ of K158. Water W Water W 
forms anforms an

 

HH--bond with NZ (distance <2 bond with NZ (distance <2 ÅÅ) and is also connected to an intracellular water chain. We ) and is also connected to an intracellular water chain. We

 

 
speculate that thespeculate that the

 

proton can directly access NZ of K158 along this continuous wateproton can directly access NZ of K158 along this continuous water chain. Ther chain. The

 

side chain side chain 
of S283 with itsof S283 with its

 

OG screened by theOG screened by the

 

NZ group of K158 is not accessible to the intracellular water. TNZ group of K158 is not accessible to the intracellular water. Thus, hus, 
protonating/deprotonating K158 influencesprotonating/deprotonating K158 influences

 

the character of the local motion of K158 and nearby residues.  the character of the local motion of K158 and nearby residues.  
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