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ABSTRACT 

Using the energy of ATP hydrolysis 

ABC transporters catalyze the trans-

membrane transport of molecules. In 

bacteria they partner with a high affinity 

substrate binding protein (SBP) to 

import essential micronutrients. ATP 

binding by Type-I ABC 

transporters (importers of amino acids, 

sugars, peptides, small ions) stabilizes 

the interaction between the transporter 

and the SBP, thus allowing transfer of 

the substrate from the latter to the 

former. In Type-II ABC 

transporters (importers of trace 

elements, e.g., vitamin B12, heme, iron-

siderophores) the role of ATP remains 

debatable. Here we studied the 

interaction between the Yersinia pestis 

ABC heme importer (HmuUV) and its 

partner substrate binding protein 

(HmuT). Using real-time surface 

plasmon resonance experiments, and 

interaction studies in membrane 

vesicles, we find that in the absence of 

ATP the transporter and the SBP tightly 

bind. Substrate in excess inhibits this 

interaction, and ATP binding by the 

transporter completely abolishes it. To 

release the stable docked SBP from the 

transporter hydrolysis of ATP is 

required. Based on these results we 

propose a mechanism for heme 

acquisition by HmuUV-T where the 

substrate-loaded SBP docks to the 

nucleotide-free outward-facing 

conformation of the transporter. ATP 

binding leads to formation of an 

occluded state with the substrate 

trapped in the trans-membrane 

translocation cavity. Subsequent ATP 

hydrolysis leads to substrate delivery to 

the cytoplasm, release of the SBP, and 

resetting of the system. We propose that 

other Type-II ABC transporters likely 

share the fundamentals of this 

mechanism.  

 

INTRODUCTION 

ATP Binding Cassette (ABC) 

transporters comprise a large super-

family of membrane proteins. From 

bacteria to man, they transport 

molecules through the permeability 

barriers of cell membranes (1–4). Cargo 

molecules are extremely diverse, 

ranging from ions, small to medium 

molecules (sugars, amino acids, lipids, 

ionic metals) to large and bulky 

compounds (peptides, proteins, organo-

metal complexes, and antibiotics). They 

are involved in many important 

physiological processes such as nutrient 

import, cellular detoxification, lipid 

homeostasis, signal transduction, anti-

viral defense, and antigen presentation 
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(5–11). From a clinical perspective, 

ABC transporters are of great interest as 

they are directly involved in tumor 

resistance to multiple 

chemotherapeutics, bacterial multidrug 

resistance, and bacterial virulence and 

pathogenesis (12–19). All ABC 

transporters share a basic architecture, 

minimally composed of two 

intracellular Nucleotide Binding 

Domains (NBDs), and two Trans-

Membrane Domains (TMDs). The 

NBDs supply the energy via ATP 

binding and hydrolysis, and the TMDs 

form the trans-membrane permeation 

pathway. ABC transporters that 

function as importers additionally 

require a Substrate Binding Protein 

(SBP) that binds the substrate outside 

the cytoplasm and delivers it to the 

TMDs (20–24). In recent years it has 

become apparent that despite the 

common basic architecture there is a 

considerable degree of structural and 

mechanistic diversity within the large 

family of ABC transporters (25–29). 

One mechanistic aspect of the transport 

cycle concerns the role of ATP binding 

and hydrolysis. In Type-I transporters 

(importers of common metabolites, e.g., 

sugars, amino acids (30–32)), and in 

exporters, ATP binding induces 

conversion to an outward-facing 

conformation of the transporter, and 

promotes a stable interaction with the 

cognate SBP (33, 34). In Type II 

transporters (importers of trace organo-

metal complexes, e.g., iron-

siderophores, vitamin B12, heme) the 

role of ATP is not as clear, as different 

experimental setups lead to different 

conclusions (34–38).  

Here, we studied the role of 

ATP biding and hydrolysis in the Type 

II heme transporter HmuUV-T of 

Yersinia pestis (39–41). Using Surface 

Plasmon Resonance and interaction 

experiments performed in membrane 

vesicles, we observe that in HmuUV-T, 

ATP has a role that is very different 

from that described in Type-I systems.  

 

RESULTS 

Specificity of the HmuUV-HmuT 

interaction. Structural studies of the 

Type II ABC transporters BtuCD, 

MolBC, BhuUV, and HmuUV show 

that their structures are very similar (38, 

41–43). Superimposition of the 

nucleotide-free, outward-facing 

structures of BtuCD and HmuUV lends 

the impression of different 

conformations of a single protein rather 

than two different proteins 

(Supplementary Figure 1A).  Similarly, 

the structures of the cognate SBPs 

(BtuF, HmuT and MolA) also 
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superimpose extremely well 

(Supplementary Figure 1B). In 

addition, in all three systems the 

glutamate-arginine pairs (responsible 

for the SBP-transporter interactions) are 

identically located (41, 44). We 

therefore began by examining the 

specificity of the transporter-SBP 

interaction. For this we used Surface 

Plasmon Resonance experiments 

(SPR), as we have done in the past with 

several other ABC import systems (34, 

35). In these experiments the His-

tagged transporter is immobilized onto 

a Ni-NTA biosensor chip and the SBP 

is injected into the over flowing buffer. 

The interaction is recorded in real time 

and with high sensitivity. We 

immobilized equal amounts (by mass) 

of HmuUV, BtuCD, and MolBC onto 

adjacent flow cells of a biosensor chip 

and then injected HmuT over the 

transporters. As shown in Figure 1A, 

HmuT robustly associated only with 

HmuUV and not with either BtuCD or 

MolBC. The SPR experiments are 

conducted in a detergent solution 

environment that is different from the 

native membrane. Others and we have 

observed in the past that the detergent 

environment is a reasonable membrane 

mimic, yet some mechanistic features 

are only maintained in the native 

environment (34, 35, 45–47). We 

therefore tested whether the high 

specificity of the HmuUV-T interaction 

is also manifested in the membrane 

environment. For this we overexpressed 

HmuUV, MolBC, and BtuCD in E. coli 

cells and prepared membrane fractions. 

We then incubated the membranes with 

HmuT, pelleted them, washed them 

with buffer, and analyzed the 

association of HmuT with the 

membranes using SDS-PAGE and 

western blotting. We found that HmuT 

stably associated to membranes 

prepared from of HmuUV expressing 

cells, and no such association was 

observed with membranes prepared 

from cells expressing either BtuCD or 

MolBC (Figure 1B). Taken together, 

these results show that the HmuUV-

HmuT interaction is specific, and that 

despite the high structural similarity 

there is no cross-reactivity between the 

transporters and non-cognate SBPs. 

Affinity and pre-equilibrium kinetics 

of the HmuUV-HmuT interaction.  

The HmuUV-T association 

experiments shown in Figure 1 were 

performed in the absence of 

nucleotides. The slow dissociation rate 

of the complex (Figure 1, 175-350 

seconds) and the resilience of the 

complex to the wash step of the 

membrane association experiments 

suggest that nucleotide-free HmuUV 
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forms a stable complex with apo HmuT. 

To determine the affinity and pre-

equilibrium dynamics of HmuUV-T 

interaction we conducted SPR 

experiments where a series of apo 

HmuT concentrations were injected 

over a constant amount of HmuUV. 

From these experiments, we can derive 

the kinetic rate constants of the 

interaction, assuming a simple 1:1 

interaction model that includes no other 

assumptions (see methods). As shown 

in Figure 2A, the interaction is of high 

affinity, with KD=2.25x10-9 M. The 

interaction has a relatively fast kon for a 

protein:protein interaction of 6.18x105 

M-1 s-1, and a slow koff of 1.56x10-3 s-1. 

The nano-molar range affinity 

measured here for the HmuUV-T 

interaction is very similar to the affinity 

between the Type-II ABC importer 

MolBC and its SBP (KD=3x10-9 M, 

(34)), but is of significantly lower 

affinity than the ultra-stable pico-molar 

affinity BtuCD-BtuF interaction (35). 

To determine whether the nano-molar 

range interaction affinity between 

HmuUV and HmuT also occurs in a 

membrane environment, we incubated 

HmuUV containing membranes with 

increasing concentrations of HmuT, 

pelleted the membranes, and estimated 

how much HmuT remained bound to 

the membrane fraction following a 

wash step. Figure 2B&C show such as 

experiment and demonstrate that half-

maximal binding occurs at ~10 nM 

HmuT. Because of the detection range 

of the western blot we were obliged to 

use HmuUV concentration of ~ 25 nM. 

Since the concentration of HmuUV 

used in these experiments is greater 

than the estimated KD of 10 nM, this 

means that the affinity is at least in the 

range of 10 nM, but might actually be 

higher. Collectively, the SPR and 

membrane association experiments 

show that unlike the Type I transporters 

MalFGK-E, ModBC-A, and MetIN-Q, 

but similar to the Type-II transporters 

BtuCD-F, BhuUV-T, and MolBC-A 

(33–35, 38, 48, 49), nucleotide-free 

HmuUV forms a stable complex with 

apo HmuT.  

Effects of the substrate, heme, on the 

interaction between HmuUV and 

HmuT. Others and we have observed in 

the past that the substrates of ABC 

import systems greatly influence the 

interaction between the transporters and 

the SBPs, dramatically affecting both 

the equilibrium and pre-equilibrium 

rate constants. For example, in the 

Type-I molybdate/tungstate import 

system ModBC-A the interaction was 

completely substrate dependent: no 

interaction occurs unless the SBP is 

substrate-bound (34). Similarly, to form 
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a stable complex with the maltose 

transporter, the maltose binding protein 

must be substrate-loaded (33, 50).  In 

contrast, in Type-II ABC importers, the 

highest affinity is observed in the 

absence of substrate, and high substrate 

concentrations can dramatically change 

the association/dissociation kinetics 

(BtuCD), or completely block the 

interaction (MolBC) (34, 35). To test 

the effect of heme on the HmuUV-T 

interaction we first verified that our 

HmuT is substrate free (Supplementary 

Figure 2). We then injected a constant 

concentration of HmuT over 

immobilized HmuUV, in the presence 

of increasing concentrations of heme. 

At a 1:1 heme:HmuT molar ratio (100 

nM), complex formation was inhibited 

by ~12%. This inhibition increased to ~ 

75% at a 10:1 heme:HmuT molar ratio 

and an almost complete inhibition of 

complex formation was observed at 

a100:1 ratio (Figure 3A). Visual 

inspection of the dissociation phase 

observed in the presence of 1 M heme 

suggests a faster koff in the presence of 

high substrate concentrations, as has 

been demonstrated in for the vitamin 

B12 ABC transporter BtuCD-F.  

However, the effects of high heme 

concentrations were not exhaustively 

studied due to technical limitations. 

The effect of heme on the 

formation the HmuUV-T complex was 

also studied in the membrane 

environment. Here also, addition of 

substrate at 1:1 heme:HmuT molar ratio 

did not greatly affect the interaction. As 

observed in the SPR experiments, 

higher substrate:SBP ratios completely 

disrupted the stable association between 

the transporter and the SBP.  

Of note, substrate-induced 

inhibition of the HmuuV-T interaction 

was only observed at heme:HmuT 

molar ratios greater than one. We 

therefore tentatively suggest that the 

second heme binding event (which is of 

low affinity) serves as a negative 

feedback on transport.  

The effects of the nucleotide state of 

HmuUV on its interaction with 

HmuT.  

In the Type-I ABC transporters 

MalFGK and ModBC ATP binding 

stabilizes the interaction with the SBP 

(34, 51). The opposite was shown for 

the Type-II ABC transporters BtuCD 

(35), MolBC (34), and BhuUV (38). 

Conversely, Korkhov et al concluded 

that ATP binding to BtuCD stabilizes 

its interaction with BtuF (46).  

We investigated the effect of ATP 

binding and hydrolysis on formation of 

the HmuUV-HmuT complex by 

conducting SPR experiments where 
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HmuUV was trapped at its different 

nucleotide states (apo, ATP-bound, 

transition state, or ADP-bound). To 

ensure complete trapping of HmuUV in 

the different intermediate states 

nucleotides were added at saturating 

concentrations (Supplementary Figure 

3). To mimic the ATP-bound pre-

hydrolysis state we added either ATP in 

the presence of low concentrations of 

EDTA, or AMP-PNP in the presence of 

magnesium. Under both these 

conditions, we observed complete 

inhibition of the interaction between the 

transporter and the SBP (Figure 4A).  

Following binding of ATP, the bond in 

its -phosphate is cleaved by the NBDs, 

and a high energy catalytic intermediate 

is formed where the bond to the -

phosphate is broken, yet the -

phosphate has not yet been released 

from the ATP binding site. To mimic 

this state, we incubated HmuUV in the 

presence of magnesium, ATP, and 

vanadate. Similar to what was observed 

in the ATP-bound state, the high-energy 

catalytic intermediate also showed no 

interaction with the SBP (Figure 4A).  

Once the -phosphate is released from 

the ATP binding site the transporter 

proceeds to its ADP-bound state, and to 

mimic this state we incubated HmuUV 

in the presence of magnesium and ADP. 

As shown in Figure 4A, nearly 

complete restoration of the association 

with the SBP was observed when 

HmuUV was at the ADP-bound state. A 

similarly modest ADP-induced 

inhibition of complex formation was 

also observed in the homologous type-

II ABC transporters BtuCD-F and 

MolBC-A (34, 35). 

We next tested whether a similar pattern 

of nucleotide-state dependent 

interactions occurs in the membrane 

environment. For these experiments, we 

trapped the desired nucleotides in the 

lumen of the vesicles during their 

preparation (see methods) and then 

added HmuT externally. As shown in 

Figure 4B, the results we obtained in the 

membrane vesicles were in excellent 

agreement with those obtained in the 

SPR experiments. The strongest and 

most stable association between 

HmuUV and HmuT was observed when 

HmuUV was nucleotide free, no 

association was observed in either the 

ATP-bound pre-hysrolysis or the 

vanadate-trapped high-energy states, 

and an intermediate level of binding 

was observed in the ADP-bound state.  

Hydrolysis of ATP releases stably 

docked HmuT from HmuUV. As 

shown above, holo-HmuT stably docks 

to HmuUV, as long as there is no large 

excess of heme. The complex that is 

 at T
echnion-Israel Institute of T

echnology on July 18, 2017
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


8 
 

formed is of high affinity (KD=2.25x10-

9 M), and has a very slow koff of 

1.56x10-3 s-1. Such a slow koff is 

incompatible with any reasonable 

prediction of the duration of the 

transport cycle. We therefore tested 

which conditions promote the 

dissociation of HmuT from HmuUV. 

For this, we first generated a stable 

HmuUV-T complex on an SPR chip 

and attempted to dissociate the complex 

using different ligands. The decrease in 

mass that accompanies dissociation of 

HmuT from HmuUV can be monitored 

in real time. Injection of a high 

concentration (10 M) of heme had the 

same effect as the injection of buffer, 

and was completely unable to strip 

away any bound HmuT (Figure 5).  

Interestingly, this (and even lower) 

concentration of heme dramatically 

inhibited complex formation when 

added simultaneously with HmuT, i.e., 

before allowing the complex to form 

(Figure 3A). This observation is 

compatible with the notion that the 

substrate binding pocket of the SBP is 

inaccessible when the latter is docked to 

the transporter. When added in concert 

with the SBP ATP-EDTA (or AMP-

PNP/Mg) completely inhibited the 

interaction of HmuT with HmuUV 

(Figure 4A&B). In contrast, when 

added post complex formation binding 

of ATP could not release the stably 

docked SBP. These observations 

suggest that if ATP binds to HmuUV 

before, or at the same time as HmuT, it 

prevents its docking to HmuUV. 

However, once the complex is formed 

binding of ATP is insufficient to 

dissociate the complex. Another 

possibility is that once the transporter-

SBP complex has formed it has 

extremely low affinity to ATP. 

However, this is clearly not the case 

since when ATP is added to the 

preformed complex under hydrolyzing 

conditions (ATP-Mg), complex 

dissociation readily occurs (Figure 5). 

Somewhat different observations were 

recently reported for the homologous 

heme ABC transporter BhuUV from 

Burkholderia cenocepacia. Here, 

binding of ATP was sufficient to trigger 

the release of the SBP (38). 

Interestingly, when ATP-Mg is added 

in the presence of vanadate, the amount 

of dissociated HmuT is (very 

reproducibly) half of that displaced in 

the fully hydrolyzing conditions (Figure 

5). The interpretation of this 

observation is discussed in the next 

section.   

 

DISCUSSION  
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Based on the results reported herein, 

and on the crystal structures of HmuUV 

and BtuCD, we propose a mechanistic 

model that may serve as a framework 

for future research (Figure 6).  

The X-ray structures of HmuUV and 

BtuCD suggest that they adopt an 

outward-facing conformation when 

they are nucleotide-free (41, 42). We 

demonstrate here that this nucleotide-

free outward-facing conformation of 

HmuUV has the highest affinity to 

HmuT. When HmuUV is ATP-bound, 

or trapped in the transition state of ATP 

hydrolysis, we cannot detect any 

interaction with HmuT. Post hydrolysis, 

after release of the inorganic phosphate 

(ADP-bound state), the HmuUV-T 

interaction affinity was almost 

completely restored. Notably, similar 

observations were made with three 

other Type-II transporters (34, 35, 52). 

Based on these observations, we 

propose that the structure of the 

outward-facing nucleotide-free 

HmuUV (41) likely represents a 

transient physiological state of the 

transporter, to which HmuT 

preferentially binds (Figure 6, state I). 

In the presence of stoichiometric 

substrate concentrations HmuT docks 

to HmuUV with very high (nM) 

affinity, and a stable complex is formed 

(Figure 6, state II). When substrate is 

present at higher concentrations, we 

observed less steady state levels of the 

HmuUV-T complex (Figure 6, state II, 

inhibition by substrate). At this point it 

is difficult to determine whether this is 

a result of inhibition of association or 

acceleration of dissociation. Heme is a 

very hydrophobic and ‘sticky’ 

compound, and its detrimental effects 

on the Biacore’s microfluidics 

prevented more extensive 

characterization. HmuT is unique in the 

sense that it binds two heme molecules 

in its central binding site (40). The first 

binding event is of very high affinity 

(KD=0.29 x10-9 M), and the second 

heme molecule binds with a 100-fold 

reduced affinity (KD=29 x10-9 M) (40).  

It is therefore tempting to propose that 

the second binding event (that of the 

relatively lower affinity) is the one 

responsible for the observed decrease in 

complex steady state levels. We 

currently propose that docking of 

HmuT leads to structural 

rearrangements in HmuUV: a switch to 

an inward-facing conformation, and 

closure of the NBDs dimer that is also 

facilitated by binding of ATP. ATP 

binding to the HmuUV-T complex 

leads to an occluded state where heme 

is released from HmuT and trapped in 

the translocation cavity of HmuUV 

(Figure 6, state III). We currently have 
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no data to support the existence of this 

conformation, it is inferred from results 

obtained with BtuCD (46, 47, 53). 

Once the stable complex has formed, 

the heme binding pocket of HmuT is 

inaccessible from the outside, and the 

complex must break for the next 

transport cycle to take place. In the 

absence of nucleotide, The HmuUV-T 

complex has extremely slow 

dissociation kinetics that is 

incompatible with a transport cycle. 

ATP binding per-se is insufficient to 

dislocate the tightly docked HmuT, and 

a transition state is attained where both 

ATP and HmuT are bound to HmuUV 

(Figure 6, state III). Relative to two 

other Type II transporters (BtuCD and 

MolBC) HmuUV has a lower rate of 

uncoupled ATP hydrolysis that is 

stimulated 2-3 fold by HmuT (34, 41, 

45, 54, 55). Therefore, once state III is 

reached hydrolysis now rapidly 

proceeds, leading to disengagement of 

HmuT, release of heme to the cytosol, 

and release of ADP+Pi (Figure 6, state 

IV). HmuUV is now free of HmuT and 

of nucleotides. This leads to opening of 

the NBDs dimer, re-orientation to the 

outward-facing conformation, and the 

system is reset (state I).  

For several ABC transporters it 

was demonstrated that the ATPase sites 

are interdependent, and that ATP 

hydrolysis follows a “two cylinder” 

mechanism (45, 56, 57). In such 

systems, vanadate trapping of one 

ATPase site disables the other one as 

well, resulting in a one round of 

hydrolysis of a single ATP molecule. 

Very reproducibly we observed that 

ATP hydrolysis in the presence of 

vanadate releases exactly half of the 

amount of HmuT that is released under 

the complete hydrolyzing conditions 

(ATP-Mg). This observation suggests 

that at the population level, hydrolysis 

of two ATP molecules statistically 

required to release 100% of the docked 

HmuT molecules, while one hydrolysis 

event suffices to release HmuT in 50% 

of the cases.  

The results presented in this 

report, and the ensuing model, bare 

much resemblance to those described 

for BtuCD, yet there are also some 

differences. For example, the affinity of 

BtuF to BtuCD is 3-4 orders of 

magnitude higher than that of HmuT to 

HmuUV. In addition, the effect of ATP 

binding and hydrolysis on complex 

stability is much stronger in HmuUV, 

while in BtuCD substrate seems to play 

the more major role. Likewise, BtuCD 

and MolBC also display mechanistic 

similarities as well as differences (34, 

35). This speciation is also apparent in 

Type I transporters, where, for example, 
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a single NBD of the histidine 

transporter (HisPQM) is sufficient to 

drive transport while in MalFGK this 

not the case (58, 59). These are just a 

few examples of many that suggest that 

the current division to Type I and Type 

II (29) systems is likely as crude as 

dividing bacteria to Gram positive and 

negative. To remedy this, more systems 

need to be systematically studied, both 

structurally and mechanistically. In 

conclusion, the results reported herein 

support the notion that ATP binding 

(and hydrolysis) serves fundamentally 

different purposes in Type I and Type II 

systems. In Type I systems it is required 

to stabilize unstable complexes, and in 

Type II systems it is required to break 

apart stable complexes.  

 

 

 

EXPERIMENTAL 

PROCEDJURE 

Protein expression and purification  

HmuUV, MolBC, and BtuCD were 

expressed and purified essentially as 

previously described (41, 43, 54). For 

preparation of membrane fraction, cells 

were re-suspended in 50 mM Tris·HCl 

pH 7.5, 0.5 M NaCl, 30 μg/mL DNase 

(Worthington), one complete EDTA-

free protease inhibitor mixture tablet 

(Roche), 1 mM CaCl2, 1 mM MgCl2, 

and ruptured by three passages in an 

EmulsiFlex-C3 homogenizer (Avestin). 

Membranes were pelleted by 

ultracentrifugation at 120,000 × g for 45 

min; washed and resuspended in 50 mM 

Tris·HCl pH 7.5, 0.5 M NaCl, and 10% 

(vol/vol) glycerol; and stored in –80 °C 

until use. For Flag-HmuT purification, 

cell were lysed as before, and following 

ultracentrifugation at 350,000x g, 30 

min, at 4 C the supernatant was loaded 

onto anion-exchange column (Resource 

Q 1 mL, GE Healthcare). The unbound 

fraction, containing HmuT was 

collected and further purified by size-

exclusion chromatography (HiLoad 

16/600, GE Healthcare). Protein 

purification was monitored by 

coomassie staining of SDS-PAGE and 

size exclusion chromatography. 

Surface Plasmon resonance (SPR) 

measurements 

All measurements were performed 

using a Biacore T200 (GE) as 

extensively described before (34, 35, 

60). His-HmuUV, His-BtuCD, His-

MolBC were immobilized directly onto 

Ni-NTA biosensor chip (GE 

Healthcare). The running buffer 

contained 10mM Tris HCl 8, 150 mM 

NaCl, 0.05% n-dodecyl-β-D-

maltopyranoside (DDM). Surface 
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densities were between 0.12-0.3 

ng/mm2 (1200-3000 RU for a 150– 180 

kDa protein-detergent micelle). All 

injections were performed at least as 

duplicates in random order and double-

referenced. Data analysis was 

performed using Biacore's standard 

evaluation software, and a simple 1:1 

Langmuir interaction model was used 

for fitting and for derivation of kinetic 

rate constants.  

Association assays in membranes 

For preparation of membrane fraction, 

cells were re-suspended in 50 mM 

Tris·HCl pH 7.5, 0.5 M NaCl, 30 

μg/mL DNase (Worthington), one 

complete EDTA-free protease inhibitor 

mixture tablet (Roche), 1 mM CaCl2, 1 

mM MgCl2, and ruptured by tip 

sonication (3 x 20 sec, 600 Watts). 

Debris and unbroken cells were 

removed by centrifugation (10 min, 

10,000 × g) and the membranes were 

pelleted by ultracentrifugation at 

120,000 × g for 45 min. The membranes 

were washed and re-suspended in 50 

mM Tris·HCl pH 7.5, 0.5 M NaCl, and 

10% (vol/vol) glycerol; and stored in –

80 °C until use. To incorporate 

nucleotides in the lumen of the vesicles 

these were added during the sonication 

step but omitted from the wash and re-

suspension buffers. Purified Flag-

HmuT was added to the membranes at 

the indicated concentration and the 

mixture was gently shaken at 4 C for 

30 min. The membrane bound or 

unbound fractions were separated by 

ultracentrifugation at 130,000 x g for 15 

min, and the membrane fractions were 

solubilized a in equal volumes of 2% 

SDS. The amount of Flag-HmuT was 

visualized by western blot detection, 

using an anti-Flag antibody (Sigma). 

ATP hydrolysis 

ATP hydrolysis was measured using 

Molecular Probes EnzCheck kit, at 28 

°C, in a 96-well format, according to the 

manufacturer’s specifications. To 

initiate hydrolysis, 2 mM MgCl2 was 

injected to a solution containing 0.5 μM 

HmuUV in 10 mM Tris⋅HCl, pH 8, 150 

mM NaCl, 0.05% DDM, 50 μM EDTA, 

and the indicated ATP concentration. 

Where applicable, ADP was added at 

indicated concentrations.  
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FIGURE LEGENDS 

Figure 1. HmuT binds specifically to HmuUV. A) SPR sensograms showing the 

injection of 100 nM Flag-HmuT over HmuUV (dotted black curve), BtuCD (solid grey 

curve), and MolBC (solid black curve) immobilized on adjacent flow cells. The arrow 

marks the end of Flag-HmuT injection and the onset of washing the biosensor chip with 

buffer. Shown are the representative results of experiments conducted three times in 

duplicates (Technical repeats). B) Complex formation in membrane environment: 

Membranes were prepared from E. coli cells over expressing HmuUV, MolBC, or 

BtuCD, as indicated. Following incubation with 50 nM Flag-HmuT and subsequent 

washing, membrane-bound Flag-HmuT was visualized by SDS-PAGE and western 

blotting using an α-Flag antibody. The numbers below each lane are the quantification 

with Total lab software, given as percent. Shown are representative results of three 

biological repeats.   

Figure 2. Dynamics of HmuUV-T complex formation. A) Shown are duplicates of 

injections of the indicated concentrations of Flag-HmuT over His-HmuUV 

immobilized onto a biosensor SPR chip. The arrow marks the end of Flag-HmuT 

injection and the onset of washing the biosensor chip with buffer. Also shown are the 

rate constants and their standard errors (n=3) that were determined using a simple 1:1 

interaction model. Shown are the representative results of experiments conducted three 

times in duplicates (Technical repeats). B) Complex formation in a native environment.  

Membranes were prepared from E. coli cells over expressing HmuUV and incubated 

the indicated concentrations of Flag-HmuT. Following a wash step, the amount of 

membrane-associated HmuT was visualized by SDS-PAGE and western blotting using 

an α-Flag antibody. Shown are representative results of three biological repeats.  C) 

The western blot shown in B was quantified by Total lab software, and plotted as a 

function of HmuT concentrations. The dashed line indicates the concentration of HmuT 

at which half-maximal binding was measured.    

Figure 3. Effect of substrate on the interaction between HmuT and HmuUV. A)  100 

nM Flag-HmuT were injected over immobilized HmuUV in the absence or presence of 

the indicated concentrations of heme. The arrow marks the end of Flag-HmuT injection 

and the onset of washing the biosensor chip with buffer. Shown are the representative 

results of five technical repeats.  B) 10 nM Flag-HmuT was added to membranes 

prepared from E. coli cells over-expressing HmuUV in the absence or presence of the 
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indicated heme concentrations. Bound Flag-HmuT was visualized as in Figures 1B and 

2B. The numbers below each lane are the quantification with Total lab software, given 

as percent. Shown are representative results of four biological repeats.  

Figure 4. Effects of the nucleotide state of HmuUV on its interaction with HmuT.  

A) 100 nM HmuT was injected in the absence of nucleotides (solid black curve), or in 

the presence of ADP/Mg (solid gray curve), ATP-EDTA, AMP-PNP/Mg, or ATP-

Vanadate/Mg (indistinguishable dotted curves, as indicated). All nucleotides, vanadate, 

and magnesium were added 1 mM, EDTA was added at 50μM. The arrow marks the 

end of Flag-HmuT injection and the onset of washing the biosensor chip with buffer. 

Shown are the representative results of three technical repeats conducted in duplicates.  

(B) Effects of the nucleotides in the membrane environment. The indicated nucleotides 

were incorporated to the lumen of the membrane vesicles, and then incubated with 250 

nM Flag–HmuT. Bound Flag-HmuT was visualized as in Figures 1B and 2B. The 

numbers below each lane are the quantification with Total lab software, given as 

percent. Shown are representative results of three biological repeats.  

Figure 5.  ATP hydrolysis triggers HmuUV-T dissociation. The pre-formed HmuUV-

T complex was immobilized onto a biosensor chip and the indicated ligand were 

injected for 100 seconds in an attempt to dissociate the complex.  Shown are the 

injections of 1 mM ATP/1 mM MgCl2 (solid grey), 1 mM ATP/1 mM Vo4 /1 mM MgCl2 

(solid black), and in dotted black are the indistinguishable injections of 1 mM ATP/50 

M EDTA, or 10 M heme, or wash buffer. Shown are the representative results of 

three technical repeats.  

Figure 6. A proposed model for the transport cycle of HnuUV-T.  

State I: in its nucleotide-free state HmuUV is outward-facing. HmuT has the highest 

affinity to this state and preferentially binds to it.   

State II: A stable complex is formed between HmuUV and HmuT. In the presence of 

high heme concentrations this interaction is inhibited. 

State III: Docking of HmuT and binding of ATP leads to an occluded state. Heme is 

released from HmuT to the translocation cavity of HmuUV. Binding of ATP is 

insufficient to dislodge HmuT. 

State IV: ATP hydrolysis proceeds and the hydrolysis products are released, HmuT is 

dislodged, heme is delivered to the cytoplasm, and the transporter is reset.  
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1 
 

SUPPLEMENTARY FIGURE LEGENDS  

Figure S1: Structural alignment between of Type-II ABC transporters. (A) 3-D 

alignment of the nucleotide free structures of HmuUV (teal, PDB:4G1U) and BtuCD 

(salmon, PDB:1L7V). RMSD 6.961 Å over 4041 Cα atoms. (B) 3-D alignment of the 

cognate substrate binding proteins HmuT (teal, apo PDB:3MD9, holo PDB: 3NU1), 

BtuF (salmon, apo PDB:1N4D, holo BtuF:1N4A) and MolA (lime, holo PDB: 3PSA). 

Shown are the apo and holo forms as indicated.  

 

Figure S2. Analysis of heme content of HmuT. FLAG-tagged HmuT was purified as 

described in the Material and Methods, and then subjected to size exclusion 

chromatography on a 24 mL Superdex200 Increase column. Shown are the injections 

of 40 mM HmuT in the absence of exogenously added heme (black), or following the 

addition of 30 and 250 mM heme (blue and red, respectively). Integration of the peaks 

obtained at 373 nm (absorption peak of HmuT-bound heme) suggests that ~97% of the 

heme binding sites are available in apo HmuT.  

 

Figure S3. ATPase activity of HmuUV and its inhibition by ADP. A) Initial rates of 

ATP hydrolysis were measured as indicated in the material and methids section. The 

experimental data (circles) was fit using the Michaelis–Menten equation (dashed black 

line). Also shown is the Michaelis constant which was derived from three technical 

repeats. B) Inhibition of ATP hydrolysis by ADP concentration. ATP hydrolysis was 

set as in A, using 25 μM ATP and the indicated ADP concentrations. Error bars 

represent S.E of three technical repeats. Also shown is the inhibition constant of ADP 

(KIADP), which was derived from three technical repeats. 
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