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On-premises IBM Quantum System One 
Eagle 127 qbits (unveiled March 2023)

Upgraded to Heron r2 156 qbits (2026)

Integrated into a quantum centric 
supercomputing (QCSC)  environment

Quantum System One is dedicated to 
healthcare and life sciences with the 
mission to create a HCLS innovation 
ecosystem with outreach and impact 
worldwide

Hardware Access is Essential



What is the Nature of Your Problem?

• Intermolecular Interactions
• Dispersion interactions
• Hydrogen bonding

• Large systems
• Drug-like molecules
• Biomacromolecules

• Solvation
• Continuum

• Explicit

4

Overarching goal: Routinely study large 
biologically relevant systems using 
Quantum Chemistry on Quantum 
Computers

Calderasib and GDP and Mg2+ in the KRAS G12C
Vacca, J. P.; Dorsey, B. D.; et al. Proc Natl Acad Sci U S A 1994, 91, 4096 

See: https://www.nature.com/articles/s42005-025-02305-9 

See: https://pubs.acs.org/doi/full/10.1021/acs.jpcb.5c01030

See: https://pubs.acs.org/doi/abs/10.1021/acs.jctc.5c00114 
See https://arxiv.org/abs/2605.01138 

FEP in explicit solvent: https://arxiv.org/html/2506.20825v1
FEP in protein-ligand system: https://arxiv.org/abs/2604.09857 

https://www.nature.com/articles/s42005-025-02305-9
https://www.nature.com/articles/s42005-025-02305-9
https://www.nature.com/articles/s42005-025-02305-9
https://www.nature.com/articles/s42005-025-02305-9
https://www.nature.com/articles/s42005-025-02305-9
https://www.nature.com/articles/s42005-025-02305-9
https://www.nature.com/articles/s42005-025-02305-9
https://pubs.acs.org/doi/full/10.1021/acs.jpcb.5c01030
https://pubs.acs.org/doi/abs/10.1021/acs.jctc.5c00114
https://arxiv.org/abs/2605.01138
https://arxiv.org/html/2506.20825v1
https://arxiv.org/abs/2604.09857


Scaling in Quantum Chemistry
Fragment Linear-Scaling in Quantum Chemistry



What Can Quantum Computers Do?



https://arxiv.org/abs/2405.05068; 
https://www.science.org/doi/10.1126/sciadv.adu9991

Technological Advancements are Necessary
Sample-based Quantum Subspace Diagonalization (SQD)

https://arxiv.org/abs/2405.05068
https://www.science.org/doi/10.1126/sciadv.adu9991


https://pyscf.org
https://qiskit.github.io/qiskit-addon-sqd
https://github.com/sandbox-
quantum/Tangelo

1. Hartree Fock Calculation 
on full molecule

2. Choose fragment orbitals

local fragment 
+ bath

unentangled 
virtual 

environment

unentangled 
occupied 

environment

*Note that the depicted 
ordering of the orbitals is 

arbitrary

3. Schmidt 
Decomposition

local fragment 
+ bath

7. High Level Quantum 
Chemistry Solver

*Note that the depicted 
ordering of the orbitals is 

arbitrary

5. Rotate cluster orbitals into 
occupied/unoccupied blocks

6. Expand the cluster with 
fragment-specific natural orbitals – 
“entangle” cluster with full 
environment 

4. Select the bath orbitals to form 
the cluster (fragment+bath) – h -
value

𝐸!"!#$ = 𝐸%& + ∑
'
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8. Get the high level RDMs 
to form the total energy

**Single step to 
assemble the system

*SQD, CI, or CCSD

EWF (Embedded Wavefunction Theory) Workflow

Vayesta

https://github.com/sandbox-quantum/Tangelo
https://github.com/sandbox-quantum/Tangelo
https://github.com/sandbox-quantum/Tangelo


Image see: https://www.cell.com/fulltext/S0006-3495(08)78564-3

Trp-Cage
1) Designed folded min-protein (Neidigh et al, 2002)
2) Fast folder
3) Folding free energy is ~2.1kcal/mol (in aqueous solution at 300K)
4) One of the first proteins to be folded using MD simulations

Protein Conformational Ensembles

Protein Ensembles and disease
1) Intrinsically disordered proteins (IDPs) 
 Alzheimer’s, Parkinson’s, Huntington’s and ALS
 Involved in cancer pathways
 Cardiovascular disease and diabetes
2) Allosteric pockets
 Druggable sites beyond the active site
 Hard to find and exploit
3) Structure-based drug discovery
 

Trp-Cage



Hybrid Quantum-Centric Energy Evaluation

Quantum mechanical evaluation of relative energy (∆E) of two Trp-
cage protein conformers using embedded wavefunction (EWF) method 
on IBM Heron R2 hardware.

• Execute quantum circuits of fragments on IBM Heron R2.

• Perform energy calculations for each conformer.

• Combine quantum-classical results to compute ΔE between two 
conformers.

Folded Conformer Unfolded Conformer

Total Number of Quantum Measurements on IBM Heron R2 hardware 
for Two Conformers using >300 circuits

300 Million shots

Number of Qubits used 
across 40+ Circuits

60+ 
qubits/circuit

Distinct Quantum Circuits 
Executed for Two 

Conformers

> 300 Circuits

Total Number of Nodes and 
CPUs used simultaneously

>150 Nodes 
and 7200 CPUs
7K Node Hours

Trp-cage protein



Harnessing GPU-QPU-CPU in a Single Workflow

QPU

Collecting candidate 
electron configurations 
from each LUCJ circuit

GPU+QPU+CPU

CPU

Post-processing of the 
Data from Quantum 

Computer

GPU

Simulation of 
Initial Mean Field 

Object on full 
system



Fragment Distribution Across Different Sizes of MOs 



3. Quantum 
Sampling

3. Quantum 
Sampling

2. Fragmentation

Distributed Hybrid Quantum-centric Workflow

5. Sum up Energies 
from each fragments

𝐸!"!#$ = 𝐸%& + ∑
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1. Hartree Fock Calculation 
on full molecule

gpu4pyscf

Fragment 0

Fragment 1

Fragment 302

Vayesta EWF

3. Quantum 
Sampling

4. Post 
Processing

4. Post 
Processing

4. Post 
Processing

Distributed jobs 
(24–48 cores/node)

Experiment Scale

• 302 fragments → 302 quantum circuits

• 1,000,000 shots per circuit

• Over 300 Million total shots

• Execution distributed across multiple HPC clusters

• Quantum sampling on IBM Heron R2 (ibm_fez) 
hardware

Folded Conformer

GPU QPU CPU



Quantum Computing Complexity of the Fragments

•The complexity of quantum circuits increases with the size of fragments

•The quantum circuit complexity in the largest fragment approaching the
complexity of most advanced SQD simulation to date performed in 4Fe-4S
cluster

GPU QPU CPU



STO-3G basis set

Reference method RI-MP2 EWF-MP2

-63.42 -59.61

(∆∆E = 3.8)

Reference method DLPNO-
CCSD EWF-CCSD

-52.05 -47.70

(∆∆E = 4.4)

Reference method DLPNO-
CCSD EWF-(ext-SQD-FCI)*

-52.05 -55.43

(∆∆E = 3.4)

Folded conformer

Unfolded conformer

Relative Energies of Conformers (∆E)

*The EWF-(ext-SQD-FCI) energy uses FCI for MOs<15 and SQD for MOs>=15; 1e-5 bath cutoff  



Protein Ligand Interaction
Solvated T4-Lysozyme

Solvated Trypsin

Removed benzamidine 
ligand (18 atoms)

Removed n-butylbenzene ligand 
(24 atoms)

Hydrophobic interaction

Hydrophilic interaction

16



Strategies for Water EWF Clusters

EWF 
Clusters 
Count

MP2-bath
Cutoff = 1e-5 
and oxygen 
atom 
fragments

Number 
of MOs12 15

MP2-bath
Cutoff = 1e-6
and water molecule 
fragments

24

MP2-bath
Cutoff = 1e-7
and water molecule 
fragments

❌ ❌ ✅

❌ Not optimal for SQD
✅ Optimal for SQD

Chosen 
strategy for 
production



Fragmentation MO distribution from Production run: T4-Lysosyme 
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𝜼 = 𝟏𝐞 − 𝟕

𝜼 = 𝟏𝒆 − 𝟓

Slide credits: Danil Kaliakin



T4-Lysosyme/N-butylbenzene Results 

Solvated T4-Lysozyme Removed n-butylbenzene ligand 
(24 atoms)

Hydrophobic interaction

*All protein hydrogen fragments are treated with FCI. For other fragments with 13–26 MOs, Extended SQD is used (D=3,000, 
ε=1×10⁻⁶); for larger fragments with 27–35 MOs, Trimmed SQD is applied (D=10,000, ε=5×10⁻⁶).

HF EWF-MP2 EWF-CCSD EWF-(TrimSQD-FCI)*

Bound -288932.37217 -289098.83683 -289139.28385 -289141.60903
Unbound -288550.21447 -288716.05224 -288756.38651 -288758.70867
Ligand -382.17691 -382.79189 -382.91398 -382.91518

𝐸_𝐵𝑖𝑛𝑑 (Ha) 0.01921 0.00730 0.01665 0.01483

𝐸_𝐵𝑖𝑛𝑑 (kcal/mol)
12.06 4.58 10.45 9.30



EWF-CCSD/def2-SVP

*unfragmented 
calculations

EWF-CCSD/3-21G

Close agreement with 
unfragmented reference

Higher deviation from 
unfragmented reference

Unfragmented

EWF

Effect of EWF 
bath threshold 

Effect of EWF 
bath threshold 

Choice of Basis Set and EWF Threshold



sto-3g 
𝜂 = 1e-5

3-21G 
𝜂 = 1e-8

Residues within 3 Å radius are 
treated with 3-21G

Solvated T4-Lysozyme Model

𝜂 is EWF bath threshold 

STO-3G only 3-21G and STO-3G

EWF-CCSD EWF–TrimSQD EWF-CCSD EWF–TrimSQD

Bound -289139.284 -289141.609 -289179.536 -289182.051

Unbound -288756.387 -288758.709 -288793.907 -288796.420

Ligand -382.914 -382.915 -385.601 -385.598

𝐸_𝐵𝑖𝑛𝑑 (Ha) 0.017 0.015 -0.028 -0.033

𝐸_𝐵𝑖𝑛𝑑 (kcal/mol) 10.45 9.30 -17.31 -21.07

Mixed Basis Set Simulations



sto-3g 
𝜂 = 1e-5

3-21G 
𝜂 = 1e-8

Residues within 3 Å radius are 
treated with 3-21G

Solvated T4-Lysozyme Model

𝜂 is EWF bath threshold 

Mixed Basis Set Simulations

TABLE VIII
TOTAL AND BINDING ENERGIES, DEFINED AS Ebinding = Ebound → Eunbound → Eligand , OF THE BENCHMARK MOLECULAR SYSTEMS.

System Method Ebound (Ha) Eunbound (Ha) Eligand (Ha) Ebinding (Ha) Ebinding (kcal/mol)

Trypsin, benzamidine EWF–CCSD →319, 413.0227 →319, 038.0806 →374.9875 0.0454 28.46
(STO-3G) EWF–TrimSQD →319, 415.8966 →319, 040.9552 →374.9986 0.0572 35.89

T4-Lysozyme, n-butyl-benzene EWF–CCSD →289, 139.2838 →288, 756.3865 →382.9139 0.0166 10.45
(STO-3G) EWF–TrimSQD →289, 141.6090 →288, 758.7087 →382.9152 0.0148 9.30

Trypsin, benzamidine EWF–CCSD →319, 413.0227 →319, 037.8220 →374.9926 →0.2081 →130.59
(STO-3G, electrostatic correction) EWF–TrimSQD →319, 415.8966 →319, 040.6832 →375.0043 →0.2092 →131.32

T4-Lysozyme, n-butyl-benzene EWF–CCSD →289, 179.5355 →288, 793.9070 →385.6009 →0.0275 →17.31
(mixed 3-21G and STO-3G) EWF–TrimSQD →289, 182.0538 →288, 796.4222 →385.5980 →0.0336 →21.07

TABLE IX
SETUP OF FRAGMENT CALCULATIONS ON ROQUO.

Mc ↑ 12 13-18 19-26 27-33 34-45 ↓ 46

method FCI TrimSQD TrimSQD TrimSQD TrimSQD CCSD
Nnode — 1 2 8 16 —

Nrecovery — 5 15 15 20 —
ω — 1 · 10→7 1 · 10→6 2.5 · 10→6 2.5 · 10→6 —

of Q = +1 and shifting the electrostatic potential experienced
by fragments by a term inversely proportional to their distance
from the charged ligand. We thus subtract from the one-body
contribution to the correlation energy from a fragment in the
unbound system a term of the form Q!qf/r, where ! qf is
the change in the fragment’s electron number on going from
the mean-field to a correlated description and r is the distance
from the fragment’s central atom to the centroid of the ligand’s
amidinium group, C(NH2)

+
2 . We apply the same construction

to the isolated ligand with Q = →1 and r measured from
the centroid of the Asp189 carboxylate residue. This “elec-
trostatic correction” yields a negative binding energy. A more
systematic investigation of the treatment of long-range charge
fluctuations will be addressed in future work.

B. QPU capacity

Quantum sampling on ibm_c and ibm_k used up to 94
and 40 qubits (60% and 25% capacity, defined as the ratio
between in-use and available qubits), i.e. significant portions
of the QPU. Performance metrics are summarized in Table VI.
In trypsin, this performance is sustained for 56 h using ibm_c.
In T4-Lysozyme, for 44 h (minimal basis) and 47 h (mixed
basis) using ibm_c and ibm_k as detailed in Table X. For
each circuit execution, we selected a qubit layout constrained
by hardware and circuit connectivity, using device calibration
data to preferentially use low-error qubits and couplers. The
selected layouts have median 1- and 2-qubit error rates and
coherence times typically higher than device-wide medians,
indicating that the reported results reflect typical device per-
formance rather than unusually favorable layouts or transient
fluctuations. The largest circuit in Table V used 94 qubits and
a total 2-qubit execution time of approximately 17 µs (68 ns 2-
qubit gate time ↑ 246 2-qubit depth). This duration is shorter

than the median coherence times of the qubits T1 (293 µs) and
T2 (142 µs) over the selected layout.

C. HPC capacity

TABLE X
COMPUTATIONAL TIME FOR EWF FRAGMENT CALCULATIONS IN

TRYPSIN, BENZAMIDINE (I) AND T4-LYSOZYME, n-BUTYL-BENZENE (II).

System QPU Time† HPC HPC Time Peak Nodes
(ibm_c,k) [node-hours] (% of HPC)

I (56,0) Fugaku 369,315 152,064 (95.7%)
(—§,—§) Miyabi-G 4,281‡ 1,104 (98.6%)

II (44, 6) Fugaku 308,528 152,064 (95.7%)
(—§,—§) Miyabi-G 3,455‡ 1,104 (98.6%)

II¶ (36,47) Fugaku 3,772,926 152,064 (95.7%)
† Total QPU time in hours, § identical samples were used for Fugaku and Miyabi-G

calculations, ‡ GPU-hours (Miyabi-G has one GPU per node), ¶ mixed-basis

As summarized in Table X, calculations on Fugaku and
Miyabi-G sustained near-peak capacity of 152,064 (95.7%)
and 1,104 (98.6%) nodes. This performance is sustained for
the total wall-clock TTS of the EWF fragment calculations.
For II (STO-3G basis), these are 4.58 h (Fugaku) and 9.43
h (Miyabi-G), in each case running at full-system scale; for
I, these are 78.36 h (Fugaku, running as regular non-reserved
job, including substantial queueing time) and 9.43 h (Miyabi-
G, full node). The corresponding work-bound runtimes (i.e.,
excluding queueing and other non-compute overheads) are:
for II (STO-3G basis), 1.94 h (Fugaku) and 3.08 h (Miyabi-
G); for I, 2.32 h (Fugaku) and 3.82 h (Miyabi-G). The
corresponding total resource consumptions are summarized in
Table X showing that, for T4-Lysozyme, going from STO-3G
to mixed basis set corrects the sign of the binding energy with
a ↓ 10↑ increase in computational cost.

The use of two QPUs (ibm_c and ibm_k) and two super-
computers (CPU-based Fugaku and GPU-based Miyabi-G) at
near-full capacity demonstrates the portability and flexibility
of our approach.

D. Time to solution
Whereas the initial calculations in Table X relied on a

manually coordinated workflow spanning multiple computa-
tional resources, Figure 3 reports an additional calculation en-
abled by an automated framework that orchestrates execution



Scope Of The Work

Number of circuits 
with 60+ qubits

1000+ circuits

Total number of quantum measurements on IBM Heron R2 hardware

Over 1.3 billion shots

Distinct quantum 
circuits executed

> 9200 circuits

Total number of 
CPUs used 
simultaneously
>158000 CPUs

Expansion of methodology to simulations of binding energy in two complex protein systems corresponding to 
hydrophobic and hydrophilic interactions between protein and ligand. Associated simulations are significantly more 

complex than current state of the art both in classical and quantum complexity. 23



2026 ACM Gordon Bell Prize Finalist
Cleveland Clinic · RIKEN · IBM  — 12,635-atom quantum-enabled protein simulation

First IBM GB finalist in nearly a decade

First-ever quantum computers in GB

Largest quantum-enabled bio-molecular simulation

QUANTUM-CENTRIC SUPERCOMPUTING RESOURCES

~190 hours QPU time
IBM Cleveland & Kobe

Heron (Cleveland) Heron (Kobe)

4M node-hours
RIKEN Fugaku (CPU)

~20K GPU node-hours
Miyabi-G & ROQUO

12,635 atoms simulated
Largest quantum bio-
sim

END-TO-END WORKFLOW INNOVATION

BEFORE ~3 months
1.  Generate fragments at Cleveland Clinic

2.  Sample on quantum computers (Cleveland & Kobe)

3.  Manually copy data to RIKEN

4.  Diagonalize on Fugaku / Miyabi-G

5.  Transfer results back to Cleveland for final energies
Many people, ad-hoc coordination across 3 organizations

AFTER ~65 hours ~33x faster

Fully automated orchestration across QPUs and HPC

Quantum sampling and classical diagonalization run concurrently

Runs on RIKEN's ROQUO GPU system + IBM Quantum

Reproducible, production-grade workflow

Goal: democratize this workflow so 10K–100K atom simulations are 
routine

COLLABORATION & IMPACT

Cleveland Clinic
Computational chemistry

Domain science & proteins

RIKEN
HPC infrastructure

Fugaku · ROQUO · expertise

IBM
Quantum hardware & software

Heron processors · Qiskit

SCIENTIFIC IMPACT

Better accuracy
Binding energies now reflect expected behavior in 
benchmark systems

Scalable science
Study more proteins, more conditions, more complex 
molecules

Demonstration → Discovery
From proof-of-concept to production science

Final presentation at SC26  ·  November 2026  ·  Chicago, IL  ·  One of six Gordon Bell finalists
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Folded Conformer

20262024
Early JanLate Dec

2024
Early Summer Early Jan

z

x
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2025

x
y

z

arXiv:2410.09209 arXiv:2411.09861

8 atoms
18 atoms

19 atoms

2025
Late Nov

~12,000 atoms

303 atoms

Unfolded Conformer

25



3. Quantum 
Sampling

3. Quantum 
Sampling

2. Fragmentation

Flexible Quantum-centric Supercomputing Workflow

5. Sum up Energies 
from each fragments

𝐸!"!#$ = 𝐸%& + ∑
'

(!
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1. Hartree Fock Calculation 
on full molecule

gpu4pyscf

Fragment 0

Fragment 1

Fragment 302

Vayesta EWF

3. Quantum 
Sampling

4. Post 
Processing

4. Post 
Processing

4. Post 
Processing

Distributed jobs 
(24–48 cores/node)

Experiment Scale

• 302 fragments → 302 quantum circuits

• 1,000,000 shots per circuit

• Over 300 Million total shots

• Execution distributed across multiple HPC clusters

• Quantum sampling on IBM Heron R2 (ibm_fez) 
hardware

Folded Conformer

GPU QPU CPU



§ Largest GPU/QPU/CPU QCSC calculation to date.
§ Interfacing QC with statistical mechsnics
§ Workflow defined – clear pathways for improvement both classical and quantum!
§ Access to quantum hardware is key! 

§ USA and Europe need to increase quantum access.

§ Need to rethink how we approach problems.
§ Out with the old algorithms and in with the quantum.
§ We need more circuit optimization focused on applications.

§ Open-source ecosystem was key to make fast progress!
§ Unified software stack is essential (IBM/CCF/Riken)

Summary



Is QCSC at the end of  the Rainbow?


